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Summary 

 

Proteaceae is an iconic plant family in the Australian flora, being abundant in the kwongan of the south-western 

region, particularly in areas with old, weathered soils with low total phosphorus (P) concentrations. Whilst these soil 

characteristics may limit the establishment/growth of most plants, Proteaceae species thrive in such conditions due to 

a series of traits that they have evolved: P-deprived Proteaceae form cluster roots, an ephemeral root structure that 

allows them to mine the soil, producing carboxylates that mobilise P and other nutrients that would be poorly available 

otherwise. Proteaceae species also replace phospholipids by lipids that do not contain P during leaf development, 

function at very low levels of ribosomal RNA, and are extremely efficient in remobilising P from senescing leaves. In 

addition, they preferentially allocate their leaf P to photosynthetically-active cells, in a pattern that has been suggested 

to increase their photosynthetic P-use efficiency (PPUE), given that P is allocated where it is needed the most, rather 

than to metabolically-inactive epidermal cells. 

The mechanisms related to the efficient use of P in Proteaceae and their link with these species’ distribution have 

been intensively studied. These plants present an exceptional capacity to acquire P from P-impoverished soils, but they 

can be inefficient at down-regulating their P uptake. This, associated with a low demand for P in these plants’ leaves 

may lead to P toxicity even at low soil [P]. Phosphorus sensitivity has been suggested as one of the traits explaining the 

exclusion of most Proteaceae from P-rich, calcareous soils along the Jurien Bay dune chronosequence in south-western 

Australia. Whilst the soil total [P] in these areas is indeed high, it is unlikely high enough to exclude these species. 

Alternatively, calcium (Ca)-enhanced P toxicity may provide a more compelling explanation for these plants’ exclusion, 

as elevated [Ca] may affect plant growth and increase P-uptake rates. It has also been suggested that this phenomenon 

may also be associated with nutrient-allocation patterns at the leaf-tissue level. My Ph.D. project aimed to analyse this 

phenomenon in a physiological and molecular level to understand the mechanisms governing this and other aspects of 

efficient use of P in Proteaceae and beyond. 

In the first chapter of this thesis, I analysed the expression of Ca-enhanced P toxicity in calcifuge and soil-indifferent 

Proteaceae. I found that P-toxicity symptoms were aggravated by high Ca supplies in all analysed Proteaceae, providing 

the first demonstration of Ca-enhanced P toxicity in multiple species. There were, however, distinct differences between 

calcifuge and soil-indifferent plants. Calcifuges showed far more severe P-toxicity symptoms than soil-indifferent ones, 

like reduced biomass, leaf chlorosis and necrosis. Interestingly, these species shared several traits that I identified as 

being intimately associated with this pronounced sensitivity: low leaf [Zn], low allocation of Zn to leaves, low leaf Zn/P 

and root/shoot ratios and high seed P content. These results are in line with previous studies that suggest that P toxicity 

is intimately associated with Zn nutrition, as high leaf [P] reduces the cellular availability of this micronutrient. 

In the second chapter of this thesis, I analysed physiological responses of calcifuge and soil-indifferent Proteaceae 

to varying P and Ca supplies in order to understand the underlying mechanisms explaining their contrasting sensitivity 

to Ca-enhanced P toxicity. I observed that the P toxicity threshold for Proteaceae is higher than anticipated, and strongly 

dependent on distribution type and Ca supply. Increasing P supply enhanced growth, leaf biomass and photosynthesis 

of soil-indifferent plants in a pattern largely independent of Ca supply. In contrast, positive physiological responses to 

higher P supply in calcifuges were either absent or limited to lower Ca supplies, indicating that calcifuges were far more 

sensitive to Ca-enhanced P-toxicity. In calcifuge Hakeas, I attributed this to high leaf [P], and in calcifuge Banksias to low 
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leaf zinc [Zn]. In terms of P-limitation, reduced growth limited the photosynthesis of soil-indifferent species, whilst in 

calcifuges there was a biochemical limitation of photosynthesis that limited plant growth. 

In the third chapter, my objective was to investigate the molecular mechanisms governing Ca-enhanced P toxicity in 

Proteaceae. My goals were to: 1.) identify P and Ca channel, transporter and antiporter genes in Hakea prostrata; 2.) 

analyse their expression patterns in different leaf tissues (mesophyll and epidermis) under varying supplies of P and Ca 

in an attempt to understand this species’ nutrient-allocation pattern; and 3.) analyse their expression patterns in root 

tissues of H. prostrata to identify the mechanisms defining this species’ nutrient-uptake dynamics. Whilst I was able to 

identify several P and Ca channel, transporter and antiporter genes in H. prostrata, it was impossible to analyse their 

expression patterns in leaf tissues or roots due to species-specific difficulties and methodological errors. In this thesis, I 

discuss the likely reasons why this happened, along with an extensive analysis of the used techniques, their advantages 

and drawbacks. 

In the fourth and final chapter, I conducted the first extensive survey to analyse patterns of P compartmentation in 

leaves across different taxa, presenting data on 16 species from 10 genera, five families, four orders and three major 

clades within eudicots, from ecologically diverse backgrounds. My objective was to determine if the nutrient-allocation 

pattern of Proteaceae, which has been suggested as a mechanism to increase P-use efficiency, is a family trait, being 

exclusive to P-efficient Proteaceae, or a functional trait that evolved multiple times in different groups. In this chapter, 

I show that P-allocation patterns are intimately associated with the [P] in the environment where species evolved, and, 

like in P-efficient Proteaceae, preferential allocation of P to mesophyll cells could help explain why some species are 

capable of maintaining high PPUE at low soil P availability and leaf P concentrations.  

In this thesis, I analysed several aspects of highly-efficient use of P in Proteaceae and beyond, with a special focus 

on the implications of P-efficiency mechanisms on species distribution. In the first three chapters, my objective was to 

analyse the extremely high P-use efficiency of Proteaceae from severely P-impoverished habitats across the Jurien Bay 

dune chronosequence in south-western Australia and its link with P-toxicity. In summary, I found that high sensitivity to 

Ca-enhanced P toxicity is one of the dominant factors explaining the distribution of calcifuge Proteaceae, and that this 

phenomenon is due to the leaf cell-specific interactions of P and Ca and their effects on Zn metabolism. In the fourth 

chapter, I explored the P-allocation pattern of Proteaceae, a trait that partially explains these species’ exceptionally high 

PPUE and a defining factor explaining the phenomenon of Ca-enhanced P toxicity. I performed the first extensive survey 

to determine whether the allocation of P to mesophyll cells has evolved exclusively in Proteaceae or, alternatively, if it 

evolved multiple times in other species that naturally occur in severely P-impoverished environments. 

My thesis provides insight into strategies allowing efficient use of P in Proteaceae and beyond, particularly those 

associated with P-acquisition dynamics and P-allocation patterns at the leaf-tissue level. This is the first time patterns 

of leaf-P allocation are considered in terms of P use efficiency in plants, and the results suggest that these are relevant 

traits in explaining the functioning of species and their natural distribution. My research also highlights the impact of P- 

and Ca-allocation patterns on the phenomenon of Ca-enhanced P toxicity, which will be useful for the improvement of 

current management practices involving Proteaceae and other P-sensitive plants. 
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Summary in Portuguese (Resumo) 

 

Proteaceae é uma família icônica da flora Australiana, sendo extremamente abundante nos kwongan do sudoeste 

da Austrália, especialmente em áreas com solos antigos e com baixas concentrações de fósforo (P) total. Embora tais 

características sejam limitantes ao estabelecimento/crescimento da grande maioria das espécies vegetais, Proteaceae 

prosperam nessas condições devido a uma série de atributos que favorecem o aquisição de P, como raízes proteóides, 

uma adaptação radicular que as permitem minar o solo, produzindo carboxilatos que mobilizam P e outros nutrientes 

pouco disponíveis. Espécies de Proteaceae também substituem fosfolipídios por lipídios que não contém P durante o 

desenvolvimento foliar, funcionam com níveis baixíssimos de RNA ribossômico, e são eficientes em remobilizar P de 

folhas senescentes. Além disso, Proteaceae alocam o P foliar em células fotossinteticamente ativas, o que possibilita o 

aumento da eficiência de uso de P na fotossíntese (PPUE), uma vez que o P fica alocado no local de maior demanda, ao 

invés de ser acumulado em células epidérmicas com baixas taxas metabólicas. 

Proteaceae apresentam uma capacidade excepcional de assimilar P de solos pobres, mas elas também podem ser 

ineficientes em controlar a absorção desse elemento. Isso, associado a baixa demanda por P nas folhas de Proteaceae,  

pode levar a toxicidade mesmo em baixas concentrações de P. Alta sensibilidade a P é tida como uma das razões pelas 

quais espécies de Proteaceae são geralmente excluídas de solos calcáreos e ricos em P ao longo da cronosequência de 

Jurien Bay, no sudoeste da Austrália. No entanto, embora a concentração de P nessas áreas seja alta, é improvável que 

seja alta o suficiente para excluir essas espécies. O aumento da toxicidade de P por cálcio (Ca), alternativamente, pode 

fornecer uma explicação mais satisfatória para essa exclusão, uma vez que altas concentrações de Ca podem afetar o 

crescimento vegetal e aumentar as taxas de absorção de P. Estudos sugerem também que esse fenômeno pode estar 

associado a padrões de alocação desses nutrientes em células foliares. Um dos objetivos do meu projeto de doutorado  

foi analisar esse fenômeno a nível fisiológico e molecular para entender os mecanismos que controlam esse e outros 

aspectos da eficiência de uso de P em Proteaceae e demais espécies. 

No primeiro capítulo dessa tese, eu analisei o aumento da toxicidade de P por Ca em espécies de Proteaceae com 

distribuções distintas (calcífugas e indiferentes). Eu mostrei que sintomas de toxicidade de P foram agravados em altas 

concentrações de Ca para todas as espécies analisadas. No entanto, eu encontrei diferenças claras entre espécies com 

distribuições distintas. Espécies calcífugas apresentaram sintomas de toxicidade de P mais severos que as indiferentes, 

como redução de biomassa, clorose e necrose foliar. Essas espécies apresentaram várias características que identifiquei 

como associadas a maior sensibilidade a P: baixa concentração de zinco (Zn) foliar, menor alocação de Zn nas folhas, 

menor razão de Zn/P e massa aérea/radicular e alto conteúdo de P em sementes. Esses resultados estão de acordo com 

estudos que sugerem que o fenômeno de toxicidade de P está intimamente associado ao metabolismo de Zn, já que 

altas concentrações de P reduzem a disponibilidade celular desse micro-nutriente. 

No segundo capítulo, eu analisei as respostas fisiológicas de espécies de Proteaceae sob diferentes concentrações 

de P e Ca para entender os mecanismos por trás da sensibilidade a P e sua modulação por Ca. Eu demonstrei que a [P] 

no qual a toxicidade se manifesta em Proteaceae é maior do que havíamos previsto, além de depender da distribuição 

das espécies e disponibilidade de Ca. Altas [P] causaram aumento nas taxas de crescimento e fotossíntese de espécies 

indiferentes, independentemente da [Ca]. Por outro lado, respostas fisiológicas positivas ao aumento na [P] só foram 

observadas em espécies calcífugas sob baixas [Ca], sugerindo que essas espécies são mais vulneráveis ao aumento da 
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toxicidade de P por Ca. Em espécies calcífugas de Hakea, isso se deve a maior [P] nas folhas, e em espécies calcífugas 

de Banksia, a menor [Zn]. Em termos de limitações, baixas taxas de crescimento limitaram a fotossíntese de espécies 

indiferentes, e limitações bioquímicas do processo fotossintético limitaram o crescimento de espécies calcífugas. 

No terceiro capítulo, meu objetivo era analisar os mecanismos moleculares por trás do aumento da toxicidade de P 

por Ca. Meu intuito foi: 1.) identificar os genes que codificam canais e transportadores de P e Ca em Hakea prostrata; 

2.) analisar a expressão desses genes em diferentes células foliares para entender o padrão de alocação de nutrientes 

nessa espécie; e 3.) analisar a expressão desses genes em raízes de H. prostrata sob diferentes [Ca] para determinar os 

mecanismos que controlam a absorção de nutrientes nessa espécie. Embora eu tenha conseguido identificar diversos 

genes associados a absorção/transporte de P e Ca em H. prostrata, não foi possível analisar a expressão desses genes 

nos tecidos propostos devido a características intrínsecas da espécie e erros metodológicos. Nessa tese, eu discuto os 

possíveis motivos por trás desses resultados, analisando as técnicas utilizadas e os problemas associados. 

No quarto capítulo, eu conduzo o primeiro levantamento extensivo de padrões de alocação de nutrientes em folhas 

de diferentes plantas. Eu apresento dados para 16 espécies de 10 gêneros, cinco famílias, quatro ordens e três clados 

de eudicotiledôneas, coletadas em ambientes ecologicamente distintos. Meu objetivo era determinar se o padrão de 

alocação de P de Proteaceae, um mecanismo associado a alta eficiência no uso de P, é uma característica exclusiva de 

Proteaceae ou um carácter funcional que evoluiu diversas vezes em diferentes taxa. Eu mostro que os padrões de 

alocação de P em plantas estão intimamente associados a disponibilidade ambiental desse nutriente e que a alocação 

de P para o mesófilo pode ajudar a explicar como essas espécies mantêm altos PPUE em solos com baixa [P]. 

Nessa tese, eu analisei diversos aspectos associados a eficiência no uso de P em Proteaceae e outras plantas, com 

um foco especial em como esses mecanismos afetam a distribuição dessas espécies. Nos primeiros três capítulos, meu 

objetivo era analisar a alta eficiência no uso de P em espécies de Proteaceae de ambientes extremamente pobres em P 

ao longo da cronosequência de Jurien Bay, no sudoeste da Austrália, e seu vínculo com toxicidade de P. Eu mostro que 

a alta sensibilidade ao aumento da toxicidade de P por Ca é um dos principais fatores que explicam a distribuição de 

espécies calcífugas de Proteaceae, e que esse fenômeno se deve a interações específicas entre P e Ca e seus efeitos no 

metabolismo de Zn. No quarto capítulo, eu explorei o padrão de alocação de P de Proteaceae, um caráter que ajuda a 

explicar a alta PPUE dessas espécies e um dos aspectos fundamentais por trás do fenômeno do aumento da toxicidade 

de P por Ca. Eu realizei um levantamento extensivo para determinar se a alocação preferencial de P no mesófilo é algo 

exclusivo de Proteaceae ou se evoluiu diversas vezes em outras plantas que ocorrem em ambientes pobres em P. 

Minha tese fornece novos dados acerca de estratégias associadas à eficiência de uso de P em Proteaceae, com ênfase 

nos mecanismos relacionados à aquisição de P e sua alocação em tecidos foliares. Essa é a primeira vez em que padrões 

de alocação de P são considerados em termos de eficiência no uso de P em plantas, e os resultados sugerem que esses 

padrões são importantes para explicar o funcionamento e distribuição de espécies. Minha pesquisa também esclarece 

o papel de padrões de alocação de P e Ca no aumento da toxicidade de P por Ca, o que será útil no manejo de Proteaceae 

e outras espécies sensíveis a P. Por fim, minha tese fornece uma nova oportunidade para o melhoramento de cultivares, 

através da manipulação de padrões de alocação de nutrientes em células foliares. 
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General Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 

2 

 
 

1.1 The Proteaceae 

Proteaceae is an ancient, Gondwanan family of flowering plants and a significant component of the Australian flora 

(George, 1998; Drinnan et al. 1994). Comprising close to 1.800 species from 80 genera and 12 tribes (Douglas, 1995), 

this family can be found throughout the entire country, but they are especially abundant in the kwongan of the south-

western region, where they are conspicuous in the vegetation (George, 1998). In this region there are more than 700 

species of Proteaceae which represents about 70% of all family members in Australia (George, 1998). Interestingly, this 

region is also known for its nutrient-impoverished soils (Turner & Laliberté, 2015; Lambers et al. 2010; McArthur, 1991). 

Due to prolonged periods of soil weathering, this region exhibits extensive nutrient deficiencies, with phosphorus (P) 

being the most limiting to plant productivity (Lambers et al. 2010). In these conditions, Proteaceae species form cluster  

roots, a structure that allows plants to effectively mine the soil (Lamont, 2003). Cluster roots greatly enhance the root 

surface area and the production/exudation of carboxylates (Shane et al. 2004a; Neumann et al. 2000), allowing plants 

to access P and other nutrients that would be poorly available otherwise (Ström, 1997). Proteaceae also extensively 

replace phospholipids by galactolipids/sulfolipids during leaf development (Lambers et al. 2012) which, coupled with 

their low levels of ribosomal RNA (Sulpice et al. 2014), the largest organic P fraction in leaves (Veneklaas et al. 2012), 

allows them to be extremely efficient in the use of P (Denton et al. 2007). 

 

1.2 Phosphorus sensitivity in Proteaceae 

Most Proteaceae are particularly sensitive to high soil [P] (Lambers et al. 2002; Parks et al. 2000; Ozanne & Specht, 

1981), which is associated with their low capacity to down-regulate P uptake (Shane et al. 2008, 2004b, 2004c). In fact, 

Proteaceae and other species adapted to severely P-impoverished habitats can develop symptoms of P toxicity even at 

low [P] (Shane et al. 2004b; Ozanne & Specht, 1981). This has often been considered an important factor in explaining 

these species distribution (Lambers et al. 2006), with the exclusion of most Proteaceae from young, calcareous dunes 

along the Jurien Bay chronosequence in south-western Australia being a consequence of that (Zemunik et al. 2015). 

These young, calcareous dunes display relatively high levels of total- and resin-P concentrations, especially compared 

with older dunes within the region (Laliberté et al. 2012). They are also characterised by soils with high pH and calcium 

(Ca) concentrations (Fig. 1; Turner & Laliberté, 2015; Laliberté et al. 2012; McArthur et al. 1991) and these factors may 

play a role in these species' response to high [P], as elevated pH prevent the formation of cluster-roots and P-toxicity 

symptoms are aggravated at high [Ca] (Grundon, 1972), a phenomenon known as Ca-enhanced P toxicity. 

High Ca supplies may negatively affect plant growth (Grundon, 1972) or increase P-uptake rates (Robson et al. 1970; 

Edwards, 1968; Hyde, 1966; Leggett et al. 1965). In both cases, Ca-enhanced P toxicity is explained by high Ca supplies 

leading to high leaf [P]. It has been suggested that high [P] may interfere with leaf water relations (Bhatti & Loneragan, 

1970) and with the plant’s zinc (Zn) nutrition (Loneragan & Webb, 1993; Cakmak & Marschner, 1987; Loneragan et al. 

1979; Boawn & Leggett, 1964). Increasing leaf [P] may interfere with the cellular Zn availability through the formation 

of relatively insoluble Zn-phosphates, increasing the plant’s requirement for this micronutrient (Cakmak & Marschner, 

1987). This P-enhanced Zn requirement causes symptoms that resemble micronutrient deficiency (e.g., leaf chlorosis) 

and are often misdiagnosed as such. Phosphorus-toxicity symptoms may also include necrotic regions on leaves, early 

leaf senescence and growth inhibition (Shane et al. 2004b; Bhatti & Loneragan, 1970). Whilst these symptoms are well 

documented in the literature, the underlying physiological mechanisms remain poorly understood. 
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Limited research has been done on P toxicity, even though this might be a significant component in explaining the 

distribution of species in severely P-impoverished habitats. It has been shown that low P supply affects leaf expansion 

(Hawkesford et al. 2011), reducing photosynthesis due to low sink demand (Pieters et al. 2001). Limiting P supply may 

also reduce total leaf [P] and Pi pools (Veneklaas et al. 2012). Nevertheless, the physiological responses of plants under 

toxic P levels remains to be determined. In addition, there is evidence that the plants’ response to high P supply may 

depend on Ca availability, which can impact plant growth (Grundon, 1972), P-uptake rates (Leggett et al. 1965; Hyde, 

1966; Edwards, 1968; Robson et al. 1970), the activity of key Calvin cycle enzymes (Portis & Heldt, 1976), and stomatal 

functioning (De Silva et al. 1985). Still, thus far no studies have examined the interaction between these elements at the 

physiological level. 

 

 

Fig. 1. Schematic representation of the Jurien Bay dune chronosequence. Coast-inland gradient with dune systems, subdivisions, soil characteristics 

and distribution of calcifuge and soil-indifferent Proteaceae. Based on Laliberté et al. 2012. 

 

1.3 Phosphorus transport/compartmentation in leaves 

It has been suggested that Ca-enhanced P toxicity might also be related to nutrient-allocation patterns at the cellular 

level (Conn & Gilliham, 2010; White & Broadley, 2003), mainly due to the negative interaction between these elements 

when co-localised at high concentrations. Calcium and P are generally allocated to distinct cell-types (Conn & Gilliham, 

2010; Storey & Leigh, 2004; Karley et al. 2000a; Fricke et al. 1994; Leigh & Tomos, 1993; Williams et al. 1993; Treeby et 

al. 1987; Outlaw et al. 1984), in what appears to be a strategy to avoid the precipitation of Ca-phosphates that would 

render both nutrients unavailable (Conn & Gilliham, 2010; McLaughlin & Wimmer, 1999). Both commelinoid monocots 

and eudicots show this explicit separation of Ca and P, but the compartmentation patterns differ between these groups 

(Conn & Gilliham, 2010; McLaughlin & Wimmer, 1999), as a consequence of differences in nutrient compartmentation 

dynamics in the leaves of these taxa. 
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Different routes can be taken following the entrance of nutrient into the leaf tissue. Nutrients that initially arrive in 

the bundle-sheath can either accumulate in these cells, be secreted back into the apoplast or be exported to mesophyll 

cells by plasmodesmata (Gilliham et al. 2011; Karley et al. 2000b). The latter is hypothesised to happen with P in leaves 

of monocots, since there is a clear pattern of P allocation to mesophyll layers and little in the neighbouring apoplastic 

regions (Leigh & Tomos, 1993; Williams et al. 1993). It has been suggested that this P allocation pattern is maintained 

not by specific uptake characteristics of each cell type, as epidermal and mesophyll cells of monocots have equivalent 

capacities for sequestering P, but by localised supplies of P (Karley et al. 2000a; 2000b). However, this may not be the 

case for eudicots. Most eudicots accumulate P in their epidermal cells and the transport dynamics needs to be quite 

different since, independently of the pathway, symplastic or apoplastic, mesophyll cells are the first to be exposed to P 

and the reason why this nutrient does not accumulate there must lie in differential cellular uptake (Conn & Gilliham, 

2010; Treeby et al. 1987; Outlaw et al. 1984). 

The prevailing model for leaf P compartmentation in eudicots is that these species preferentially allocate P to the 

epidermis, rather than to mesophyll cells (Conn & Gilliham, 2010; Storey & Leigh, 2004; Treeby et al. 1987; Outlaw et 

al. 1984). This generalisation, however, is largely based on data for crops and heavy-metal hyperaccumulating species 

(Vogel-Mikuš et al. 2008; Küpper et al. 2000, 1999; Treeby et al. 1987; Outlaw et al. 1984). Interestingly, P-efficient 

Proteaceae from Australia (Hayes et al. 2018; Shane et al. 2004) and South Africa (Hawkins et al. 2008) have P-allocation 

patterns that differ fundamentally from that expected for eudicots. Hakea prostrata and other Proteaceae from severely 

P-impoverished habitats preferentially allocate P to mesophyll cells (Hayes et al. 2018; Shane et al. 2004), in a pattern 

that is thought to allow a more efficient use of P in photosynthesis (Lambers et al. 2011). Preferential allocation of P to 

photosynthetically-active tissues, rather than to metabolically inactive cells, is likely a strategy to increase P economy, 

especially considering that this is not seem in Proteaceae from P-rich environments. However, this raises the question 

whether preferential P allocation to the mesophyll has evolved exclusively in a few Proteaceae or if it evolved in other 

species, from different groups, that naturally occur in severely P-impoverished environments. 

 

1.4 Phosphorus and calcium interactions 

Preferential allocation of P to mesophyll layers might partially explain the exceptionally high photosynthetic P-use 

efficiency of Proteaceae (Lambers et al. 2015, 2012; Denton et al. 2007), but it raises problems when it comes to Ca 

metabolism. Calcium and P cannot be allocated to the same cell-types because it would lead to the precipitation of Ca-

phosphates (McLaughlin & Wimmer, 1999). Since Ca is preferentially allocated to mesophyll cells in eudicots, either P-

efficient Proteaceae presents a mechanism allowing the co-allocation of these nutrients under low Ca conditions, and 

consequently they could only occur in older, acidic soils, or they show alternative allocation patterns when growing in 

calcareous soils. This could theoretically allow plants to photosynthesise at maximum high capacity whilst, at the same 

time, cope with high Ca supplies. However, this alternative allocation pattern for Ca has never been shown in eudicots 

and it would involve major modification in the signalling network of photosynthetically-active mesophyll cells (Conn & 

Gilliham, 2010). 

Differences in nutrient-uptake capacity may also have significant implications for the way plants deal with nutrient 

interactions. Species which are able to down-regulate their P and Ca uptake could, in theory, be capable of minimising 

the deleterious effect of their co-allocation. Interestingly, most Proteaceae show limited ability to down-regulate their 
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P-uptake, and this is one of the factors explaining these species’ exclusion from calcareous dunes along the Jurien Bay 

chronosequence (Zemunik et al. 2015). However, there are soil-indifferent Proteaceae which occur on both acidic dunes, 

where calcifuge species occur, and younger, calcareous ones (Zemunik et al. 2015; Hayes et al. 2014; Dixon, 2011). The 

mechanism allowing soil-indifferent species to cope with calcareous soils is unclear, but it could be related to their P-

uptake regulation. Similarly, a tight control of the Ca-uptake could also improve the co-allocation of these nutrients. 

Calcium moves both apoplastically and symplastically through the roots (White, 2001; Lersten, 1997; Clarkson, 1993), 

with calculations suggesting the necessity of a composite action for adequate nutrition (Dayod et al. 2010; Cholewa & 

Peterson, 2004). Whilst the apoplastic pathway is dependent on the root anatomy, the symplastic pathway is basically 

controlled by differential expression of Ca channels, transporters and antiporters. My hypothesis is that soil-indifferent 

species present expression profiles that are less conducive to P and Ca uptake than calcifuge plants, thus allowing them 

to inhabit P- and Ca-rich environments without experiencing compartmentation issues at the leaf-cell level. 

 

1.5 Thesis outline 

My objective was to analyse aspects of highly-efficient P use in Proteaceae and beyond, with a special focus on the 

implication of P-efficiency mechanisms on species distribution. In the first two experimental chapters (chapters 2-3), I 

explored nutritional and physiological aspects of P-use efficiency in Proteaceae from P-impoverished soils across the 

Jurien Bay dune chronosequence in south-western Australia (Turner & Laliberté, 2015; Laliberté et al. 2012) and their 

link with P sensitivity. In these chapters, I considered the effects of Ca on these plants’ P metabolism, i.e. Ca-enhanced 

P toxicity. In the third experimental chapter (chapter 4), I analysed the molecular mechanisms associated with leaf cell-

specific P-allocation pattern in Hakea prostrata, a trait that partially explains this species’ extremely high photosynthetic 

P-use efficiency (PPUE; Hayes et al. 2018). In the fourth experimental chapter (chapter 5), I expanded the breadth of 

the analyses to other species from severely P-impoverished habitats and conducted the first extensive survey analysing 

P-allocation patterns in eudicots. My objective was to determine if the nutrient-allocation pattern of Proteaceae which 

has been suggested as a strategy to increase P-use efficiency, is a trait exclusive to P-efficient Proteaceae, or a trait that 

evolved multiple times in different plant taxa. 

 
More specifically, the aims of my research were to: 
 
I. Determine the effects of varying P and Ca supplies in calcifuge and soil-indifferent Proteaceae, analysing the ways 

in which the interaction between these nutrients affect these species’ nutritional status (Chapter 2). 
 

II. Determine the effects of varying P and Ca supplies in calcifuge and soil-indifferent Proteaceae, analysing the ways 
in which the interaction between these nutrients affect plant growth, photosynthesis, respiration and chlorophyll 
fluorescence (Chapter 3). 

 
III. Determine the expression levels of genes encoding P and Ca channels, transporters and antiporters in leaf tissues 

and roots of Hakea prostrata to understand the basis for differential nutrient allocation and uptake (Chapter 4). 
 

IV. Determine whether the nutrient compartmentation pattern of P-efficient Proteaceae is a functional trait that has 
evolved multiple times in different taxa to allow plants to cope with severely P-impoverished soils (Chapter 5). 
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Calcium-enhanced phosphorus toxicity in calcifuge and soil-indifferent  
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CHAPTER TWO 

Supporting Information 

 

 

Fig. S1. Intraspecific variation between habitat types of soil-indifferent species, showing total dry weights, leaf zinc, 

leaf phosphorus, and leaf calcium concentrations. 

Fig. S2. Leaf, stem, cluster root and non-cluster root dry weights for each species. 

Fig. S3. Mature leaf zinc:phosphorus concentration ratios. 

Fig. S4. Mature leaf phosphorus concentrations for each species. 

Fig. S5. Mature leaf calcium concentrations for each species. 

Fig. S6. Mature leaf iron concentrations, comparing distribution types. 

Fig. S7. Mature leaf iron concentrations for each species.  

Fig. S8. Scatter plot showing changes in mature leaf iron and manganese with leaf phosphorus, comparing distribution 

types. 

Fig. S9. Mature leaf manganese concentrations, comparing distribution types. 

Fig. S10. Mature leaf manganese concentrations for each species. 

Fig. S11. Mature leaf magnesium concentrations for each species. 

Table S1. Concentrations of elements used in the different nutrient solutions.  

Table S2. Model results for biomass and leaf nutrient concentrations within each genus. 

Table S3. Model results for mature leaf nutrient concentrations within each species. 

Table S4. Model results for leaf zinc allocation to leaves and seed phosphorus content within each genus. 

Table S5. Model results for above- and belowground dry weights within each species. 

Table S6. Model results for leaf nutrient concentrations within each genus. 

Table S7. Seed phosphorus (P) content, range of total plant P content, and range of percentage total plant P content 

that could be accounted for by seed P content in each species. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

25 

 
 

 

Fig. S1. Intraspecific variation between habitat types of soil-indifferent (SI) Banksia and Hakea species, across different phosphorus (P) and calcium 

(Ca) treatments, showing total dry weights (DW), leaf zinc ([Zn]), leaf P ([P]), and leaf Ca concentrations ([Ca]). Comparisons are made between plants 

grown from seeds collected on acidic versus calcareous habitats. Points indicate means and bars show 95% confidence intervals (CI) from generalised 

least squares models. No significant difference was found between habitat types, except Banksia prionotes total DW. Significant differences between 

habitat types are based on Tukey post hoc tests (P < 0.05). 0.1 µM P and 10 µM P indicate the two P treatments. *, P < 0.05; ** P < 0.01. 
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Fig. S2. Leaf, stem, cluster root and non-cluster root dry weights of calcifuge (CF) and soil-indifferent (SI) Banksia and Hakea species, grown under 

different phosphorus (P) and calcium (Ca) treatments. Error bars show 95% confidence intervals (CI) from generalised least squares models for each 

species and tissue type (Table S5). Different letters indicate significant differences within each species, for above- and belowground dry weights, 

based on 95% CI. 0.1 µM P and 10 µM P indicate the two P treatments. 
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Fig. S3. Ratio of mature leaf zinc:phosphorus concentration (Zn:P) of (a) each individual species, and (b) calcifuge (CF) and soil-indifferent (SI) Banksia 

species, across different P and calcium (Ca) treatments. Bar heights show means and error bars show 95% confidence intervals (CI) from (a) generalised 

least squares models and (b) linear mixed effect models (Tables S3 and S6). Means where 95% CI do not overlap are considered significantly different. 

Different letters indicate significant differences within (a) each species and (b) each distribution type (CF and SI), based on 95% CI. Hakea species are 

not shown in (b), because there was a significant difference between SI Hakea, as shown in (a). 0.1 µM P and 10 µM P indicate the two P treatments. 
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Fig. S4. Mature leaf phosphorus concentrations ([P]) of each Banksia and Hakea species, across different phosphorus (P) and calcium (Ca) treatments. 

Calcifuge (CF) and soil-indifferent (SI) distribution types are indicated. Bar heights show means and error bars show 95% confidence intervals (CI) from 

generalised least squares models (Table S3). Different letters indicate significant differences within each species, based on 95% CI. 0.1 µM P and 10 

µM P indicate the two P treatments. 
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Fig. S5. Mature leaf calcium concentrations ([Ca]) of each Banksia and Hakea species, across different phosphorus (P) and calcium (Ca) treatments. 

Calcifuge (CF) and soil-indifferent (SI) distribution types are indicated. Bar heights show means and error bars show 95% confidence intervals (CI) from 

generalised least squares models (Table S3). Different letters indicate significant differences within each species, based on 95% CI. The dashed line 

represents the leaf [Ca] considered adequate for crop species (Bloom & Epstein, 2005). 0.1 µM P and 10 µM P indicate the two P treatments. 
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Fig. S6. Mature leaf iron concentrations ([Fe]) of calcifuge and soil-indifferent Banksia and Hakea species, across different phosphorus (P) and calcium 

(Ca) treatments. Bar heights show means and error bars show 95% confidence intervals (CI) from linear mixed effect models (Table S6). Means where 

the 95% CI do not overlap are considered significantly different. Different letters indicate significant differences within each distribution type (calcifuge 

and soil-indifferent) across all treatments, based on 95% CI. The dashed line represents the leaf [Fe] considered adequate for crop species (Bloom & 

Epstein, 2005). 0.1 µM P and 10 µM P indicate the two P treatments. 
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Fig. S7. Mature leaf iron concentrations ([Fe]) of each Banksia and Hakea species, across different phosphorus (P) and calcium (Ca) treatments. 

Calcifuge (CF) and soil-indifferent (SI) distribution types are indicated. Bar heights show means and error bars show 95% confidence intervals (CI) from 

generalised least squares models (Table S3). Different letters indicate significant differences within each species, based on 95% CI. The dashed line 

represents the leaf [Fe] considered adequate for crop species (Bloom & Epstein, 2005). 0.1 µM P and 10 µM P indicate the two P treatments. 
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Fig. S8. Changes in leaf iron ([Fe]) and manganese ([Mn]) concentration with leaf phosphorus concentration ([P]) for Banksia and Hakea species grown 

under high-P treatment (10 µM). Each line represents the line of best fit for each distribution type, with grey regions indicating the 95% confidence 

range, derived from linear models. Only significant relationships (P ≤ 0.05) are shown. β = regression coefficients. 
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Fig. S9. Mature leaf manganese concentrations ([Mn]) of calcifuge and soil-indifferent Banksia and Hakea species, across different phosphorus (P) 

and calcium (Ca) treatments. Bar heights show means and error bars show 95% confidence intervals (CI) from linear mixed effect models (Table S6). 

Means where the 95% CI do not overlap are considered significantly different. Different letters indicate significant differences within each distribution 

type (calcifuge and soil-indifferent) across all treatments, based on 95% CI. The dashed line represents the leaf [Mn] considered adequate for crop 

species (Bloom & Epstein, 2005). 0.1 µM P and 10 µM P indicate the two P treatments. 
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Fig. S10. Mature leaf manganese concentrations ([Mn]) of each Banksia and Hakea species, across different phosphorus (P) and calcium (Ca) 

treatments. Calcifuge (CF) and soil-indifferent (SI) distribution types are indicated. Bar heights show means and error bars show 95% confidence 

intervals (CI) from generalised least squares models (Table S3). Different letters indicate significant differences within each species, based on 95% CI. 

The dashed line represents the leaf [Mn] considered adequate for crop species (Bloom & Epstein, 2005). 0.1 µM P and 10 µM P indicate the two P 

treatments. 
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Fig. S11. Mature leaf magnesium concentrations ([Mg]) of each Banksia and Hakea species, across different phosphorus (P) and calcium (Ca) 

treatments. Calcifuge (CF) and soil-indifferent (SI) distribution types are indicated. Bar heights show means and error bars show 95% confidence 

intervals (CI) from generalised least squares models (Table S3). Different letters indicate significant differences within each species, based on 95% CI. 

The dashed line represents the leaf [Mg] considered adequate for crop species (Bloom & Epstein, 2005). 0.1 µM P and 10 µM P indicate the two P 

treatments. 
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Table S1. Nutrient concentration used in the different hydroponics nutrient solutions. ‘Growth’ (25% growth and 100% growth) solutions were used 

during both growth and acclimation periods, whilst ‘basal’ solutions (25% basal, 33% basal and 50% growth) were used during the treatment periods. 

Nutrient solution recipes were based on Shane et al. (2004). See Material & Methods for further details. 

Nutrient 
Solution 

Treatments (μM) Nutrient Concentration (μM) 

PO4
3- Ca2+ NO3

- K+ SO4
2- Mg2+ Fe-EDTA Mn2+ Zn2+ Cu2+ H3BO3 MoO4

2- SiO3
2- 

25% growth 0.1 10 50 50 9 9 2.5 0.06 0.025 0.018 0.6 0.075 50 

100% growth 0.1 10 200 200 36 36 10 0.24 0.1 0.018 2.4 0.3 50 

25% basal 0.1, 10 0, 100, 600, 6000 50 50 9 9 2.5 0.06 0.025 0.018 0.6 0.075 50 

33% basal 0.1, 10 0, 100, 600, 6000 66.7 66.7 12 12 3.3 0.08 0.33 0.018 0.8 0.1 50 

50% basal 0.1, 10 0, 100, 600, 6000 100 100 18 18 5 0.12 0.05 0.018 1.2 0.15 50 

 

 

 

 

 

Table S2. Model results (P values) for total biomass and leaf nutrient concentrations within each genus, in terms of distribution type (Distribution; 

calcifuge or soil-indifferent), calcium (Ca), and phosphorus (P) treatments. Determined using general linear mixed-effect models, with species set as 

the random effect (trait ~ distribution type * Ca treatment * P treatment, random = ~1 | species). See Material & Methods for further details. 

Factors 
Percent TDW (Fig. 2a) Root:shoot (Fig. 2b) Leaf [Zn] (Fig. 3b) Leaf [P] (Fig. 5a) Leaf [Ca] (Fig. 6) 

Banksia Hakea Banksia Hakea Banksia Banksia Hakea Banksia Hakea 

Distribution 0.006 0.13 0.135 0.152 0.01 0.67 0.005 0.64 0.938 

Ca 0.051 <0.001 <0.001 <0.001 0.052 0.04 <0.001 <0.001 <0.001 

P <0.001 <0.001 <0.001 <0.001 0.747 <0.001 <0.001 0.025 0.847 

Distribution * Ca 0.019 <0.001 0.243 0.01 0.199 0.45 0.554 <0.001 0.428 

Distribution * P <0.001 <0.001 <0.001 <0.001 <0.001 0.19 0.015 0.081 0.069 

Ca * P 0.002 <0.001 0.013 0.616 0.351 0.03 0.648 0.541 0.199 

Distribution * Ca * P 0.462 0.002 0.671 0.074 0.09 0.78 0.8 0.521 0.681 

Percent TDW = Percentage of mean total dry weight. 

Root : shoot = Root : shoot biomass ratio 
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Table S3. Model results (P values) for mature leaf nutrient concentrations within each species, in terms of calcium (Ca) and phosphorus (P) treatments. 

Determined using generalised least squares models for each Banksia and Hakea species (trait ~ Ca treatment * P treatment). See Material & Methods 

for further details. 

Factor 
Calcifuge Banksia Soil-indifferent Banksia Calcifuge Hakea Soil-indifferent Hakea 

B. attenuata B. menziesii B. prionotes B. sessilis H. flabellifolia H. incrassata H. prostrata H. trifurcata 

Leaf [Zn] 

(Fig. 3a) 

Ca 0.466 0.043 0.296 0.001 0.008 0.042 0.002 <0.001 

P 0.147 0.453 <0.001 <0.001 0.115 0.849 <0.001 <0.001 

Ca * P 0.777 0.786 0.422 0.896 0.043 0.689 0.423 0.571 

Leaf [P] 

(Fig. S4) 

Ca 0.031 0.003 0.077 0.175 0.177 0.149 0.012 0.023 

P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Ca * P 0.038 0.558 0.034 0.889 0.445 0.761 0.161 0.956 

Leaf Zn:P 

(Fig. S3a) 

Ca 0.182 0.605 0.007 0.005 0.002 0.01 0.007 0.006 

P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Ca * P 0.272 0.052 <0.001 0.24 0.009 0.078 0.738 0.801 

Leaf [Ca] 

(Fig. S5) 

Ca <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

P 0.017 0.103 0.953 0.45 0.499 0.107 0.42 0.737 

Ca * P 0.35 0.808 0.025 0.14 0.87 0.93 0.496 0.207 

Leaf [Fe] 

(Fig. S7) 

Ca 0.379 0.825 0.731 0.511 0.632 0.58 0.006 0.009 

P 0.255 0.009 0.467 0.209 0.309 0.498 0.137 0.188 

Ca * P 0.748 0.707 0.895 0.056 0.057 0.535 0.57 0.582 

Leaf [Mn] 

(Fig. S10) 

Ca 0.161 0.011 0.385 0.001 0.031 0.05 0.029 <0.001 

P 0.132 <0.001 <0.001 <0.001 0.008 0.268 0.008 0.208 

Ca * P 0.275 0.197 0.169 0.575 0.201 0.341 0.316 0.49 

Leaf [Mg] 

(Fig. S11) 

Ca 0.007 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

P 0.048 0.22 0.569 0.003 0.778 0.859 0.007 0.01 

Ca * P 0.37 0.251 <0.001 0.066 0.762 0.102 <0.001 <0.001 

 

 

 

 

 

Table S4. Model results (P values) for leaf zinc (Zn) allocation to leaves and seed phosphorus (P) content within each genus, in terms of species. 

Determined using generalised least squares models within each genus (trait ~ species). See Material and Methods for further details. 

Factors 
Leaf Zn allocation (Fig. 4a) Seed P content (Fig. 5b) 

Banksia Hakea Banksia Hakea 

Species <0.001 <0.001 <0.001 <0.001 
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Table S5. Model results (P values) for aboveground and belowground dry weights within each species, in terms of calcium (Ca) and phosphorus (P) 

treatments. Determined using generalised least squares models for each Banksia and Hakea species (trait ~ Ca treatment * P treatment). See Material 

& Methods for further details. DW = dry weight. 

Factor 
Calcifuge Banksia Soil-indifferent Banksia Calcifuge Hakea Soil-indifferent Hakea 

B. attenuata B. menziesii B. prionotes B. sessilis H. flabellifolia H. incrassata H. prostrata H. trifurcata 

Aboveground 

total DW  

(Fig. S2) 

Ca 0.428 0.082 0.909 0.134 0.329 0.099 0.006 0.037 

P <0.001 <0.001 <0.001 <0.001 0.682 0.004 <0.001 <0.001 

Ca * P 0.049 0.026 0.006 0.003 0.483 0.037 <0.001 <0.001 

Belowground 

total DW  

(Fig. S2) 

Ca 0.245 0.004 0.017 0.34 0.003 0.005 <0.001 0.024 

P 0.319 0.011 <0.001 <0.001 0.72 0.001 <0.001 0.125 

Ca * P 0.393 0.9 0.229 0.029 0.231 0.174 <0.001 <0.001 

 

 

 

 

 

Table S6. Model results (P values) for leaf nutrient concentrations within each genus, in terms of distribution type (Distribution; calcifuge or soil-

indifferent), calcium (Ca) and phosphorus (P) treatments. Determined using general linear mixed effect models, with species set as the random 

effect (trait ~ distribution type * Ca treatment * P treatment, random = ~1 | species). See Material & Methods for further details. 

Factors 
Leaf Zn:P (Fig. S3b) Leaf [Fe] (Fig. S6) Leaf [Mn] (Fig. 9) 

Banksia Banksia Hakea Banksia Hakea 

Distribution 0.108 0.122 0.627 0.9 0.501 

Ca <0.001 0.205 <0.001 <0.001 <0.001 

P <0.001 0.004 0.349 <0.001 0.537 

Distribution * Ca 0.09 0.8 0.314 0.585 0.551 

Distribution * P <0.001 0.089 0.364 <0.001 <0.001 

Ca * P 0.003 0.558 0.081 0.053 0.041 

Distribution * Ca * P <0.001 0.534 0.312 0.402 0.75 
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Table S7. Seed phosphorus (P) content, range of total plant P content, and range of percentage total plant P content that could be accounted for by 

seed P content in each species. 

Seed P content and total plant P content are means (SE), n = 4 – 5. Total plant P content indicates the range of treatment level means. The 

percentage of total plant P content accounted for by seed P content is determined from the mean seed P content and the range of total plant P 

content. Values above 100% can be explained by loss of plant material during the six-month growing period, including loss of cotyledons, roots and 

senesced leaves, all of which would contain some P 
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Species Distribution type Seed P content (mg P seed-1) Plant P content (mg P plant-1) Plant P content accounted 

for by seed P content (%) 

Banksia attenuata Calcifuge 1.08 (0.02) 0.83 (0.17) – 14 (2.2) 7.9 - 130 

Banksia menziesii Calcifuge 1.04 (0.02) 0.52 (0.1) – 19 (4.9) 5.6 - 200 

Hakea flabellifolia Calcifuge 2.38 (0.09) 1.29 (0.2) – 13 (2.5) 18.9 - 185 

Hakea incrassata Calcifuge 1.26 (0.18) 0.56 (0.1) – 11 (2.5) 11.1 - 223 

Banksia prionotes Soil-indifferent 0.49 (0.01) 0.21 (0.02) – 16 (1.7) 3.1 - 233 

Banksia sessilis Soil-indifferent 0.084 (0.003) 0.06 (0.01) – 4.9 (1.5) 1.7 - 140 

Hakea prostrata Soil-indifferent 0.47 (0.02) 0.29 (0.02) – 13 (0.82) 3.5 - 159 

Hakea trifurcata Soil-indifferent 0.15 (0.007) 0.12 (0.01) – 9.5 (1.2) 1.6 - 128 
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Summary 

 The calcifuge habit of plants is commonly explained in terms of high soil pH and its effects on nutrient availability, 

particularly that of phosphorus (P). However, most Proteaceae that occur on nutrient-impoverished soils in south-

western Australia are calcifuge, despite their ability to produce cluster-roots, which effectively mobilise soil P and 

micronutrients. We hypothesise that the mechanism explaining the calcifuge habit of most Proteaceae is their 

sensitivity to P and calcium (Ca), and that soil-indifferent species are much less sensitive to these nutrients and, 

especially, their interactions.  

 We analysed plant growth, gas-exchange rates, stomatal conductance and chlorophyll fluorescence of two soil-

indifferent and four calcifuge Hakea and Banksia (Proteaceae) species from south-western Australia, across a 

range of P and Ca concentrations in hydroponic solution. 

 We observed Ca-enhanced P toxicity in all analysed species, but to different extents depending on distribution 

type and genus. Increasing P supply enhanced growth, leaf biomass and photosynthetic rates of soil-indifferent 

species in a pattern largely independent of Ca supply. In contrast, positive physiological responses to increasing P 

supply in calcifuges were either absent or limited to lower Ca supplies, indicating that calcifuges were far more 

sensitive to Ca-enhanced P toxicity. In calcifuge Hakeas, we attributed this to higher leaf [P], and in calcifuge 

Banksias to lower leaf zinc (Zn) concentrations. In terms of P effects on growth and gas-exchange rates, reduced 

growth limited photosynthesis of soil-indifferent species, whilst in calcifuges there was a biochemical limitation 

of photosynthesis, which limited plant growth. 

 Differences in physiological responses of soil-indifferent and calcifuge Proteaceae to elevated P and Ca supplies 

were associated with these species' ability to control nutrient uptake, particularly that of P and Zn. These 

physiological responses may explain these species’ contrasting sensitivity to Ca-enhanced P toxicity, accounting 

for the exclusion of most Proteaceae from calcareous habitats. We surmise that Ca-enhanced P toxicity is, 

therefore, a major factor explaining the calcifuge habit of Proteaceae, and, possibly, other P-sensitive plants.  

 

Keywords: Calcifuge, calcium-enhanced phosphorus toxicity, Jurien Bay chronosequence, phosphorus-enhanced 

zinc requirement, Proteaceae, photosynthesis, stomatal conductance 
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Introduction 

Calcifuge plants lack the ability to establish and grow in soils with high pH and calcium (Ca) concentrations (Tyler, 

1992; Lee, 1998). It is generally accepted that the primary limitation of calcareous soils to plant growth is the reduced 

availability of phosphorus (P) and micronutrients, particularly iron (Fe), zinc (Zn) and manganese (Mn), at elevated soil 

pH (Grime and Hutchinson, 1967; Tyler, 1996; Tyler and Olsson, 2002). The relative inefficiency of calcifuge species to 

mobilise soil P (Tyler, 1992), which is associated with these plants’ low carboxylate-exudation rates (Ström et al., 1994; 

Tyler and Ström, 1995), likely explains the exclusion of most calcifuge species from calcareous soils. However, the high 

[Ca] of calcareous soils might also be involved in the calcifuge habit of some species, as high Ca supplies interfere with 

the uptake of P and other elements (Jefferies and Willis, 1964; Leggett et al., 1965; Hyde, 1966). 

In Proteaceae, there is a clear separation between calcifuge and soil-indifferent species, with only a few of the >650 

species in south-western Australia naturally occurring on young (<7,000 yr), calcareous dunes (Hayes et al., 2014; 2018a; 

Zemunik et al., 2015). Along the Jurien Bay dune chronosequence, for example, most Proteaceae occur exclusively on 

the old (>120,000 yr), nutrient-impoverished, acidic dunes and are calcifuge (Hayes et al., 2014; 2018a; Zemunik et al., 

2015). This is surprising, considering that most Proteaceae produce carboxylate-releasing cluster roots that acidify the 

rhizosphere, increasing the availability of P and micronutrients (Lambers et al., 2003; Shane & Lambers, 2005). 

Interestingly, several Australian Proteaceae are sensitive to high soil P availability (Parks et al., 2000; Lambers et al., 

2002; Shane et al., 2004) due to a low capacity to down-regulate P-uptake rates (Shane et al., 2004; de Campos et al., 

2013) and a preferential allocation of P to mesophyll cells (Shane et al., 2004; Hawkins et al. 2008; Hayes et al. 2018b). 

Whilst the plant-available [P] in calcareous soils across the Jurien Bay dune chronosequence (1.2 to 2.1 mg P kg-1 soil; 

Turner & Laliberté, 2015) is higher than that of the adjacent acidic dunes (≤0.5 mg P kg-1 soil), it is unlikely high enough 

to exclude P-sensitive Proteaceae, given that P toxicity symptoms are generally observed at plant-available [P] >10 mg 

kg-1 soil (Lambers et al., 2002; Shane & Lambers, 2005). It has been suggested that high soil [P] might lead to increased 

Ca-uptake rates (Cerda et al., 1979; de Kreij et al., 1992) and possibly to “Ca toxicity”, but the underlying mechanism 

has not been identified. Additionally, high Ca supplies might also inhibit plant growth (Grundon, 1972) and increase P-

uptake rates (Leggett et al., 1965; Hyde, 1966; Robson et al., 1970), leading to P toxicity. It is possible then that the 

interplay between soil P and Ca is associated with the calcifuge habit of many Proteaceae. Whilst Hayes et al. (2018a) 

recently began to explore this particular nutrient interaction, thus far, no studies have examined its effects on plant’s 

physiology, hence triggering this study. 

We grew six Hakea and Banksia species (four calcifuge, two soil indifferent) that naturally occur along the Jurien Bay 

chronosequence in south-western Australia (Hayes et al., 2014; 2018a; Zemunik et al., 2015) in hydroponic solutions 

with varying P and Ca supplies. The aims of this study were to: 1.) assess the physiological responses (plant growth, gas-

exchange rates, stomatal conductance, and chlorophyll fluorescence) of calcifuge and soil-indifferent Proteaceae to a 

range of P and Ca supplies; 2.) determine if differences in the expression of P and/or Ca toxicity, and their impact on the 

plant’s carbon metabolism, explain why calcifuge and soil-indifferent species are distributed differently across the Jurien 

Bay chronosequence; and 3.) identify the mechanisms underpinning this nutrient interaction in leaves of Proteaceae. 

We hypothesised that growth and photosynthetic responses to varying P and Ca supplies would strongly depend on 

distribution type. Second, soil-indifferent plants would be less sensitive to P and Ca toxicity than calcifuges, being either 

unaffected by high P/Ca supplies or only affected at very high concentrations. Finally, we hypothesised that the toxicity 
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symptoms, in conjunction with the photosynthetic and fluorescence responses, would provide clues as to how these 

nutrients interact in leaves, allowing us to propose a mechanism for P/Ca toxicity effects on physiological processes. 

 

Material and Methods 

Species selection 

We selected six Proteaceae species from two genera, Hakea and Banksia, which naturally occur along the Jurien Bay 

chronosequence (Hayes et al., 2014; 2018a; Zemunik et al., 2015). This chronosequence is located in south-western 

Australia, approximately 200 km north of Perth, and consists of a series of overlapping dune systems deposited during 

periods of high sea level over ≈2 million years, from the Early Pleistocene and Late Pliocene to the present (Turner & 

Laliberté, 2015). These dune systems, formed through the deposition of carbonate-rich material (McArthur et al., 1991), 

increase in age with distance from the coast. With time, carbonate is leached from the upper horizons and soil pH, [Ca] 

and [P] gradually decline along the coast-inland gradient (Turner & Laliberté, 2015). 

Most Proteaceae that occur along the chronosequence are found exclusively on older, acidic dunes, where soil [Ca] 

and [P] are much lower than on calcareous dunes (Hayes et al., 2014; 2018a; Zemunik et al., 2015). These species are 

referred to as calcifuge. However, a few Proteaceae species occur on both young, calcareous dunes and on old, acidic 

ones (Dixon, 2011), being referred to as soil-indifferent. In this study, we selected four calcifuge (Hakea flabellifolia 

Meisn., H. incrassata R.Br., Banksia menziesii R.Br. and B. attenuata R.Br.) and two soil-indifferent species (H. prostrata 

R.Br. and B. prionotes Lindl.). 

 

Plant growth 

Plants were grown from seeds collected in November, 2013 from populations along the Jurien Bay chronosequence 

(Turner & Laliberté, 2015) and transferred to hydroponics. Seeds from calcifuge species (H. flabellifolia, H. incrassata, 

B. menziesii, and B. attenuata) were collected from two or more populations on acidic soils. Seeds from soil-indifferent 

species (H. prostrata and B. prionotes) were collected from populations on both acidic and calcareous soils (at least two 

from each soil-type). 

This study was divided into two separate experiments. The Hakeas were grown between February and September 

2014, and the Banksias between June 2014 and March 2015. Seeds were sterilised with 1% (w/v) sodium hypochlorite 

- an additional sterilisation with 70% (v/v) ethanol was performed for Banksias - and sown on moist filter paper in 20 

cm Petri dishes until the primary root and cotyledons emerged (15˚C, 12h of light). The seedlings were then transferred 

by placing the single initial root through floating plastic mesh into trays containing 3 l of continuously-aerated nutrient 

solution. The strength of the nutrient solution (pH 5.8) was increased, from ‘25% growth’ to ‘100% growth’ (Table S1), 

as the plants became larger. The complete nutrient solution was replenished 1-3 times per week, depending on seedling 

size. Temperature was continuously increased (15˚C to 21˚C) to acclimate plants, and after six (Hakea) or ten (Banksia) 

weeks of initial establishment, the seedlings were transferred to 4.5 l pots and moved to the glasshouse. In total, 320 

Hakea and 256 Banksia plants (80 and 64 per Hakea and Banksia species, respectively) of uniform size were selected 

for the experiment (n= 8-10 plants per species per treatment). 

Plants were transferred in pairs to 4.5 l pots, with each plant held in place by a grey foam disk, creating a light-tight 

seal around the base of the stem. Each pot contained 4 l of continuously-aerated nutrient solution, maintained at 18˚C 
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by a root-cooling tank. During acclimation, the nutrient solution was kept at ‘25% growth’ (Hakea) or increased from 

‘25% growth’ to ‘50% growth’ (Banksia). During growth and acclimation, P and Ca were supplied at 0.1 µM and 10 µM, 

respectively (Table S1). Plants were maintained in the glasshouse during acclimation for eight (Hakea) or six (Banksia) 

weeks, after which the treatment period began. 

During treatment, plants were supplied with either ‘25% to 33% basal’ or ‘50% basal’ nutrient solution (Hakea and 

Banksia, respectively; Table S1). This solution was supplemented with P (0.1, 10 µM; supplied as KH2PO4) and Ca (0, 0.1, 

0.6, 6 mM; supplied as CaCl2), with eight treatments in total. The complete nutrient solutions with the treatments were 

replenished three times per week. The experiments were conducted in a temperature-controlled glasshouse at a mean 

temperature of 17˚C (Hakea) and 21˚C (Banksia), with root temperatures maintained at 18˚C. Plants were grown under 

treatment for 11 weeks, after which the gas-exchange measurements were performed and the plants harvested. 

During harvest, plants were separated into subsamples: mature leaves (ML; fully-expanded leaves), immature leaves 

(IL; soft expanding leaves and shoots), stems (ST), cluster roots (CR) and non-cluster roots (NCR). All sub-samples were 

weighed fresh (FW), rinsed in deionised water, oven-dried (70˚C, 72 h) and weighed again dry (DW). 

 

Nutrient analyses 

Mature leaves, stems and non-cluster root samples of five individual plants per species/treatment combination were 

analysed for total [P], [Ca] and [Zn]. The dried samples were ground (2010 Geno/Grinder, SPEX SamplePrep, Metuchen, 

USA) using plastic vials and yttria-stabilised zirconium ceramic beads. The finely-ground tissue samples were then acid-

digested using concentrated nitric acid under heat, and analysed for nutrient concentration using inductively coupled 

plasma optical-emission spectrometry (ICP; National Measurements Institute, Perth, Australia) on an axially configured 

Varian Vista Pro (Varian Australia Pty Ltd., Mulgrave, Australia). 

 

Gas-exchange measurements 

Light-saturated photosynthesis (Asat) and leaf dark respiration (Rdark) rates were measured on mature, healthy, fully-

expanded leaves of >four individuals per species/treatment combination using an infra-red gas analyser (LI-6400XT; LI-

COR BioSciences, Lincoln, USA). Photosynthetic measurements were carried out at 2500 μmol photons m-2 s-1, which 

was saturating, but not damaging, to all species. Leaves were exposed to 400 µmol CO2 mol-1 air during measurements 

using the built-in LI-6400XT CO2 controller. All photosynthetic measurements were performed on leaves that had been 

exposed to at least 2 h of daytime illumination, whilst the dark respiration measurements were made 4 h after sunset. 

Measurements were made under ambient temperature (17.3 ± 0.0°C for Hakea and 22.8 ± 0.1°C for Banksia) with the 

relative humidity set between 50-70% on two leaves per plant, and the results averaged for each individual. 

 

Chlorophyll fluorescence measurements 

Leaf chlorophyll fluorescence was measured simultaneously to the dark respiration rates using a LI-6400XT (LI-COR 

BioSciences, Lincoln, USA). The variable over maximal fluorescence (Fv/Fm) measurements were carried out on plants 

dark-acclimated for more than 4 h. Reaction centre closure was achieved by applying a 0.8 s pulse of saturating light. 

Fv/Fm was calculated as the variable over the maximum fluorescence (Krause & Weis, 1991). 
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Statistical analyses 

Differences in total plant growth, leaf biomass, dry matter content (DMC), light-saturated photosynthetic rate (Asat), 

leaf dark respiration (Rdark), stomatal conductance (gs), intercellular CO2 concentration (Ci), and variable over maximal 

fluorescence (Fv/Fm) among P and Ca treatments for Hakea and Banksia species with similar distribution types were 

tested using generalised least squares (GLS) models. The residuals of the models were screened for normality through 

formal tests (Shapiro-Wilk, Anderson-Darling) and inspected for heteroscedasticity, visually and through Fligner-Killeen 

tests, with appropriate variance structures being specified to the models when necessary. Model selection was based 

on Akaike's Information Criterion corrected for finite sample sizes (AICc; Tables S2-S8) and the Tukey post-hoc test was 

used to determine differences among treatment combinations (McCulloch & Neuhaus, 2005). The relationship between 

Asat and leaf [Ca], and between leaf [Zn] and leaf [P], was inspected through regression analysis. These models were also 

selected based on Akaike's Information Criterion corrected for finite sample sizes (AICc), and the models' parameters 

(P-values, R2 and β; standardised regression coefficients) were presented whenever significant (P<0.05). All statistical 

analyses were performed with the R software platform (R Development Core Team). 

 

Results 

Plant growth and tissue quality 

The soil-indifferent Hakea and Banksia showed an increase in growth with increasing P supply, except at the highest 

Ca supply (P<0.001; Fig. 1a). There was also a significant effect of Ca treatment on plant growth (P<0.001 and P=0.037 

for Hakea and Banksia, respectively; Fig. 1a), with increasing Ca supply negatively affecting the production of biomass. 

The calcifuge Banksias presented a similar pattern, with increased growth in response to higher P supply (P=0.029; Fig. 

1a), but only under low-Ca conditions (0 and 0.1 mM). The significant effect of Ca on the growth of calcifuge Banksias 

(P<0.001; Fig. 1a), likewise, indicated a decrease in plant growth with increasing Ca supply, particularly under high-P 

conditions. The calcifuge Hakeas, in contrast, showed no increase in growth with increasing [P]. Rather, these either 

showed similar (0 and 0.1 mM Ca) or decreased growth (0.6 and 6 mM Ca) with additional P. 

The soil-indifferent Hakea and Banksia both showed an increase in leaf biomass with increasing P supply, regardless 

of Ca concentration (P<0.001; Fig. 1b). There was also a significant effect of Ca treatment on leaf biomass (P<0.001 and 

P=0.05 for Hakea and Banksia, respectively; Fig. 1b), even though there were essentially no differences in the post-hoc 

analyses. Calcifuge Banksias presented a very similar pattern, with increased leaf biomass in response to high P supply 

(P<0.001; Fig. 1b), except at 6 mM Ca. There was also a significant effect of Ca treatment (P=0.02) on the leaf biomass 

of these plants, but only under high-P conditions. In calcifuge Hakeas, in contrast, there was no significant effect of high 

[P] on leaf biomass (P=0.126; Fig. 1b). However, there was a significant effect of Ca treatment (P=0.029; Fig. 1b), with 

increasing Ca supply leading to gradually less leaf biomass in plants growing under high-P conditions. 

In terms of DMC (Fig. 1c), soil-indifferent Hakea and Banksia showed an increase with increasing P supply (P<0.001; 

Fig. 1c). There was also a significant effect of Ca supply on DMC of Banksia (P<0.001; Fig. 1c), with increasing [Ca] leading 

to higher DMC, a trend that was not found in Hakea (P=0.178). The calcifuge species, in contrast, showed no difference 

in DMC with increasing P or Ca supply. 
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Figure 1. Plant growth, leaf biomass and dry matter content response of Proteaceae to varying phosphorus (P) and calcium (Ca) supplies. Mean (± 

SE, n= 11-20) values of plant growth (mass increase; a), leaf biomass (b), and dry matter content (c) for soil-indifferent and calcifuge species (Hakea 

and Banksia) across different treatments of P and Ca supply. Different letters indicate significant differences among treatments within each panel, 

based on Tukey`s test. 
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Photosynthesis, stomatal conductance and intercellular CO2 concentration 

The soil-indifferent Hakea showed faster photosynthetic rates with increasing P supply (P<0.001; Fig. 2a), except at 

6 mM Ca. There was also a significant effect of Ca treatment (P<0.001; Fig. 2a), with increasing [Ca] negatively affecting 

rates of plants in the high-P treatment, but not under low-P conditions. The soil-indifferent Banksia, similarly, showed 

faster photosynthetic rates with increasing P supply (P<0.001; Fig. 2a). In these plants, however, increasing Ca supplies 

did not affect photosynthesis, with plants within each P treatment showing similar rates across Ca treatments (Fig. 2a). 

Calcifuge Banksias presented a similar pattern, with increased photosynthetic rates in response to higher P availability 

(P=0.018; Fig. 2a). However, this positive effect was only observed under low-Ca conditions (0 and 0.1 mM). There was 

also a significant effect of Ca treatment on photosynthesis (P<0.001), shown by reduced rates at very high Ca supplies, 

distinctly in the high-P treatment. The calcifuge Hakeas, in contrast, showed no increase in photosynthetic rates with 

increasing P supply (P<0.001; Fig. 2a). In fact, these plants either showed similar (0 mM Ca) or reduced photosynthesis 

(0.1, 0.6 and 6 mM Ca) with increasing P supply. There were also distinct differences between plants from contrasting 

P treatments in response to Ca supply: under low-P conditions, photosynthetic rates only decreased at the highest [Ca] 

(6 mM), whilst in the high-P treatment, the rates decreased with even the smallest amount of Ca (0.1 mM), reaching 

extremely low levels as the [Ca] increased. 

The soil-indifferent Hakea showed higher stomatal conductance with increased P supply (P<0.001; Fig. 2b), except 

in high-Ca treatments (0.6 and 6 mM). There was also a significant effect of Ca (P<0.001; Fig. 2b) on leaf conductance, 

with increasing Ca supply negatively affecting rates of plants in the high-P treatment, but not under low-P conditions. 

The soil-indifferent Banksia, likewise, showed higher stomatal conductance with increased P supply (P<0.001; Fig. 2b), 

except in the highest Ca treatment (6 mM). In these plants, the Ca treatment had no effect on stomatal conductance 

(P=0.085; Fig. 2b). In calcifuge Hakeas and Banksias, there were no differences in stomatal conductance with increasing 

P supply (Fig. 2b), with the exception of Hakeas growing at 0.6 mM Ca. However, there was a significant effect of Ca 

treatment on the conductance of these species (P<0.001; Fig.2b), with increasing [Ca] reducing stomatal conductance 

of plants under high-P conditions, especially Hakeas. 

In terms of leaf internal CO2 concentration (Ci; Fig. 2c), the soil-indifferent Hakea showed no difference in Ci with 

increasing P supply, except at 6 mM Ca, in which Ci declined with the higher [P]. In these plants, the Ca treatment did 

not affect Ci (P=0.900; Fig. 2c). In the soil-indifferent Banksia, on the other hand, Ci decreased with increasing [P] at the 

lower Ca treatments (0 and 0.1 mM), and, like in the soil-indifferent Hakea, there was no significant effect of Ca supply 

(P=0.227; Fig. 2c) on Ci. Calcifuge Hakeas showed no difference in Ci with increasing P supply, except at 6 mM Ca, when 

Ci increased with higher [P]. Unlike soil-indifferent species, there was a significant effect of Ca supply (P=0.021; Fig. 2c) 

on Ci, with Ci increasing with higher Ca supplies at the high-P treatment, but not under low-P conditions. In calcifuge 

Banksias, there were no differences in Ci with increasing P or Ca concentrations. 

 

Chlorophyll fluorescence and dark-respiration rates 

The soil-indifferent Hakea showed higher Fv/Fm values with increasing [P] (P<0.001; Fig. 3), except in the lowest Ca 

treatment. There was also a significant effect of Ca treatment (P<0.001; Fig. 3), with increasing Ca supply reducing the 

Fv/Fm under low-P conditions. In the soil-indifferent Banksia, in contrast, the Fv/Fm did not change with increasing P 

or Ca supply, except at 0.1 mM Ca, in which Fv/Fm increased with the high [P]. Similarly, calcifuge Banksias showed no  
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Figure 2. Gas exchange response of Proteaceae to varying phosphorus (P) and calcium (Ca) supplies. Mean (± SE, n= 10-14) values of light-saturated 

rate of CO2 assimilation (Asat; a), stomatal conductance (gs; b), and intercellular CO2 concentration (Ci; c) for soil-indifferent and calcifuge species 

(Hakea and Banksia) across different treatments of P and Ca supply. All saturated photosynthetic measurements were performed at 2500 μmol 

photons m-2 s-1 and 400 µmol CO2 mol-1. Different letters indicate significant differences among treatments within each panel, based on Tukey`s test. 
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differences in Fv/Fm with increasing P or Ca supplies (Fig. 3). In calcifuge Hakeas, Fv/Fm decreased with increasing [P], 

except in the no Ca treatment. There was also a significant effect of Ca treatment on Fv/Fm of these plants (P<0.001; 

Fig. 3), with increasing [Ca] reducing Fv/Fm of plants at the high-P treatment, a trend not found in low-P conditions. 

There were virtually no differences in leaf dark respiration rates with increasing P and/or Ca supply (Fig. S1) for both 

soil-indifferent and calcifuge species. However, Banksias showed consistently slower rates than Hakeas. 

 

 

Figure 3. Leaf chlorophyll fluorescence response of Proteaceae to varying phosphorus (P) and calcium (Ca) supplies. Mean (± SE, n= 10-14) values 

of variable over maximal fluorescence (Fv/Fm) for soil-indifferent and calcifuge species (Hakea and Banksia) across different treatments of P and Ca 

supply. Different letters indicate significant differences among treatments within each panel, based on Tukey`s test. 

 

Photosynthesis and leaf calcium relationship 

In the soil-indifferent Hakea, there was a negative correlation between light-saturated area-based photosynthetic 

rates and leaf [Ca], regardless of P supply (P=0.008, R2=0.15, β=-0.42 for plants under low-P conditions, and P<0.001, 

R2=0.49, β=-0.71 for plants under high-P conditions; Fig. 4). This trend was also observed in calcifuge Hakeas (P=0.017, 

R2=0.13, β=-0.39 for plants under low-P conditions and P<0.001, R2=0.50, β=-0.72 for plants under high-P conditions; 

Fig. 4). However, soil-indifferent Hakea under high-P conditions showed consistently faster photosynthetic rates than 

those under low-P conditions, except when leaf [Ca] reached very high levels (≈30 mg Ca g-1 DW). In contrast, calcifuge 

Hakeas at the high-P treatment either showed identical photosynthetic rates, under relatively low leaf [Ca], or slower 

rates than plants growing in low-P conditions, particularly when the leaf [Ca] exceeded 10 mg Ca g-1 DW (Fig. 4). 

In soil-indifferent and calcifuge Banksias, there was no significant correlation between photosynthesis and leaf [Ca], 

regardless of P treatment (P=0.100 and P=0.555 for soil-indifferent Banksias in low- and high-P treatments, respectively; 

P=0.063 for calcifuge Banksias in both low- and high-P treatments; Fig. 4). However, in the soil-indifferent Banksia, the 

photosynthetic rates were faster under high-P conditions, a trend not observed in calcifuge Banksias (Fig. 4). 

 

Leaf zinc and leaf phosphorus relationship 

In soil-indifferent and calcifuge Hakeas, there was no significant correlation between leaf [Zn] and leaf [P], regardless 

of P supply (P=0.112 and P=0.327 for the soil-indifferent Hakea in low- and high-P treatments, respectively; and P=0.653 
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Figure 4. Relationship between photosynthesis and leaf calcium (Ca) concentration in Proteaceae. Correlation between light-saturated rate of CO2 

assimilation (Asat) and leaf [Ca] concentration for soil-indifferent and calcifuge species (Hakea and Banksia) across different treatments of phosphorus 

(P) supply (0.1 μM in grey; 10 μM in blue). The significant relationships are expressed with corresponding P-values, R2 and standardized β values. 

 

and P=0.233 for calcifuge Hakeas in low- and high-P treatments, respectively; Fig. 5). In the soil-indifferent and calcifuge 

Banksias, there was also no significant correlation between leaf [Zn] and leaf [P] for plants growing in low-P conditions 

(P=0.094 and P=0.318 for soil-indifferent and calcifuge species, respectively). Under high-P conditions, in contrast, there 

was a positive correlation between total leaf [Zn] and leaf [P] for both soil-indifferent and calcifuge Banksias (P<0.001, 

R2=0.44, β=0.67 for the soil-indifferent Banksia, and P<0.001, R2=0.36, β=0.61 for calcifuge Banksias; Fig. 5). 

 

Leaf toxicity and/or deficiency symptoms 

In Hakea, there was a distinct difference between soil-indifferent and calcifuge species in terms of their responses 

to increasing P and/or Ca supply. The soil-indifferent H. prostrata showed slight leaf chlorosis with increased Ca supply 

under low-P conditions (0.1 μM P), a symptom aggravated at high-P conditions (10 μM P; Fig. 6). In treatments where 

no Ca was supplied, increased [P] alone did not cause any visual toxicity or deficiency symptoms. The calcifuge species 

H. flabellifolia and H. incrassata also showed leaf chlorosis with increased Ca supply under low-P conditions (0.1 μM P, 

Fig. 6). However, under high-P conditions (10 μM P; Fig. 6), these species showed major chlorosis and extensive necrosis 

with increasing Ca supply. 

In Banksia, soil-indifferent and calcifuge species showed relatively similar responses to increasing P and Ca supply. 

The soil-indifferent B. prionotes showed slight leaf chlorosis and limited necrosis with increased Ca supply under both 

low- and high-P conditions (Fig. 6). The calcifuge B. menziesii and B. attenuata also showed chlorosis with increased Ca 

supply under low- and high-P conditions (Fig. 6), with some also showing leaf-tip necrosis and red blotching, especially 
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B. menziesii under high-P/high-Ca conditions. In Banksia, increasing P supply within the same Ca treatments primarily 

caused leaf chlorosis. 

 

 

Figure 5. Relationship between leaf zinc (Zn) and leaf phosphorus (P) in Proteaceae. Correlation between total leaf zinc (Zn) and phosphorus (P) 

concentrations for soil-indifferent and calcifuge species (Hakea and Banksia) across different treatments of P supply (0.1 μM in grey; 10 μM in blue). 

Significant relationships are expressed with corresponding P-values, R2 and standardized β values. Box-plots with medians, 25th, and 75th percentiles 

were included in the margins to outline the data distribution. Whiskers extend to 1.5 times the interquartile range. Data presented beyond whiskers 

represent outliers. 

 

Discussion 

The calcifuge habit in plants has intrigued ecologists for over a century (Tansley, 1917). Several explanations for the 

consistent absence of calcifuge plants from calcareous soils have been proposed, with most focusing on the high soil pH 

of calcareous environments (Lee, 1998). Soil pH is the main factor influencing the availability of mineral elements, and 

pH effects on the plant-availability of soil nutrients such as P, Fe, Zn, and Mn have been suggested as limitations to the 

establishment and growth of calcifuge plants (Tyler, 1992; Tyler and Olsson, 2002). When grown in calcareous soils, 

calcifuge species typically show P-deficiency symptoms, and this is associated with their relative inability to modify the 

rhizosphere through the exudation of carboxylic acids (Ström et al., 1994; Tyler and Ström, 1995). This low carboxylate-

exudation rate also explains the micronutrient deficiency usually exhibited by calcifuge species (Tyler & Ström, 1995; 

Tyler, 1996; Tyler and Olsson, 2002). 

Interestingly, despite the clear relationship between root exudation and the ability to access P and micronutrients 

in calcareous soils, the calcifuge habit is not limited to plants with low carboxylate-exudation rates. Most Proteaceae in 

south-western Australia, for example, are excluded from young, calcareous soils (Hayes et al., 2014; Zemunik et al., 

2015). Under P-limiting conditions, these species develop cluster roots, which produce large amounts of carboxylates 

that solubilise mineral-bound P and micronutrients (Lambers et al., 2003; Shane & Lambers, 2005). Cluster roots also 

exude phosphatases, allowing access to P from organic sources (Shane & Lambers, 2005). It is therefore very unlikely 
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Figure 6. Leaf symptoms of Proteaceae to varying phosphorus (P) and calcium (Ca) supplies. Leaf toxicity and/or deficiency symptoms from two 

Proteaceae genera (Hakea and Banksia) growing under different P and Ca treatment combinations. The soil-indifferent species (H. prostrata and B. 

prionotes) naturally occur on both calcareous and acidic soils, while the calcifuge species (H. flabellifolia, H. incrassata, B. menziesii and B. attenuata) 

occur exclusively on acidic soils. Scale bars are 1 cm. 

 

that P deficiency is the reason why these species are excluded from calcareous environments, especially considering 

that they are prevalent in neighbouring dunes in which the soil P concentration and availability is much lower (Hayes et 

al., 2014; Turner & Laliberté, 2015). It is possible, however, that because of the higher soil [P], Proteaceae are excluded 

from calcareous soils due to P toxicity. These species have a reduced capacity to down-regulate their P uptake (Shane 

et al., 2004; de Campos et al., 2013), and preferentially allocate P to photosynthetically-active cells (Shane et al., 2004; 

Hawkins et al. 2008; Hayes et al. 2018b) which means that they are more vulnerable to increasing soil [P]. 

In this study, we tested the hypothesis that P toxicity, more specifically Ca-enhanced P toxicity, may determine the 

calcifuge habit of most Proteaceae, and that this is due to cell-specific nutrient interactions and their effects on plant 

physiology. We found that the studied species were affected in distinctly different ways by contrasting P and Ca supplies, 

with their responses dependent on genus and distribution. Therefore, we discuss each group separately. 
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Soil-indifferent Hakea 

The soil-indifferent Hakea showed increased growth with increasing P supply, indicating that they experienced P 

limitation at 0.1 μM P. The photosynthetic rates also increased with additional P. Interestingly, the effects of P supply 

on photosynthesis and stomatal conductance were not entirely coupled: the positive effect of additional P on stomatal 

conductance was not observed at 0.6 and 6 mM Ca, whilst the rates of photosynthesis still increased at 0.6 mM Ca, 

indicating that P and Ca, when interacting, affect these parameters differently. 

Limiting P supply reduces leaf expansion (Kavanová et al., 2006) and the total number of leaves (Lynch et al., 1991), 

thus reducing the sink demand for photosynthates. It also decreases leaf [P] and orthophosphate (P i) pools (Veneklaas 

et al., 2012). This decrease in leaf [P] is expected to reduce the plant's photosynthetic activity, because the Calvin cycle 

requires P-containing metabolites (Dietz & Foyer, 1986; Foyer & Spencer, 1986; Ellsworth et al., 2015). Orthophosphate 

is required for the export of triose-P from the chloroplast, and for ATP synthesis (Mächler & Nösberger, 1984; Giersch 

& Robinson, 1987). Phosphate limitation also restricts carbon assimilation and electron transport due to decreases in 3-

phosphoglycerate reduction and ribulose bisphosphate regeneration rates (Mächler & Nösberger, 1984; Brooks et al., 

1988). Increased plant growth, particularly leaf biomass, with additional P likely explains the positive effect of high [P] 

on the photosynthesis of these plants. The alleviation of biochemical constraints with increasing P supply also explains 

the enhanced photosynthetic activity. In addition, the relationship between [P i] and photosynthetic rates might be key 

for understanding the effects of high [Ca] on the photosynthesis of these plants. 

Calcium regulates several aspects of the photosynthetic process, particularly by modulating the activity of multiple 

phosphatases and kinases in the Calvin cycle (Brand & Becker, 1984; Hochmal et al., 2015). However, most studies that 

investigated the function of Ca in photosynthesis focused on its signalling role (Hirschi, 2004; McAinsh & Pittman, 2009), 

and not on how it might interfere with other mineral elements. Calcium and P, for example, are rarely co-localised in 

high concentrations (Conn & Gilliham, 2010; Guilherme Pereira et al., 2018; Hayes et al., 2018b), presumably to avoid 

the deleterious precipitation of Ca-phosphate. Proteaceae (Hayes et al., 2018b) and other species from P-impoverished 

environments (Guilherme Pereira et al., 2018) preferentially allocate P to the mesophyll, and this may have implications 

for the way these nutrients interact in leaves. If the [Ca] in the mesophyll becomes too high, it may interfere with the 

physiological availability of Pi, possibly leading to inhibition of photosynthesis. This explains the decrease in Fv/Fm under 

low-P conditions and high Ca supplies, indicating a reduction in the efficiency of photosystem II (Krause & Weis, 1991; 

Maxwell & Johnson, 2000). This was not significantly reflected in the photosynthetic rates, but Asat and gs did tend to 

decrease with very high Ca supplies. 

The photosynthetic rates of plants under high-P conditions steadily decreased with increasing Ca supply. Whilst the 

interaction between P and Ca causing immobilisation of both nutrients may partially explain this response at very high 

Ca supplies, it does not explain the lower photosynthetic rates at 0.1-0.6 mM Ca. Under these levels, the cytosolic [Ca] 

is tightly controlled, rarely exceeding the nanomolar range (White & Broadley, 2003). In contrast, the [Ca] in chloroplasts 

may reach very high levels (Kreimer et al., 1988), but most of it is bound to thylakoids, so there is little free Ca to interact 

with P. How then could variation in the Ca supply affect CO2-assimilation rates? It has been suggested that increasing 

Ca supplies might significantly affect the uptake of other elements, either increasing their absorption, as happens with 

P (Robson et al., 1970; Bell et al., 1989), or decreasing it, which is the case with micronutrients such as Zn (Chaudhry & 

Loneragan, 1972), Fe (Taper & Leach, 1957) and Mn (Robson & Loneragan, 1970). In the studied species, there was no 
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significant increase in total leaf [P] with increasing Ca supplies (Hayes et al. 2018a). However, increasing the Ca supply, 

and consequently the leaf [Ca], induces a displacement of the leaf P towards mesophyll cells (Hayes, 2018). 

High [Pi] might interfere with the leaf physiological Zn availability (Boawn & Leggett, 1964; Loneragan et al., 1979; 

Cakmak & Marschner, 1987; Loneragan & Webb, 1993), leading to P-enhanced Zn requirement (Cakmak & Marschner, 

1987). If the plants are unable to up-regulate their Zn uptake, or if the Zn supply is inadequate, the availability of this 

micronutrient may limit photosynthesis through reductions in carbonic anhydrase (Randall & Bouma, 1973; Ohki, 1976) 

and superoxide dismutase (Wang & Jin, 2005) activity. This is what happens with Proteaceae, which typically show low 

leaf [Zn] (Denton et al., 2007; Hayes et al., 2014). It has been suggested that Proteaceae tightly control their Zn uptake 

(Prodhan et al., 2019), in a strategy to increase P economy by maintaining protein synthesis at very low rates, reducing 

the plant’s demand for P. Whilst this constrained Zn acquisition might be advantageous in P-impoverished soils, it also 

makes these species more vulnerable to Zn deficiency. 

 

Calcifuge Hakeas 

Calcifuge Hakeas showed similar (0 and 0.1 mM Ca) or decreased growth (0.6 and 6 mM Ca) with higher P supplies, 

and although this does not rule out P limitation at 0.1 μM P, it suggests that calcifuge Hakeas are much more sensitive 

to higher P supplies than soil-indifferent ones. Most physiological parameters were affected in a relatively similar way: 

stomatal conductance was either the same (0, 0.1 and 6 mM Ca) or lower (0.6 mM Ca) under high-P conditions, whilst 

photosynthetic rates decreased with higher [P] in all treatments in which Ca was supplied. Interestingly, this decrease 

in photosynthesis was not due to reductions in plant growth, given that P supply had no effect on leaf biomass. 

Many Proteaceae are sensitive to high P supplies (Parks et al., 2000; Lambers et al., 2002), mainly because they are 

unable to strongly down-regulate their P uptake (Shane et al., 2004; de Campos et al., 2013) and preferentially allocate 

P to mesophyll cells (Shane et al., 2004; Hayes et al. 2018b). Not surprisingly, calcifuge Hakeas, which typically do not 

occur in P-rich environments, tended to show higher leaf [P] than soil-indifferent species under the same P availability, 

suggesting that P toxicity might partially explain these species' distribution (Hayes et al. 2018a; Hayes 2018). However, 

P toxicity cannot be solely explained by high P availability, because when Ca was withheld, increasing P supply had no 

negative effect on growth, photosynthesis or stomatal conductance. Similarly, increasing [Ca] had no effect on growth 

or physiology under low-P conditions. This suggests a strong interaction between Ca and P, resulting in P toxicity. 

The phenomenon of Ca-enhanced P toxicity has been described before (Grundon, 1972; Nichols & Beardsell, 1981). 

It has been suggested that high Ca supplies might reduce plant growth (Grundon, 1972) or stimulate P uptake (Robson 

et al., 1970; Nichols & Beardsell, 1981). In both cases, it would be the resulting increase in total leaf [P] that intensifies 

P-toxicity symptoms. However, these explanations are inconsistent with what has been observed in calcifuge Hakeas: 

whilst plant growth was affected by increasing Ca supplies at high-P conditions, leaf [P] was not (Hayes et al., 2018a), 

which means that Ca-enhanced P toxicity was not caused by Ca-related increases in total leaf [P]. 

Hayes et al. (2018a) suggested that Ca-enhanced P toxicity is related to nutrient-allocation patterns at the cellular 

level, particularly due to negative interaction between these elements when co-localised at high concentrations. With 

the displacement of leaf P towards the mesophyll with increasing Ca supplies (Hayes, 2018), P-toxicity symptoms may 

develop without changes in total leaf [P]. Plants with high leaf [P] should be especially affected, and this was precisely 

the case for calcifuge Hakeas, which exhibited strong symptoms of P toxicity (leaf chlorosis and necrosis) with increasing 
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[Ca]. Leaf chlorosis, which is a typical symptom of both P toxicity and micronutrient deficiency (Robson & Pitman, 1983; 

Lambers et al., 2002; Shane et al., 2004), likely occurred due to P interfering with Zn availability in mesophyll cells. This 

was aggravated at high P supplies, yet the extent of leaf necrosis suggests something in addition to Zn deficiency. We 

surmise that, because of their higher leaf [P], calcifuge Hakeas are more susceptible to the deleterious precipitation of 

Ca-phosphates. This leads to cellular damage, which, in turn, explains the extensive necrosis with increasing Ca supply 

at high-P conditions. This is consistent with the steady reduction in Fv/Fm values, thus lower photosystem II efficiency 

(Krause & Weis, 1991; Maxwell & Johnson, 2000), and with the Ci increase, which points towards reduced CO2-fixation 

rates. These results are also consistent with the uncoupling of leaf biomass and photosynthesis, which suggests that the 

observed variation in carbon assimilation rates was the result of biochemical limitations in the photosynthetic process. 

 

Soil-indifferent Banksia 

The soil-indifferent Banksia showed increased growth with increasing P supply, indicating P limitation at 0.1 μM P. 

The photosynthetic rates also increased with additional P, and, with the exception of plants growing at 6 mM Ca, this 

was tightly coupled with an increase in stomatal conductance. Interestingly, increasing Ca supply had little to no effect 

on either growth or physiology. The overall positive response of plant growth with high [P] disappeared at 6 mM Ca. In 

contrast, leaf biomass and photosynthesis were unaffected by Ca supply. Whilst this might suggest that Ca-enhanced P 

toxicity is not a major issue for soil-indifferent Banksia, there is a significant aspect that needs to be considered. 

Banksia species show a clear preferential allocation of P to photosynthetically-active mesophyll cells (Hayes et al., 

2018b). This allocation pattern is linked with high photosynthetic P-use efficiency (PPUE; Denton et al., 2007; Hayes et 

al., 2018b), but it may lead to P toxicity when leaf [P] is high. Because most P is allocated to metabolically-active cells, 

increasing leaf [P] may lead to more severe P-toxicity symptoms, particularly when high Ca supplies increase the [P] in 

mesophyll cells (Hayes, 2018). In this particular case, increasing [Ca] did not affect the soil-indifferent Banksia, because 

of its greater capacity to maintain high leaf [Zn] (Hayes et al., 2018a). The soil-indifferent Banksia showed total leaf [Zn] 

up to 0.1 mg g-1 DW at 0.1 μM P which is ≈250% greater than that of calcifuge Banksias, whilst its leaf [P] under high-P 

supply was only 50% greater. These results not only suggest that in the soil-indifferent Banksia, P is less likely to interfere 

with Zn availability, but also that these species can produce more leaf biomass and maintain faster photosynthetic rates 

with the additional P. This is consistent with the lack of P-toxicity and Zn-deficiency symptoms, as well as the steady Ci 

and Fv/Fm values. 

 

Calcifuge Banksias 

Calcifuge Banksias grown under 0 and 0.1 mM Ca showed increased growth with increasing P supply. In contrast, 

those grown under 0.6 and 6 mM Ca were unaffected by the P supply. Photosynthetic rates followed the same trend, 

but, interestingly, these rates were not associated with variation in leaf biomass, which increased with higher P supply 

in all but the highest Ca treatment. This suggests that these species’ photosynthesis was not limited by growth under 

high-Ca conditions. It also indicates that, unlike in the soil-indifferent Banksia, the response of calcifuge Banksia to high 

P concentrations strongly depended on Ca supply. 

Calcifuge Banksias showed lower leaf [Zn] than the soil-indifferent one, under both low and high P supplies, likely 

due to a tightly-controlled Zn-uptake capacity (Prodhan et al., 2019) and a lower Zn allocation to leaves (Hayes et al., 
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2018a). Therefore, calcifuge Banksias were more vulnerable to Zn deficiency. At high P supply, the leaf P will invariably 

reach high enough levels to interfere with Zn availability. Increasing [Ca] might have a critical effect on this interaction, 

particularly because of the P shift towards mesophyll cells (Hayes, 2018) in which Zn is required for carbonic anhydrase 

(Randall & Bouma, 1973; Ohki, 1976) and for the activity of superoxide dismutase to remove O2− produced during the 

light reaction of photosynthesis (Wang & Jin, 2005). The leaf chlorosis in calcifuge Banksias at high P and Ca supply is 

consistent with Zn deficiency, and the limited necrosis might be the result of lower resistance to oxidative stress under 

such conditions (Gupta et al., 1993). This would explain the lack of increase in photosynthesis with higher [P] at 0.6 mM 

Ca, in spite of the increase in leaf biomass. 

 

Concluding remarks 

We observed Ca-enhanced P toxicity in all analysed Proteaceae, but with significant differences between calcifuge 

and soil-indifferent species in their responses to increasing P and Ca supply. Soil-indifferent species showed increased 

growth and leaf biomass with increasing P supply, in a pattern largely independent of [Ca], with their photosynthetic 

rates varying accordingly. In contrast, the growth of calcifuge species with higher [P] strongly depended on Ca supply. 

The uncoupling of leaf biomass and photosynthesis suggests that, unlike in soil-indifferent species, the photosynthetic 

rates determined the growth of calcifuge species through biochemical limitation. 

Calcifuges were more sensitive to P toxicity than soil-indifferent species. In Hakea, this difference was attributed to 

the calcifuge species' limited ability to down-regulate their P-uptake which led to relatively higher leaf [P], interfering 

with Zn availability and leading to Zn deficiency and leaf chlorosis. In extreme cases, the interaction between P and Ca 

might also lead to precipitation of Ca-phosphates, causing cellular damage and leaf necrosis. In Banksias, on the other 

hand, there were no differences in total leaf [P] between calcifuge and soil-indifferent species. The leaf [Zn], however, 

differed significantly between these plant groups. Calcifuge species showed lower leaf [Zn] than soil-indifferent ones, 

likely due to a more tightly-controlled Zn-uptake capacity and lower Zn allocation to leaves. Consequently, these species 

were unable to compensate for the P-enhanced Zn requirement, particularly when high [Ca] enhanced P toxicity. This 

is why calcifuge Banksias showed reduced growth, leaf biomass and photosynthetic rates with increasing P supply at 

high [Ca], whilst this was not the case for soil-indifferent species. 

This is the first study to examine, in depth, the physiology of Ca-enhanced P toxicity in a range of Proteaceae. We 

surmise that the difference between calcifuge and soil-indifferent Proteaceae, in the way they respond to increasing P 

and Ca supplies, is associated with their ability to regulate nutrient uptake, particularly that of P and Zn, and with their 

cell-specific nutrient allocation patterns. These results improve our basic understanding of how these species function 

at different P and Ca supplies, and suggests that their distribution is strongly determined by Ca-enhanced P toxicity. 

These results provide valuable insight into the calcifuge habit in general, suggesting that interactions among different 

nutrients and their allocation within the leaves might be critically important to explain the calcifuge nature of plants. 

This knowledge will help in restoration efforts involving Proteaceae and other calcifuge species, as well as advance our 

fundamental understanding of plant mineral nutrition. 
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Supporting Information 

 

 

Fig. S1. Mean values of leaf dark respiration for soil-indifferent and calcifuge Hakea and Banksia species across different 

treatments of phosphorus and calcium supply. 

Fig. S2. Mean values of plant growth, leaf biomass and dry matter content for individual soil-indifferent (Hakea prostrata 

and Banksia prionotes) and calcifuge (H. flabellifolia, H. incrassata, B. menziesii and B. attenuata) species across different 

treatments of phosphorus and calcium supply. 

Fig. S3. Mean values of CO2 assimilation rates, stomatal conductance and intercellular CO2 concentration for individual 

soil-indifferent (Hakea prostrata and Banksia prionotes) and calcifuge (H. flabellifolia, H. incrassata, B. menziesii and B. 

attenuata) species across different treatments of phosphorus and calcium supply. 

Fig. S4. Mean values of variable over maximal fluorescence for individual soil-indifferent (Hakea prostrata and Banksia 

prionotes) and calcifuge (H. flabellifolia, H. incrassata, B. menziesii and B. attenuata) species across different treatments 

of phosphorus and calcium supply. 

Fig. S5. Relationship between CO2 assimilation rates and leaf calcium concentration for individual soil-indifferent (Hakea 

prostrata and Banksia prionotes) and calcifuge (H. flabellifolia, H. incrassata, B. menziesii and B. attenuata) species 

across different treatments of phosphorus supply. 

Fig. S6. Relationship between leaf zinc and phosphorus concentrations for individual soil-indifferent (Hakea prostrata 

and Banksia prionotes) and calcifuge (H. flabellifolia, H. incrassata, B. menziesii and B. attenuata) species across different 

treatments of phosphorus supply. 

Table S1. Nutrient concentration used in the different hydroponics nutrient solutions. 

Table S2. Generalised least square models for the plant growth of different groups analysed in the study. 

Table S3. Generalised least square models for the leaf biomass of different groups analysed in the study. 

Table S4. Generalised least square models for the dry matter content of different groups analysed in the study. 

Table S5. Generalised least square models for the photosynthetic rates of different groups analysed in the study. 

Table S6. Generalised least square models for the stomatal conductance of different groups analysed in the study. 

Table S7. Generalised least square models for the internal CO2 concentration of different groups analysed in the study. 

Table S8. Generalised least square models for the variable over maximal fluorescence of different groups analysed in 

the study. 

Table S9. Generalised least square models for the leaf dark respiration of different groups analysed in the study. 
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Figure S1. Mean (± SE, n= 10-14) values of leaf dark respiration (Rdark) for soil-indifferent and calcifuge Hakea and Banksia species across different 

treatments of phosphorus (P) and calcium (Ca) supply. All leaf dark respiration measurements were carried out at 400 μmol CO2 mol-1 air. Different 

letters indicate significant differences among treatments within each panel, based on Tukey`s test. 
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Figure S2. Mean (± SE, n= 4-20) values of plant growth (mass increase; a), leaf biomass (b), and dry matter content (c) for soil-indifferent (Hakea 

prostrata and Banksia prionotes) and calcifuge (H. flabellifolia, H. incrassata, B. menziesii and B. attenuata) species across different treatments of 

phosphorus (P) and calcium (Ca) supply. Different letters indicate significant differences among treatments within each panel, based on Tukey`s test. 
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Figure S3. Mean (± SE, n= 4-12) values of light-saturated rate of CO2 assimilation (Asat; a), stomatal conductance (gs; b) and intercellular CO2 

concentration (Ci; c) for soil-indifferent (Hakea prostrata and Banksia prionotes) and calcifuge (H. flabellifolia, H. incrassata, B. menziesii and B. 

attenuata) species across different treatments of phosphorus (P) and calcium (Ca) supply. All photosynthetic measurements were carried out at 2500 

μmol photons m-2 s-1 / 400 μmol CO2 mol-1 air. Different letters indicate significant differences among treatments within each panel, based on Tukey`s 

test. 
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Figure S4. Mean (± SE, n= 4-12) values of variable over maximal fluorescence (Fv/Fm) for soil-indifferent (Hakea prostrata and Banksia prionotes) and 

calcifuge (H. flabellifolia, H. incrassata, B. menziesii and B. attenuata) species across different treatments of phosphorus (P) and calcium (Ca) supply. 

Different letters indicate significant differences among treatments within each panel, based on Tukey`s test. 
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Figure S5. Relationship between light-saturated rate of CO2 assimilation (Asat) and leaf calcium concentration (Ca) for soil-indifferent (Hakea prostrata 

and Banksia prionotes) and calcifuge (H. flabellifolia, H. incrassata, B. menziesii and B. attenuata) species across different treatments of phosphorus 

(P) supply (0.1 μM in grey; 10 μM in dark-blue). The significant relationships are expressed with corresponding P-values, R2 and standardized β values. 
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Figure S6. Relationship between total leaf zinc (Zn) and leaf phosphorus (P) concentrations for soil-indifferent (Hakea prostrata and Banksia prionotes) 

and calcifuge (H. flabellifolia, H. incrassata, B. menziesii and B. attenuata) species across different treatments of P supply (0.1 μM in grey; 10 μM in 

dark-blue). The significant relationships are expressed with corresponding P-values, R2 and standardized β values. 
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Table S1. Nutrient concentration used in the different hydroponics nutrient solutions. ‘Growth’ (25% growth and 100% growth) solutions were used 

during both growth and acclimation periods, whilst ‘basal’ solutions (25% basal, 33% basal and 50% growth) were used during the treatment periods. 

Nutrient solution recipes were based on Shane et al. (2004). 

Nutrient 

Solution 

Treatments (μM) Nutrient Concentration (μM) 

PO4
3- Ca2+ NO3

- K+ SO4
2- Mg2+ Fe-EDTA Mn2+ Zn2+ Cu2+ H3BO3 MoO4

2- SiO3
2- 

25% growth 0.1 10 50 50 9 9 2.5 0.06 0.025 0.018 0.6 0.075 50 

100% growth 0.1 10 200 200 36 36 10 0.24 0.1 0.018 2.4 0.3 50 

25% basal 0.1, 10 0, 100, 600, 6000 50 50 9 9 2.5 0.06 0.025 0.018 0.6 0.075 50 

33% basal 0.1, 10 0, 100, 600, 6000 66.7 66.7 12 12 3.3 0.08 0.33 0.018 0.8 0.1 50 

50% basal 0.1, 10 0, 100, 600, 6000 100 100 18 18 5 0.12 0.05 0.018 1.2 0.15 50 
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Table S2. Generalised least square (GLS) models for the plant growth (Fig. 1a) of different groups analysed in the study. Model identification and 

rationale, number of parameters (K), log likelihood (log L), Akaike`s Information Criterion (AICc) and difference between selected and null model`s 

AICc (Δ AICc). 

Group Model ID Model K Log L AICc Δ AICc 

 

 

Hakea 

 (soil-indifferent) 

mm1 Growth ~ P treatment * Ca treatment 9 -395.90 811.04 -97.42 

mm2 Growth ~ P treatment + Ca treatment 6 -402.11 816.78 -91.68 

mm3 Growth ~ Ca treatment 5 -428.28 866.97 -41.49 

mm4 Growth ~ P treatment 3 -433.14 872.44 -36.02 

null Growth ~ 1 2 -452.19 908.46 - 

 

 

Hakea 

(calcifuge) 

mm1 Growth ~ P treatment * Ca treatment 9 -285.50 590.73 -21.7 

mm2 Growth ~ P treatment + Ca treatment 6 -292.28 597.34 -15.09 

mm3 Growth ~ Ca treatment 5 -296.56 603.67 -8.76 

mm4 Growth ~ P treatment 3 -300.38 606.98 -5.45 

null Growth ~ 1 2 -304.16 612.43 - 

 

 

Banksia  

 (soil-indifferent) 

mm1 Growth ~ P treatment * Ca treatment 9 -391.87 803.40 -101.65 

mm2 Growth ~ P treatment + Ca treatment 6 -398.41 809.57 -95.48 

mm3 Growth ~ Ca treatment 5 -445.72 901.97 -3.08 

mm4 Growth ~ P treatment 3 -405.55 817.30 -87.75 

null Growth ~ 1 2 -450.48 905.05 - 

 

 

Banksia  

(calcifuge) 

mm1 Growth ~ P treatment * Ca treatment 9 -384.52 788.65 -37.36 

mm2 Growth ~ P treatment + Ca treatment 6 -389.22 791.18 -34.83 

mm3 Growth ~ Ca treatment 5 -403.38 817.27 -8.74 

mm4 Growth ~ P treatment 3 -397.62 801.45 -24.56 

null Growth ~ 1 2 -410.95 826.01 - 
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Table S3. Generalised least square (GLS) models for the leaf biomass (Fig. 1b) of different groups analysed in the study. Model identification and 

rationale, number of parameters (K), log likelihood (log L), Akaike`s Information Criterion (AICc) and difference between selected and null model`s 

AICc (Δ AICc). 

Group Model ID Model K Log L AICc Δ AICc 

 

 

Hakea 

 (soil-indifferent) 

mm1 Leaf biomass ~ P treatment * Ca treatment 9 -237.19 493.62 -170.83 

mm2 Leaf biomass ~ P treatment + Ca treatment 6 -245.18 502.91 -161.54 

mm3 Leaf biomass ~ Ca treatment 5 -254.14 514.44 -150.01 

mm4 Leaf biomass ~ P treatment 3 -326.65 663.71 -0.74 

null Leaf biomass ~ 1 2 -330.18 664.45 - 

 

 

Hakea 

(calcifuge) 

mm1 Leaf biomass ~ P treatment * Ca treatment 9 -186.17 392.07 -12.19 

mm2 Leaf biomass ~ P treatment + Ca treatment 6 -195.90 402.36 -1.9 

mm3 Leaf biomass ~ Ca treatment 5 -194.85 402.49 -1.77 

mm4 Leaf biomass ~ P treatment 3 -200.03 404.18 -0.08 

null Leaf biomass ~ 1 2 -199.02 404.26 - 

 

 

Banksia  

 (soil-indifferent) 

mm1 Leaf biomass ~ P treatment * Ca treatment 9 -261.98 543.60 -112.81 

mm2 Leaf biomass ~ P treatment + Ca treatment 6 -267.38 547.50 -108.91 

mm3 Leaf biomass ~ Ca treatment 5 -271.20 548.61 -107.8 

mm4 Leaf biomass ~ P treatment 3 -325.74 655.58 -0.83 

null Leaf biomass ~ 1 2 -322.94 656.41 - 

 

 

Banksia  

(calcifuge) 

mm1 Leaf biomass ~ P treatment * Ca treatment 9 -277.08 573.78 -48.92 

mm2 Leaf biomass ~ P treatment + Ca treatment 6 -281.29 575.30 -47.4 

mm3 Leaf biomass ~ Ca treatment 5 -286.18 578.56 -44.14 

mm4 Leaf biomass ~ P treatment 3 -305.21 620.94 -1.76 

null Leaf biomass ~ 1 2 -309.30 622.70 - 
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Table S4. Generalised least square (GLS) models for the dry matter content (DMC; Fig. 1c) of different groups analysed in the study. Model 

identification and rationale, number of parameters (K), log likelihood (log L), Akaike`s Information Criterion (AICc) and difference between selected 

and null model`s AICc (Δ AICc). 

Group Model ID Model K Log L AICc Δ AICc 

 

 

Hakea 

 (soil-indifferent) 

mm1 DMC ~ P treatment * Ca treatment 9 277.84 -536.44 -74 

mm2 DMC ~ P treatment + Ca treatment 6 273.65 -534.73 -72.29 

mm3 DMC ~ Ca treatment 5 234.50 -458.61 3.83 

mm4 DMC ~ P treatment 3 271.64 -537.12 -74.68 

null DMC ~ 1 2 233.26 -462.44 - 

 

 

Hakea 

(calcifuge) 

mm1 DMC ~ P treatment * Ca treatment 9 205.69 -391.61 5.03 

mm2 DMC ~ P treatment + Ca treatment 6 203.83 -394.86 1.78 

mm3 DMC ~ Ca treatment 5 201.74 -392.92 3.72 

mm4 DMC ~ P treatment 3 202.34 -398.46 -1.82 

null DMC ~ 1 2 200.37 -396.64 - 

 

 

Banksia  

 (soil-indifferent) 

mm1 DMC ~ P treatment * Ca treatment 9 283.73 -547.82 -70.22 

mm2 DMC ~ P treatment + Ca treatment 6 278.89 -545.03 -67.43 

mm3 DMC ~ Ca treatment 5 246.63 -482.73 -5.13 

mm4 DMC ~ P treatment 3 266.89 -527.56 -49.96 

null DMC ~ 1 2 240.85 -477.60 - 

 

 

Banksia  

(calcifuge) 

mm1 DMC ~ P treatment * Ca treatment 9 187.31 -355.00 7.46 

mm2 DMC ~ P treatment + Ca treatment 6 186.39 -360.05 2.41 

mm3 DMC ~ Ca treatment 5 184.40 -358.29 4.17 

mm4 DMC ~ P treatment 3 185.18 -364.16 -1.7 

null DMC ~ 1 2 183.28 -362.46 - 
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Table S5. Generalised least square (GLS) models for the light-saturated photosynthetic rates (Asat; Fig. 2a) of different groups analysed in the study. 

Model identification and rationale, number of parameters (K), log likelihood (log L), Akaike`s Information Criterion (AICc) and difference between 

selected and null model`s AICc (Δ AICc). 

Group Model ID Model K Log L AICc Δ AICc 

 

 

Hakea 

 (soil-indifferent) 

mm1 Asat ~ P treatment * Ca treatment 9 -277.11 574.33 -116.47 

mm2 Asat ~ P treatment + Ca treatment 6 -292.18 597.31 -93.49 

mm3 Asat ~ Ca treatment 5 -328.06 666.79 -24.01 

mm4 Asat ~ P treatment 3 -320.21 646.69 -44.11 

null Asat ~ 1 2 -343.34 690.80 - 

 

 

Hakea 

(calcifuge) 

mm1 Asat ~ P treatment * Ca treatment 9 -297.19 614.67 -85.59 

mm2 Asat ~ P treatment + Ca treatment 6 -320.74 654.51 -45.75 

mm3 Asat ~ Ca treatment 5 -329.57 669.86 -30.4 

mm4 Asat ~ P treatment 3 -343.12 692.52 -7.74 

null Asat ~ 1 2 -348.06 700.26 - 

 

 

Banksia  

 (soil-indifferent) 

mm1 Asat ~ P treatment * Ca treatment 9 -275.99 572.15 -96.02 

mm2 Asat ~ P treatment + Ca treatment 6 -278.84 570.65 -97.52 

mm3 Asat ~ Ca treatment 5 -330.41 671.51 3.34 

mm4 Asat ~ P treatment 3 -282.07 570.41 -97.76 

null Asat ~ 1 2 -332.02 668.17 - 

 

 

Banksia  

(calcifuge) 

mm1 Asat ~ P treatment * Ca treatment 9 -297.37 614.81 -31.45 

mm2 Asat ~ P treatment + Ca treatment 6 -302.67 618.27 -27.99 

mm3 Asat ~ Ca treatment 5 -311.16 632.98 -13.28 

mm4 Asat ~ P treatment 3 -314.17 634.60 -11.66 

null Asat ~ 1 2 -321.07 646.26 - 
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Table S6. Generalised least square (GLS) models for the stomatal conductance (gs; Fig. 2b) of different groups analysed in the study. Model 

identification and rationale, number of parameters (K), log likelihood (log L), Akaike`s Information Criterion (AICc) and difference between selected 

and null model`s AICc (Δ AICc). 

Group Model ID Model K Log L AICc Δ AICc 

 

 

Hakea 

 (soil-indifferent) 

mm1 gs ~ P treatment * Ca treatment 9 36.26 -52.40 -68.65 

mm2 gs ~ P treatment + Ca treatment 6 22.44 -31.92 -48.17 

mm3 gs ~ Ca treatment 5 4.39 -2.51 -18.76 

mm4 gs ~ P treatment 3 7.88 -5.08 -21.33 

null gs ~ 1 2 -6.06 16.25 - 

 

 

Hakea 

(calcifuge) 

mm1 gs ~ P treatment * Ca treatment 9 -9.87 40.01 -36.89 

mm2 gs ~ P treatment + Ca treatment 6 -18.87 50.77 -26.13 

mm3 gs ~ Ca treatment 5 -21.86 54.45 -22.45 

mm4 gs ~ P treatment 3 -34.57 75.42 -1.48 

null gs ~ 1 2 -36.38 76.90 - 

 

 

Banksia  

 (soil-indifferent) 

mm1 gs ~ P treatment * Ca treatment 9 -31.85 83.87 -32.77 

mm2 gs ~ P treatment + Ca treatment 6 -33.99 80.95 -35.69 

mm3 gs ~ Ca treatment 5 -37.29 80.85 -35.79 

mm4 gs ~ P treatment 3 -53.90 118.49 1.85 

null gs ~ 1 2 -56.25 116.64 - 

 

 

Banksia  

(calcifuge) 

mm1 gs ~ P treatment * Ca treatment 9 -7.73 35.54 -11.62 

mm2 gs ~ P treatment + Ca treatment 6 -12.95 38.83 -8.33 

mm3 gs ~ Ca treatment 5 -14.80 40.26 -6.9 

mm4 gs ~ P treatment 3 -19.87 46.00 -1.16 

null gs ~ 1 2 -21.52 47.16 - 
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Table S7. Generalised least square (GLS) models for the internal CO2 concentration in leaves (Ci; Fig. 2c) of different groups analysed in the study. 

Model identification and rationale, number of parameters (K), log likelihood (log L), Akaike`s Information Criterion (AICc) and difference between 

selected and null model`s AICc (Δ AICc). 

Data Model ID Model K Log L AICc Δ AICc 

 

 

Hakea 

 (soil-indifferent) 

mm1 Ci ~ P treatment * Ca treatment 9 -451.49 923.12 -12.01 

mm2 Ci ~ P treatment + Ca treatment 6 -456.76 926.48 -8.65 

mm3 Ci ~ Ca treatment 5 -462.66 936.01 0.88 

mm4 Ci ~ P treatment 3 -459.88 926.03 -9.1 

null Ci ~ 1 2 -465.50 935.13 - 

 

 

Hakea 

(calcifuge) 

mm1 Ci ~ P treatment * Ca treatment 9 -403.74 827.83 -25.04 

mm2 Ci ~ P treatment + Ca treatment 6 -413.84 840.72 -12.15 

mm3 Ci ~ Ca treatment 5 -422.50 855.75 2.88 

mm4 Ci ~ P treatment 3 -416.69 839.66 -13.21 

null Ci ~ 1 2 -424.36 852.87 - 

 

 

Banksia  

 (soil-indifferent) 

mm1 Ci ~ P treatment * Ca treatment 9 -417.15 854.47 -20.01 

mm2 Ci ~ P treatment + Ca treatment 6 -421.23 855.43 -19.05 

mm3 Ci ~ Ca treatment 5 -433.11 876.91 2.43 

mm4 Ci ~ P treatment 3 -423.40 853.06 -21.42 

null Ci ~ 1 2 -435.17 874.48 - 

 

 

Banksia  

(calcifuge) 

mm1 Ci ~ P treatment * Ca treatment 9 -455.18 930.43 -3.92 

mm2 Ci ~ P treatment + Ca treatment 6 -456.31 925.56 -8.79 

mm3 Ci ~ Ca treatment 5 -460.10 930.86 -3.49 

mm4 Ci ~ P treatment 3 -461.73 929.71 -4.64 

null Ci ~ 1 2 -465.11 934.35 - 
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Table S8. Generalised least square (GLS) models for the variable over maximal fluorescence (Fv/Fm; Fig. 3) of the different groups analysed in the 

study. Model identification and rationale, number of parameters (K), log likelihood (log L), Akaike`s Information Criterion (AICc) and difference 

between selected and null model`s AICc (Δ AICc). 

 

Data 

Model ID Model K Log L AICc Δ AICc 

 

 

Hakea 

 (soil-indifferent) 

mm1 Fv/Fm ~ P treatment * Ca treatment 9 128.06 -236.00 -70.34 

mm2 Fv/Fm ~ P treatment + Ca treatment 6 117.39 -221.82 -56.16 

mm3 Fv/Fm ~ Ca treatment 5 104.18 -197.68 -32.02 

mm4 Fv/Fm ~ P treatment 3 93.77 -181.28 -15.62 

null Fv/Fm ~ 1 2 84.90 -165.66 - 

 

 

Hakea 

(calcifuge) 

mm1 Fv/Fm ~ P treatment * Ca treatment 9 83.93 -147.58 -50.02 

mm2 Fv/Fm ~ P treatment + Ca treatment 6 73.18 -133.33 -35.77 

mm3 Fv/Fm ~ Ca treatment 5 60.37 -110.01 -12.45 

mm4 Fv/Fm ~ P treatment 3 60.50 -114.73 -17.17 

null Fv/Fm ~ 1 2 50.85 -97.56 - 

 

 

Banksia  

 (soil-indifferent) 

mm1 Fv/Fm ~ P treatment * Ca treatment 9 114.04 -207.88 0.79 

mm2 Fv/Fm ~ P treatment + Ca treatment 6 110.52 -208.05 0.62 

mm3 Fv/Fm ~ Ca treatment 5 107.44 -204.18 4.49 

mm4 Fv/Fm ~ P treatment 3 109.50 -212.73 -4.06 

null Fv/Fm ~ 1 2 106.40 -208.67 - 

 

 

Banksia  

(calcifuge) 

mm1 Fv/Fm ~ P treatment * Ca treatment 9 129.79 -239.51 6.59 

mm2 Fv/Fm ~ P treatment + Ca treatment 6 128.28 -243.63 2.47 

mm3 Fv/Fm ~ Ca treatment 5 127.91 -245.17 0.93 

mm4 Fv/Fm ~ P treatment 3 125.47 -244.68 1.42 

null Fv/Fm ~ 1 2 125.11 -246.10 - 
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Table S9. Generalised least square (GLS) models for the leaf dark respiration (Rdark; Fig. S1) of different groups analysed in the study. Model 

identification and rationale, number of parameters (K), log likelihood (log L), Akaike`s Information Criterion (AICc) and difference between selected 

and null model`s AICc (Δ AICc). 

 

Data 

Model ID Model K Log L AICc Δ AICc 

 

 

Hakea 

 (soil-indifferent) 

mm1 Rdark ~ P treatment * Ca treatment 9 -33.35 86.79 4.02 

mm2 Rdark ~ P treatment + Ca treatment 6 -36.70 86.34 3.57 

mm3 Rdark ~ Ca treatment 5 -37.31 80.89 -1.88 

mm4 Rdark ~ P treatment 3 -38.73 88.12 5.35 

null Rdark ~ 1 2 -39.32 82.77 - 

 

 

Hakea 

(calcifuge) 

mm1 Rdark ~ P treatment * Ca treatment 9 -58.32 136.94 4.22 

mm2 Rdark ~ P treatment + Ca treatment 6 -60.92 134.87 2.15 

mm3 Rdark ~ Ca treatment 5 -61.07 132.88 0.16 

mm4 Rdark ~ P treatment 3 -64.20 134.69 1.97 

null Rdark ~ 1 2 -64.29 132.72 - 

 

 

Banksia  

 (soil-indifferent) 

mm1 Rdark ~ P treatment * Ca treatment 9 -20.72 61.63 -11.41 

mm2 Rdark ~ P treatment + Ca treatment 6 -26.90 66.79 -6.25 

mm3 Rdark ~ Ca treatment 5 -28.93 64.14 -8.9 

mm4 Rdark ~ P treatment 3 -32.43 75.56 2.52 

null Rdark ~ 1 2 -34.45 73.04 - 

 

 

Banksia  

(calcifuge) 

mm1 Rdark ~ P treatment * Ca treatment 9 -49.02 118.11 10.69 

mm2 Rdark ~ P treatment + Ca treatment 6 -50.21 113.36 5.94 

mm3 Rdark ~ Ca treatment 5 -50.68 112.02 4.6 

mm4 Rdark ~ P treatment 3 -51.18 108.63 1.21 

null Rdark ~ 1 2 -51.65 107.42 - 
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Summary 

 Proteaceae species from severely phosphorus (P)-impoverished habitats preferentially allocate P to mesophyll 

and calcium (Ca) to epidermal cells. This nutrient-allocation pattern differs fundamentally from that observed in 

many other eudicots, and it is associated with a high photosynthetic P-use efficiency under low P availability. 

Whilst this nutrient-allocation pattern has been observed in several Proteaceae from P-impoverished habitats, 

the underlying molecular mechanisms remain unknown. 

 We analysed the Hakea prostrata transcriptome to identify genes encoding P and Ca channels, transporters or 

antiporters. We then grew this species under varying P and Ca supplies to analyse the expression of these genes 

in distinct leaf cell types using laser-capture microdissection and multi-cell RNA sequencing. We also analysed the 

gene expression profile of H. prostrata roots under increasing Ca supplies to analyse aspects related to this 

species’ nutrient uptake dynamics. 

 We identified 21 H. prostrata sequences homologous to Arabidopsis thaliana genes encoding P or Ca channels, 

transporters and antiporters. However, we were unable to analyse differential gene expression in leaf cells and 

roots of this species, mainly because we were unable to obtain sufficient, high-quality RNA from these tissues and 

organs. 

 There were both species-specific and technical difficulties when isolating RNA from leaf tissues of H. prostrata 

which prevented leaf multi-cell RNA sequencing. Problems with RNA quality also interfered with the root RNA 

sequencing, and we discuss the likely reasons for this. We suggest the use of this chapter as a guideline when 

planning to work with laser-capture microdissection and multi-cell RNA sequencing in non-model organisms, to 

avoid some of the pitfalls of these techniques. 

 

Keywords: Calcium; laser-capture microdissection; nutrient-allocation patterns; phosphorus; Proteaceae; single-

cell RNA sequencing. 
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Introduction 

Nutrients are rarely acquired by plants in the precise amounts required to sustain maximum growth. Consequently, 

plants must deal with two problems: what to do with nutrients obtained in excess of the plant’s immediate needs, and 

how to optimise the use of the poorly-available ones? Nutrients in excess are usually stored in their soluble ionic form 

within the vacuoles of different tissues to be used when required (Conn & Gilliham, 2010; Leigh & Sanders, 1997). This 

nutrient compartmentation to specific cells is what allows plants to cope with toxic elements that might be absorbed in 

spite of the exclusion mechanism they have evolved (Leitenmaier and Küpper, 2013). Nutrient allocation to specific cells 

is also strongly associated with nutrient-use efficiency. Proteaceae (Hayes et al. 2018) and other eudicots from severely 

phosphorus (P)-impoverished environments (Guilherme Pereira et al. 2018), for example, preferentially allocate P to 

mesophyll cells, which partially explains these species’ high photosynthetic P-use efficiency (Lambers et al. 2015). 

The idea that preferential allocation of P to mesophyll cells is associated with increased P-use efficiency under low 

soil P availability is recent (Guilherme Pereira et al. 2018; Hayes et al. 2018; Lambers et al. 2015; Hawkins et al. 2008; 

Shane et al. 2004). Before that, leaf P-allocation patterns were thought to be phylogenetically determined: commelinoid 

monocots would preferentially allocate P to mesophyll and calcium (Ca) to epidermal cells, whilst the opposite would 

happen in eudicots (Conn & Gilliham, 2010; Storey & Leigh, 2004; Karley et al. 2000a; Fricke et al. 1994; Leigh & Tomos, 

1993; Williams et al. 1993; Treeby et al. 1987; Outlaw et al. 1984). It has been recently shown, however, that species 

from several families of eudicots have P-allocation patterns that differ significantly from this model (Hayes et al. 2018; 

Guilherme Pereira et al. 2018). This raised questions regarding the mechanisms governing nutrient-allocation patterns 

in plants, as plants with identical leaf anatomy showed contrasting leaf P-allocation patterns (Guilherme Pereira et al. 

2018) and thus, compartmentation patterns could not be explained by this nutrient’s pathway through leaves.  

Different routes can be taken following the mineral entrance into the leaf tissue. Phosphorus, for example, enters 

the leaf through the bundle-sheath symplast, where it is exported to mesophyll cells via plasmodesmata (Gilliham et al. 

2011; Karley et al. 2000a). In monocots, this explains the clear pattern of P accumulation in mesophyll cells, and little in 

the apoplastic regions (Leigh & Tomos, 1993; Williams et al. 1993). It has been suggested that this P-allocation pattern 

is maintained by localised P supply (Karley et al. 2000a; 2000b), rather than by cellular-uptake characteristics, given that 

epidermal and mesophyll cells of monocots have similar capacities for sequestering P. However, this might not be the 

case for eudicots. Some eudicots preferentially allocate P to epidermal cells regardless of the fact that, independently 

of the pathway, symplastic or apoplastic, the mesophyll layers are exposed first to this nutrient and the reason why P 

does not accumulate there must lie in a differential cellular uptake capacity (Treeby et al. 1987; Outlaw et al. 1984).  

 Nutrients can also cross the suberised lamella or enter the symplast at the bundle-sheath only to be secreted back 

into the apoplast to continue on a route that is primarily driven by diffusion (Gilliham et al. 2011; Leigh & Tomos, 1993; 

Canny, 1993, 1990; Atkinson et al. 1992). This is what happens with Ca in the leaves of both monocots and eudicots, yet 

architectural and physiological differences between these taxa will impose contrasting difficulties to the transport and 

accumulation of this nutrient (Conn & Gilliham, 2010). Commelinoid monocots present vein extensions connecting the 

vascular tissue to the epidermal cells in a pathway that bypass the mesophyll bulk (Canny, 1990), which gives them the 

ability to expose the epidermis to some nutrients before making these available to the mesophyll (Canny, 1991; 1990). 

Calcium is carried through these structures, and this led to the idea that leaf cell-specific Ca allocation was determined 

by the immediate supply of the solute to these cells (Conn & Gilliham, 2010; Karley et al. 2000a, 2000b; Leigh & Storey, 
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1993; Williams et al. 1993; Dietz et al. 1992). This hypothesis gained strength because it is also consistent when dealing 

with eudicots. Eudicots do not have a shortcut between vessel and epidermis and, as a consequence, solutes need to 

pass through the mesophyll before they arrive at the epidermal cells (Karley et al. 2000a).  

The notion that element distribution in plants is explained by the transport pathway nutrients take through leaves 

may seem plausible, yet there are several inconsistencies: 1.) how to explain the preferential P allocation to epidermal 

cells of eudicots if the mesophyll layers are exposed first to this nutrient? 2.) why does Ca accumulate in the mesophyll 

of eudicots, but not in bundle-sheath cells? Interestingly, studies in which leaves of eudicots were fed very high levels 

of strontium (Sr2+), a well-known tracer for Ca, showed that this ion accumulates in the apoplast surrounding all cells, 

but not equally in the vacuoles of these cells, suggesting that only a few are capable of taking up Ca2+ (Storey & Leigh, 

2004). This, along with recent observations that plants from the same family and with similar leaf anatomy may present 

different nutrient-allocation patterns (Guilherme Pereira et al. 2018), tipped the scales towards an alternative view of 

what determines the cellular compartmentation of nutrients, and it is now becoming generally accepted that transport 

characteristics of the plasma membrane govern nutrient allocation in plants (Conn & Gilliham, 2010). 

The objective of this study was to analyse the molecular mechanism governing leaf cell-specific nutrient-allocation 

patterns in Hakea prostrata, a P-efficient Proteaceae that preferentially allocates P to mesophyll cells (Hayes et al. 2018; 

Shane et al. 2004). More specifically, the goals were to: 1.) identify P and Ca channel, transporter, and antiporter genes 

in H. prostrata; 2.) analyse their expression levels across different leaf cell types, in an attempt to identify the genes 

responsible for differential nutrient allocation; and 3.) analyse their expression in roots of H. prostrata, in an attempt to 

understand the mechanisms underpinning P- and Ca-uptake dynamics. The data obtained in these experiments should 

help elucidate the mechanisms controlling nutrient-allocation patterns in leaves of H. prostrata, providing insight that 

might fill gaps in the current knowledge regarding P and Ca nutrition in plants. It may also present a novel approach on 

crop-improvement strategies, through manipulation of the leaf cell-specific nutrient-allocation patterns. 

 

Material and Methods 

Seed collection 

Hakea prostrata seeds were collected in November, 2013 from populations along the Jurien Bay chronosequence  

(Turner & Laliberté, 2015; Laliberté et al. 2012) in south-western Australia, approximately 200 km north of Perth. This 

chronosequence consists of a series of dune systems deposited during periods of high sea level over ≈2 million years, 

from the Early Pleistocene to the present (Turner & Laliberté, 2015; Laliberté et al. 2012). These dunes, formed through 

the deposition of carbonate-rich material (McArthur et al. 1991), increase in age along the coastal-inland gradient, and 

soil pH, [Ca] and [P] decline as carbonate is leached from the upper horizon (Turner & Laliberté, 2015). Most Proteaceae 

occur exclusively on older, acidic dunes, where soil [Ca] and [P] are lower than on calcareous dunes close to the Indian 

Ocean (Zemunik et al. 2015; Hayes et al. 2014). Hakea prostrata, in contrast, occurs on both young, calcareous dunes, 

and on old, acidic ones (Dixon, 2011), being referred to as soil indifferent. The seeds were collected from populations 

on acidic and calcareous soils (at least two populations from each soil type). 
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Plant growth 

The seeds were sterilised with 1% (w/v) sodium hypochlorite, and sown on moist filter paper until the primary roots 

emerged (15˚C, 12 h light). The seedlings were then transferred by placing the initial root through floating plastic mesh 

into trays containing 3 L of continuously-aerated nutrient solution. The strength of the nutrient solution was increased, 

from ‘25% growth’ to ‘100% growth’ (see Table 1), as the plants became larger. The complete nutrient solutions were 

replenished 1 to 3 times per week, depending on seedling size. The temperature was gradually increased (15˚C to 21˚C) 

and after six weeks of initial establishment, the seedlings were transferred to 4.5 L pots and moved to the glasshouse. 

In total, 30 H. prostrata plants (24 for multi-cell RNAseq; six for root RNAseq) were selected for these experiments. 

Plants were transferred in pairs to 4.5 L pots, with each plant held in place by a grey foam disk, creating a light-tight 

seal around the base of the stem. Each pot contained 4 L of continuously-aerated nutrient solution, maintained at 18˚C 

by a root-cooling tank. During growth and acclimation, the nutrient solution was kept at ‘25% growth’, with P and Ca 

being supplied at 0.1 and 10 µM, respectively (Table 1). Plants were maintained in the glasshouse during acclimation 

for eight (multi-cell RNAseq) and 60 (root RNAseq) weeks, after which the treatment period began. 

This study was divided into two separate experiments. The plants for leaf multi-cell RNAseq were grown between 

February and September 2014, whilst those for root RNAseq were grown between February and September 2016. For 

the multi-cell RNAseq, the plants were supplied with ‘25% to 33% basal’ nutrient solution (Table 1) supplemented with 

P (0.1 and 10 µM; supplied as KH2PO4) and Ca (0.1 and 6 mM; supplied as CaCl2). The nutrient solution with treatments 

was replenished three times per week. Plants were grown under treatment for 10 weeks in a temperature-controlled 

glasshouse at a mean temperature of 17˚C, with root temperatures maintained at 18˚C. In the root RNAseq experiment, 

plants were supplied with ‘25% basal’ nutrient solution supplemented with P (1 µM; supplied as KH2PO4) and Ca (0.1 

and 0.6 mM; supplied as CaCl2). The complete nutrient solution with the treatments was also replenished three times 

per week and plants were grown under treatment for 40 weeks in a temperature-controlled glasshouse. 

 

 

Table 1. Nutrient concentration used in the different hydroponics nutrient solutions. ‘Growth’ (25% growth and 100% growth) solutions were used 

during both growth and acclimation periods, whilst ‘basal’ solutions (25% basal, 33% basal and 50% growth) were used during the treatment periods. 

Nutrient solution recipes were based on Shane et al. (2004). 

Nutrient 

Solution 

Treatments (μM) Nutrient Concentration (μM) 

PO4
3- Ca2+ NO3

- K+ SO4
2- Mg2+ Fe-EDTA Mn2+ Zn2+ Cu2+ H3BO3 MoO4

2- SiO3
2- 

25% growth 0.1 10 50 50 9 9 2.5 0.06 0.025 0.018 0.6 0.075 50 

100% growth 0.1 10 200 200 36 36 10 0.24 0.1 0.018 2.4 0.3 50 

25% basal 0.1, 10 0, 100, 600, 6000 50 50 9 9 2.5 0.06 0.025 0.018 0.6 0.075 50 

33% basal 0.1, 10 0, 100, 600, 6000 66.7 66.7 12 12 3.3 0.08 0.33 0.018 0.8 0.1 50 

 

 

Sample collection and preparation 

Samples for multi-cell RNAseq were collected from four individual plants per treatment. The middle segment of the 

youngest, fully-expanded leaf was cut into 3-mm wide strips using RNAse-free scissors and immediately placed into glass 
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vials with fresh fixative (75 % ethanol: 25 % acetic acid; v/v) pre-cooled to 4 °C. The fixative was vacuum infiltrated into 

the leaf tissue (Concentrator 5301, Eppendorf, Hamburg, Germany) and agitated overnight at 4 °C. The fixative was then 

gradually replaced by ethanol through a dehydration series, followed by embedding with Paraplast® (Leica Biosystems, 

Wetzlar, Germany): the absolute ethanol was replaced by 50 % ethanol: 50 % n-butanol (v/v), which was successively 

replaced by 100 % n-butanol, by 50 % n-butanol : 50 % Paraplast (v/v), and finally by 100 % Paraplast. The final infiltration 

step was repeated five times to optimise embedding and the samples mounted into blocks using cassette moulds and 

stored at 4˚C until processing. 

Root samples for RNAseq were collected from three individual plants per treatment. During harvest, the white tips 

(≈5 cm, including the root elongation zone) of healthy, young roots were washed on site with distilled water to remove 

nutrient solution and cut into ≈2 cm sections. The samples were then placed into 2 ml cryo-tubes, plunged into liquid 

nitrogen and stored at -80 °C until processing. 

 

Identification of phosphorus and calcium channel, transporter and antiporter genes in Proteaceae 

The Arabidopsis thaliana genes for AtACA Ca2+ transporters, AtANN annexins, AtCAX Ca2+/H+ antiporters, AtCNGC 

cation channels, AtECA Ca2+ transporters, AtGLR cation channels, AtPHT1 phosphate transporters, and AtTPC1 cation 

channel were collected from The Arabidopsis Information Resource website (TAIR; https://www.arabidopsis.org/). An 

in-house H. prostrata transcriptome (R. Jost, Australia, unpubl.) was screened for the presence of homologs to each of 

the A. thaliana target genes using the BLASTN function on the Geneious software platform v.9.1.2 (Kearse et al. 2012). 

The top-matching sequences of the H. prostrata transcriptome for each of these A. thaliana genes were then used to 

probe the National Centre for Biotechnology Information (NCBI nr; Bethesda, USA) database to confirm their identity. 

All matching H. prostrata sequences were aligned with the A. thaliana genes (global alignment with free end gaps, cost 

matrix of 65% similarity) to facilitate correct identification (see Figs 1-8) of the transcriptome fragments. 

 

Laser-capture microdissection and leaf multi-cell RNA sequencing 

Mesophyll and epidermal cells of H. prostrata were microdissected (PALM MicroBeam LCM system, Carl Zeiss AG, 

Oberkochen, Germany) from paraffin-embedded tissue sections (10 µm thickness) after complete removal of paraffin 

(HistoChoice Clearing Agent, Amresco, Dallas, USA). For each sample, ≈1000 hits were used to obtain >3000 cells from 

each cell type (a hit being defined as each time the laser was fired, melting the thermoplastic-polymer film around the 

selected cells). In leaves of H. prostrata, each hit captured ≈5 mesophyll or ≈3 epidermal cells. The cutting parameters 

(laser cutting and pressure catapulting energy, focus and speed) were adjusted for each cell type, as well as for the cell 

position across the section. Complete, clean capture was defined as capture of more than 3000 cells with less than 5 % 

contamination from other cell types. 

The cells were catapulted directly into 0.5 ml nuclease-free tube caps containing 10 µl of extraction buffer, and the 

RNA was isolated with the Arcturus PicoPure RNA Isolation Kit (Applied Biosystems, Foster City, USA) according to the 

manufacturer’s recommendations. The total RNA obtained from these samples was quantified spectrophotometrically 

(NanoDrop, Thermo Fisher Scientific, Waltham, USA), fluorometrically (Qubit™ RNA HS Assay Kit, Invitrogen, Carlsbad, 

USA), and through RT-qPCR curves designed to quantify total [RNA] based on the abundance of 18S and/or 26S rRNA. 

Complementary DNA (cDNA) was synthesised (SMART-Seq v4 Ultra Low Input RNA Kit, Clontech Laboratories, Mountain 
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View, USA), followed by RNAseq library preparation (Nextera XT DNA Library Preparation Kit, Illumina, San Diego, USA). 

The quality of the libraries was evaluated through electrophoresis (LabChip GX Touch HT, PerkinElmer, Waltham, USA). 

 

Root RNA isolation and sequencing 

Total RNA was extracted from roots of H. prostrata using several kits (Direct-zol, Zymo Research, Irvine, USA; Isolate 

II RNA Mini Kit, Bioline, London, UK; PicoPure RNA Isolation Kit, Applied Biosystems, Foster City, USA; RNeasy Mini Kit, 

Qiagen, Hilden, Germany; Spectrum Plant Total RNA Kit, Sigma-Aldrich, St. Louis, USA; and TRIzol Reagent, Invitrogen, 

Carlsbad, USA). For kits lacking a step for single and double-stranded DNA removal, we used a separate DNase treatment 

(RQ1 RNase-Free DNase, Promega, Madison, USA). Complementary DNA synthesis (SuperScript II Reverse Transcriptase 

Kit, Invitrogen, Carlsbad, USA) was followed by library preparation (TruSeq Stranded Total RNA Library Preparation Kit, 

Illumina, San Diego, USA). The cDNA libraries were then evaluated for overall integrity and insert sizes by electrophoresis 

(LabChip GX Touch HT, PerkinElmer, Waltham, USA), and sequenced with an Illumina HiSeq 2500 System (Illumina, San 

Diego, USA) with 100 bp paired end reads. 

 

Results  

Identification of calcium channels and transporters/antiporters in Hakea prostrata 

There are several families of low- and high-affinity channels, transporters and antiporters that are required for the 

movement of Ca in A. thaliana (White and Broadley, 2003; White et al. 2002). The members of each of these families 

were used as proxy to identify possible homologs in a H. prostrata transcriptome dataset derived from leaves and roots 

of this species. In total, four P-type IIB Ca2+ transport ATPase (ACA), three annexin (ANN), two Ca2+/H+ antiporter (CAX), 

seven cyclic nucleotide-gated cation channel (CNGC), two P-type IIA Ca2+ transport ATPase (ECA), two glutamate-gated 

Ca2+ channel (GLR) and one two-pore Ca2+ channel (TPC1) transcripts were retrieved from the H. prostrata transcriptome 

(Tables 2-4). 
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Table 2. Calcium channel, transporter and antiporter genes in Arabidopsis thaliana with the corresponding BLASTing results from Hakea prostrata. The genes, with respective proteins, protein families and locus of 

A. thaliana are presented with the corresponding homologs obtained from the BLASTing results with H. prostrata. The A. thaliana locus information obtained from The Arabidopsis Information Resource (TAIR) website. 

 
Gene 

 
Protein 

 
Family 

 
A. thaliana locus 

Hakea prostrata transcriptome blast 

Sequence ID Length (bp) Query cover (%) Pairwise (%) 

ACA1 Calcium-transporting ATPase 1 Cation transport ATPase (P-type) (TC 3.A.3) Type IIB AT1G27770.1 01_87565 1020 100 80.9 

ACA2 Calcium-transporting ATPase 2 Cation transport ATPase (P-type) (TC 3.A.3) Type IIB AT4G37640.1 01_87565 1018 100 81.4 

ACA3 Calcium-transporting ATPase 3 Cation transport ATPase (P-type) (TC 3.A.3) Type IIB AT1G07810.1 01_87059 804 74.4 66.5 

ACA4 Calcium-transporting ATPase 4 Cation transport ATPase (P-type) (TC 3.A.3) Type IIB AT2G41560.1 01_87565 1019 98.1 64.2 

ACA7 Calcium-transporting ATPase 7 Cation transport ATPase (P-type) (TC 3.A.3) Type IIB AT2G22950.1 01_87565 1019 100 80.4 

ACA8 Calcium-transporting ATPase 8 Cation transport ATPase (P-type) (TC 3.A.3) Type IIB AT5G57110.1 01_87536 1013 93.7 74.9 

ACA9 Calcium-transporting ATPase 9 Cation transport ATPase (P-type) (TC 3.A.3) Type IIB AT3G21180.1 01_87536 1025 94.3 74.2 

ACA10 Calcium-transporting ATPase 10 Cation transport ATPase (P-type) (TC 3.A.3) Type IIB AT4G29900.1 01_87536 1025 95.5 74.8 

ACA11 Calcium-transporting ATPase 11 Cation transport ATPase (P-type) (TC 3.A.3) Type IIB AT3G57330.1 01_87565 1020 98.3 64.8 

ACA12 Calcium-transporting ATPase 12 Cation transport ATPase (P-type) (TC 3.A.3) Type IIB AT3G63380.1 01_75545 260 24.7 58.1 

ANN1 Annexin D1 Annexin (TC 1.A.31.1) AT1G35720.1 01_82455 313 98.7 55.0 

ANN2 Annexin D2 Annexin (TC 1.A.31.1) AT5G65020.1 01_78577 253 79.8 69.2 

ANN3 Annexin D3 Annexin (TC 1.A.31.1) AT2G38760.1 01_83520 321 100 60.4 

CAX1 Vacuolar cation/proton exchanger 1 Ca cation antiporter (CaCA); (TC 2.A.19) AT2G38170.3 01_84209 455 98.1 68.8 

CAX2 Vacuolar cation/proton exchanger 2 Ca cation antiporter (CaCA); (TC 2.A.19) AT3G13320.1 01_82520 378 85.7 67.5 

CAX3 Vacuolar cation/proton exchanger 3 Ca cation antiporter (CaCA); (TC 2.A.19) AT3G51860.1 01_84209 450 97.6 73.3 

CAX4 Vacuolar cation/proton exchanger 4 Ca cation antiporter (CaCA); (TC 2.A.19) AT5G01490.1 01_84209 433 96.6 62.1 

CAX5 Vacuolar cation/proton exchanger 5 Ca cation antiporter (CaCA); (TC 2.A.19) AT1G55730.1 01_82520 366 82.8 69.9 

CAX6 Vacuolar cation/proton exchanger 6 Ca cation antiporter (CaCA); (TC 2.A.19) AT1G55720.1 01_82520 395 81.8 62.5 
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Table 3. Calcium channel, transporter and antiporter genes in Arabidopsis thaliana with the corresponding BLASTing results from Hakea prostrata. The genes, with respective proteins, protein families and locus of 

A. thaliana are presented with the corresponding homologs obtained from the BLASTing results with H. prostrata. The A. thaliana locus information obtained from The Arabidopsis Information Resource (TAIR) website. 

 
Gene 

 
Protein 

 
Family 

 
A. thaliana locus 

Hakea prostrata transcriptome blast 

Sequence ID Length (bp) Query cover (%) Pairwise (%) 

CNGC1 Cyclic nucleotide-gated ion channel 1 Cyclic nucleotide-gated cation channel (TC 1.A.1.5) AT5G53130.1 01_80319 296 41.3 82.8 

CNGC2 Cyclic nucleotide-gated ion channel 2 Cyclic nucleotide-gated cation channel (TC 1.A.1.5) AT5G15410.1 01_87011 741 99.7 67.5 

CNGC3 Cyclic nucleotide-gated ion channel 3 Cyclic nucleotide-gated cation channel (TC 1.A.1.5) AT2G46430.1 01_80319 295 41.2 66.1 

CNGC4 Cyclic nucleotide-gated ion channel 4 Cyclic nucleotide-gated cation channel (TC 1.A.1.5) AT5G54250.1 01_86379 652 90.9 75.2 

CNGC5 Cyclic nucleotide-gated ion channel 5 Cyclic nucleotide-gated cation channel (TC 1.A.1.5) AT5G57940.1 01_84922 466 64.7 69.7 

CNGC6 Cyclic nucleotide-gated ion channel 6 Cyclic nucleotide-gated cation channel (TC 1.A.1.5) AT2G23980.1 01_84922 481 64.3 64.4 

CNGC11 Cyclic nucleotide-gated ion channel 11 Cyclic nucleotide-gated cation channel (TC 1.A.1.5) AT2G46440.1 01_83035 324 51.9 55.2 

CNGC13 Cyclic nucleotide-gated ion channel 13 Cyclic nucleotide-gated cation channel (TC 1.A.1.5) AT4G01010.1 01_83035 393 54.0 55.5 

CNGC15 Cyclic nucleotide-gated ion channel 15 Cyclic nucleotide-gated cation channel (TC 1.A.1.5) AT2G28260.1 01_85611 616 87.5 59.3 

CNGC16 Cyclic nucleotide-gated ion channel 16 Cyclic nucleotide-gated cation channel (TC 1.A.1.5) AT3G48010.1 01_87145 670 94.3 60.7 

ECA1 ER-Type calcium-transporting ATPase 1 Cation transport ATPase (P-type) (TC 3.A.3) Type IIA AT1G07810.1 01_87059 804 74.4 66.5 

ECA2 ER-Type calcium-transporting ATPase 2 Cation transport ATPase (P-type) (TC 3.A.3) Type IIA AT4G00900.1 01_87059 799 75.5 76.5 

ECA3 ER-Type calcium-transporting ATPase 3 Cation transport ATPase (P-type) (TC 3.A.3) Type IIA AT1G10130.1 01_86429 698 69.8 81.4 

ECA4 ER-Type calcium-transporting ATPase 4 Cation transport ATPase (P-type) (TC 3.A.3) Type IIA AT1G07670.1 01_87059 804 74.4 66.2 

GLR3.1 Glutamate receptor 3.1 Glutamate-gated ion channel (TC 1.A.10.1) AT2G17260.1 01_85286 607 63.3 64.3 

GLR3.2 Glutamate receptor 3.2 Glutamate-gated ion channel (TC 1.A.10.1) AT4G35290.2 01_85286 602 66.0 63.3 

GLR3.3 Glutamate receptor 3.3 Glutamate-gated ion channel (TC 1.A.10.1) AT1G42540.1 01_85286 606 65.0 65.0 

GLR3.4 Glutamate receptor 3.4 Glutamate-gated ion channel (TC 1.A.10.1) AT1G05200.1 01_85666 568 58.8 65.3 

GLR3.5 Glutamate receptor 3.5 Glutamate-gated ion channel (TC 1.A.10.1) AT2G32390.3 01_85666 552 61.5 65.4 

GLR3.6 Glutamate receptor 3.6 Glutamate-gated ion channel (TC 1.A.10.1) AT3G51480.1 01_85286 605 65.9 57.5 

GLR3.7 Glutamate receptor 3.7 Glutamate-gated ion channel (TC 1.A.10.1) AT2G32400.1 01_83475 371 40.2 58.0 

TPC1 Two pore calcium channel protein 1 Calcium channel alpha-1 subunit (TC 1.A.1.11) AT4G03560.1 01_87131 739 99.6 65.2 
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Table 4. Phosphorus channel transporters in Arabidopsis thaliana with the corresponding BLASTing results from Hakea prostrata. The genes, with respective proteins, protein families and locus of A. thaliana are 

presented with the corresponding homologs obtained from the BLASTing results with H. prostrata. The A. thaliana locus information obtained from The Arabidopsis Information Resource (TAIR) website. 

 
Gene 

 
Protein 

 
Family 

 
A. thaliana locus 

Hakea prostrata transcriptome blast 

Sequence ID Length (bp) Query cover (%) Pairwise (%) 

PHT1;1 Inorganic phosphate transporter 1;1 Phosphate:H+ symporter (TC 2.A.1.9) AT5G43350.1 01_86234 1538 97.0 72.2 

PHT1;2 Inorganic phosphate transporter 1;2 Phosphate:H+ symporter (TC 2.A.1.9) AT5G43370.1 01_86234 1534 97.0 72.0 

PHT1;3 Inorganic phosphate transporter 1;3 Phosphate:H+ symporter (TC 2.A.1.9) AT5G43360.1 01_86697 1547 98.3 72.2 

PHT1;4 Inorganic phosphate transporter 1;4 Phosphate:H+ symporter (TC 2.A.1.9) AT2G38940.1 01_86234 1565 97.5 73.5 

PHT1;5 Inorganic phosphate transporter 1;5 Phosphate:H+ symporter (TC 2.A.1.9) AT2G32830.1 01_86697 1534 93.8 70.8 

PHT1;6 Inorganic phosphate transporter 1;6 Phosphate:H+ symporter (TC 2.A.1.9) AT5G43340.1 01_86234 1362 87.0 68.0 

PHT1;7 Inorganic phosphate transporter 1;7 Phosphate:H+ symporter (TC 2.A.1.9) AT3G54700.1 01_86234 1573 97.3 72.3 

PHT1;8 Inorganic phosphate transporter 1;8 Phosphate:H+ symporter (TC 2.A.1.9) AT1G20860.1 01_78384 665 41.2 65.7 

PHT1;9 Inorganic phosphate transporter 1;9 Phosphate:H+ symporter (TC 2.A.1.9) AT1G76430.1 01_74323 543 32.3 66.9 
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Sequentially probing (BLASTing) the H. prostrata transcriptome with the annotated A. thaliana ACA genes revealed 

four putative ACA transcripts in H. prostrata (Table 2, Fig. 1). Each of these transcripts returned a plant gene annotated 

as ACA within the top few hits when used to probe the NCBI nr database. There was at least 60% sequence identity in 

pairwise comparisons of the nucleotide sequences among the ACA transcripts, both within and between the A. thaliana 

and extracted H. prostrata sequences (Fig. 1). The single exception was AtACA3 and a single corresponding H. prostrata 

transcript. These sequences had <25% nucleotide sequence identity with other members of the ACA family from both 

species, raising the question of whether AtACA3 is likely to have the same function as other members of the gene family, 

and indeed whether it should be considered to be a member of the gene family. 

 

 

 
Fig. 1. Nucleotide sequence alignment of ACA members in Arabidopsis thaliana and Hakea prostrata. Gradient colour scheme illustrates ‘mean 

pairwise identity over all sequences’ (100% in black; 80% to 100% in dark-grey; 60% to 80% in light-grey; <60% in white). The A. thaliana sequences 

(coding DNA sequences; CDS) are presented full-length, whilst those from H. prostrata are presented in full- or partial-length, and may include non-

coding DNA. Global alignment done with free end gaps and cost matrix of 65% similarity. 

 

 

The BLAST results of the annexin (ANN) genes of A. thaliana against the H. prostrata transcriptome were far more 

specific than those of ACA members, yet the pairwise identity was considerably lower (Table 2, Fig. 2): Hp01_82455 was 

a possible match to AtANN1 (55% pairwise identity; 98.7% query cover), whilst Hp01_78577 was a match to AtANN2 

(69.2% pairwise identity; 79.8% query cover), and Hp01_83520 was a match to AtANN3 (60.4% pairwise identity; 100% 

query cover). The BLAST of AtANN4-6 did not result in matching fragments within the H. prostrata transcriptome. 

 

 

 

Fig. 2. Nucleotide sequence alignment of ANN members in Arabidopsis thaliana and Hakea prostrata. Gradient colour scheme illustrates ‘mean 

pairwise identity over all sequences’ (100% in black; 80% to 100% in dark-grey; 60% to 80% in light-grey; <60% in white). The A. thaliana sequences 

(coding DNA sequences; CDS) are presented full-length, whilst those from H. prostrata are presented in full- or partial-length, and may include non-

coding DNA. Global alignment done with free end gaps and cost matrix of 65% similarity. 

 

 

The BLAST results of the vacuolar cation/proton exchanger (CAX) genes suggest two possible matching sequences in 

H. prostrata (Table 2, Fig. 3): Hp01_82520 (67.5%, 69.9% and 62.5% pairwise identity with AtCAX2, AtCAX5 and AtCAX6, 
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respectively; >81% query cover) and Hp01_84209 (68.8%, 73.3% and 62.1% pairwise identity with AtCAX1, AtCAX3 and 

AtCAX4, respectively; >96% query cover). These results are in line with the high similarity between AtCAX1 and AtCAX3 

(74.8% pairwise identity), and among AtCAX2, AtCAX5 and AtCAX6 (>80% pairwise identity for each pair comparison). 

 

 

 

Fig. 3. Nucleotide sequence alignment of CAX members in Arabidopsis thaliana and Hakea prostrata. Gradient colour scheme illustrates ‘mean 

pairwise identity over all sequences’ (100% in black; 80% to 100% in dark-grey; 60% to 80% in light-grey; <60% in white). The A. thaliana sequences 

(coding DNA sequences; CDS) are presented full-length, whilst those from H. prostrata are presented in full- or partial-length, and may include non-

coding DNA. Global alignment done with free end gaps and cost matrix of 65% similarity. 

 

 

The BLAST results of the cyclic nucleotide-gated cation channel (CNGC) genes of Arabidopsis were far less specific, 

with a total of seven possible homologs identified in H. prostrata out of 20 AtCNGC genes. AtCNGC2 and Hp01_87011 

(67.5% pairwise identity, and 99.7% cover) was the highest graded match when weighted for E values, pairwise identity 

and coverage, followed by AtCNGC4 and Hp01_86379 (75.2% pairwise identity), AtCNGC16 and Hp01_87145 (60.7% 

pairwise identity), and AtCNGC15 and Hp01_85611 (59.3% pairwise identity). BLAST of AtCNGC1 and AtCNGC3 suggest 

a possible match with Hp01_80319 (82.8% and 66.1% pairwise identity, respectively; ≈41% query cover), as was the 

case for AtCNGC5/AtCNGC6 and Hp01_84922 (69.7% and 64.4% pairwise identity, respectively; 64% query cover), and 

for AtGNGC11/AtGNGC13 and Hp01_83035 (55.2% and 55.5% pairwise identity, respectively; 53% query cover). 

 

 

 

Fig. 4. Nucleotide sequence alignment of CNGC members in Arabidopsis thaliana and Hakea prostrata. Gradient colour scheme illustrates ‘mean 

pairwise identity over all sequences’ (100% in black; 80% to 100% in dark-grey; 60% to 80% in light-grey; <60% in white). The A. thaliana sequences 

(coding DNA sequences; CDS) are presented full-length, whilst those from H. prostrata are presented in full- or partial-length, and may include non-

coding DNA. Global alignment done with free end gaps and cost matrix of 65% similarity. 

 

 

The BLAST results of the P-type IIA Ca2+ transporting ATPase (ECA) genes (Axelsen & Palmgren, 2001) were also non-

specific, the only exception being AtECA3 (81.4% pairwise identity and 69.8% query cover with Hp01_86429). AtECA1, 

AtECA2 and AtECA4 BLASTs all indicate a possible match with Hp01_87059 (66.5%, 81.4% and 66.2% pairwise identity 
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with AtECA1, AtECA2 and AtECA4, respectively; 75% query cover; Table 3, Fig. 5). Curiously, Hp01_87059 also matched 

with AtACA3 (66.5% pairwise identity, and 74.4% query cover), a member of the P-type IIB Ca2+ transport ATPases. 

 

 

 

Fig. 5. Nucleotide sequence alignment of ECA members in Arabidopsis thaliana and Hakea prostrata. Gradient colour scheme illustrates ‘mean 

pairwise identity over all sequences’ (100% in black; 80% to 100% in dark-grey; 60% to 80% in light-grey; <60% in white). The A. thaliana sequences 

(coding DNA sequences; CDS) are presented full-length, whilst those from H. prostrata are presented in full- or partial-length, and may include non-

coding DNA. Global alignment done with free end gaps and cost matrix of 65% similarity. 

 

 

The BLAST results of the glutamate-gated ion channel (GLR) were also non-specific, with three H. prostrata sequences 

identified as possible matches for 20 AtGLR genes (Table 3, Fig. 6): Hp01_83475 (58.0% pairwise identity with AtGLR3.7, 

40.2% query cover), Hp01_85286 (64.3%, 63.3%, 65% and 57.5% pairwise identity with AtGLR3.1, AtGLR3.2, AtGLR3.3 

and AtGLR3.6, respectively; ≈65% query cover) and Hp01_85666 (65.3% and 65.4% pairwise identity with AtGLR3.4 and 

AtGLR3.5, respectively; ≈60% query cover). Interestingly, no homolog of other GLR (AtGLR1.1-1.4, AtGLR2.1-2.9) genes 

commonly expressed in A. thaliana were found in H. prostrata. 

 

 

 

Fig. 6. Nucleotide sequence alignment of GLR3 members in Arabidopsis thaliana and Hakea prostrata. Gradient colour scheme illustrates ‘mean 

pairwise identity over all sequences’ (100% in black; 80% to 100% in dark-grey; 60% to 80% in light-grey; <60% in white). The A. thaliana sequences 

(coding DNA sequences; CDS) are presented full-length, whilst those from H. prostrata are presented in full- or partial-length, and may include non-

coding DNA. Global alignment done with free end gaps and cost matrix of 65% similarity. 

 

 

Finally, the BLAST results of the two pore calcium channel (TPC1) genes of A. thaliana suggested one single possible 

matching sequence in H. prostrata: Hp01_87131 (65.2% pairwise identity, and 99.6 query cover).  

 

 

Fig. 7. Nucleotide sequence alignment of TPC1 members in Arabidopsis thaliana and Hakea prostrata. Gradient colour scheme illustrates ‘mean 

pairwise identity over all sequences’ (100% in black; 80% to 100% in dark-grey; 60% to 80% in light-grey; <60% in white). The A. thaliana sequences 
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(coding DNA sequences; CDS) are presented full-length, whilst those from H. prostrata are presented in full- or partial-length, and may include non-

coding DNA. Global alignment done with free end gaps and cost matrix of 65% similarity. 

 

 

Identification of phosphate transporters/antiporters in Hakea prostrata 

The BLAST results of the phosphate/proton symporters (PHT1) genes of Arabidopsis suggest four possible homolog 

sequences in H. prostrata (Table 4; Fig. 8): Hp01_74323 (66.9% pairwise identity with AtPHT1;9; 32.3% query cover), 

Hp01_78384 (65.7% pairwise identity with AtPHT1;8; 41.2% query cover), Hp01_86234 (72.2%, 72%, 73.5%, 68% and 

72.3% pairwise identity with AtPHT1;1, AtPHT1;2, AtPHT1;4, AtPHT1;6 and AtPHT1;7, respectively; >85% query cover) 

and Hp01_86697 (72.2% and 70.8% pairwise identity with AtPHT1;3 and AtPHT1;5, respectively; >94% query cover). 

 

 

 

Fig. 8. Nucleotide sequence alignment of PHT1 members in Arabidopsis thaliana and Hakea prostrata. Gradient colour scheme illustrates ‘mean 

pairwise identity over all sequences’ (100% in black; 80% to 100% in dark-grey; 60% to 80% in light-grey; <60% in white). The A. thaliana sequences 

(coding DNA sequences; CDS) are presented full-length, whilst those from H. prostrata are presented in full- or partial-length, and may include non-

coding DNA. Global alignment done with free end gaps and cost matrix of 65% similarity. 

 

 

Laser-capture microdissection and multi-cell RNA sequencing 

There were major problems that prevented us from proceeding with this experiment and, ultimately, no multi-cell 

RNAseq dataset was produced in this study. The reasons why this happened are thoroughly discussed in the following 

sections, along with an extensive analysis of the techniques used, their advantages and drawbacks. 

 

Root RNA isolation and sequencing 

In this experiment, six RNAseq datasets were produced from H. prostrata plants growing under varying Ca supplies. 

Sequence tags for very few genes were found in these datasets (366 ± 56 and 487 ± 99 for individuals under low- and 

high-Ca conditions, respectively), and the BLAST results of the 50 highest expressed genes against the non-redundant 

records of the National Center for Biotechnology Information (NCBI nr) indicate that they all originated from plastid, 

mitochondrial or ribosomal RNA/DNA hits. This result, combined with the overall inconsistency in terms of expression 

levels of individual replicates, made the analysis of differential expression impossible. We discuss the reasons for these 

results, or lack thereof, extensively in the following section. 
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Discussion 

Identification of calcium transporters/antiporters in Hakea prostrata 

Calcium is an essential plant nutrient with key signalling roles (McAinsh & Pittman, 2009; Hirschi, 2004), acting as a 

secondary messenger to multiple environmental and developmental stimuli (Sanders et al. 2002). Because its function 

is highly dependent on low cytosolic [Ca] ([Ca2+]cyt), Ca needs to be constantly withdrawn from the cytosol by the action 

of Ca transporters (White & Broadley, 2003). This invariably occurs against electrochemical potential gradients, given 

that the [Ca2+]cyt is maintained at 100 nM, whilst the apoplastic/vacuolar [Ca2+] generally reaches the millimolar range 

(White, 2000). The transporters responsible for this can be Ca2+ ATPases or Ca2+/H+ antiporters, and they perform very 

important roles as they: 1.) sustain the low [Ca2+]cyt in resting cells; 2.) restore normal [Ca2+]cyt after signalling events; 

and 3.) replenish Ca2+ storages in the symplast and apoplast which guarantees the existence of Ca2+ pools needed for 

subsequent signals (White & Broadley, 2003; Sze et al. 2000). These groups of proteins differ in their Ca2+ affinities and 

transport capacities, suggesting that they may have different functions in Ca metabolism (Hirschi, 2001).  

Calcium-transport ATPases are proteins with high affinity and low transport capacity, and this aspect is consistent 

with their role in cytosolic homeostasis, which is to maintain low [Ca2+] in resting cells (Hirschi, 2001; Evans & Williams, 

1998). They include proteins from two major families, P-type IIA Ca-transport ATPases, which are characterised by the 

lack of a N-terminal auto-regulatory domain, and P-type IIB Ca-transport ATPases, which not only have this N-terminal 

auto-regulatory domain, but also a serine residue that can be modulated through reversible phosphorylation (White & 

Broadley, 2003; Hwang et al. 2000; Sze et al. 2000). In A. thaliana, 14 Ca-transport ATPases have been identified so far, 

four in the P-type IIA (AtECA 1-4) and 10 in the P-type IIB family (AtACA 1, 2, 4, and 7-13; Axelsen & Palmgren, 2001). 

The diversity of Ca-transport ATPases, along with the membrane specificity of most isoforms, suggests that they might 

be functionally different and, also, differentially expressed throughout the cells (Geisler et al. 2000). Interestingly, far 

less isoforms were found in H. prostrata: 2 AtECA homologs, likely AtECA2 (Hp01_87059) and AtECA3 (Hp01_86429); 

and 3 AtACA homologs, likely AtACA2 (Hp01_87565), AtACA3 (Hp01_87059), and AtACA10 (Hp01_87536). It is important 

to note that this difference in number of Ca-transport ATPases between A. thaliana and H. prostrata can be attributed 

to species-specific variation, but it might also be a reflection of the tissues included in the H. prostrata transcriptome, 

which were only roots and leaves, so less comprehensive than those of Arabidopsis.  

Calcium/proton (Ca2+/H+) antiporters, as opposed to Ca-transport ATPases, present low affinity and high transport 

capacity (White & Broadley, 2003). Basically, these antiporters use protons as the driving force in the movement of Ca 

(Blackford et al. 1990). In A. thaliana, six Ca2+/H+ antiporters (AtCAX 1-6) have been identified so far, and they differ not 

only in terms of stoichiometric transport requirements, but also in their subcellular location (Conn et al. 2011; Blackford 

et al. 1990; Kasai & Muto, 1990). The diversity and high membrane specificity of these antiporters indicate functional 

complementarity. The transporters AtCAX1 and AtCAX3, for example, are exclusive to tonoplasts, and they both play 

extremely important roles in vacuolar accumulation of Ca2+ and, consequently, in [Ca2+]cyt buffering (Conn et al. 2011; 

Hirschi, 2001). This was demonstrated by the heterologous expression of AtCAX1 in Saccharomyces cerevisiae (Hirschi 

et al. 1996). The closely related transporter AtCAX3 has a similar function, but a lower expression in leaves, and it has 

been shown to be pleiotropically up-regulated in cax1-1 mutants not expressing CAX1 (Conn et al. 2011; Cheng et al. 

2005). Plants with the cax1/cax3 double knockout genotype are not able to compensate for this loss of function, even 

with the overexpression of other transporters, and therefore their vacuolar [Ca] is about 40% lower than that observed 
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in wild-type plants (Conn et al. 2011). In contrast, plants overexpressing CAX1 present symptoms of Ca deficiency that 

can be alleviated with increasing Ca supplies (White & Broadley, 2003). This is because AtCAX1, when overexpressed, 

depletes the cytosolic Ca pools by accumulating it in the vacuoles. In H. prostrata, we found only two AtCAX homologs, 

likely AtCAX2 (Hp01_82520) and AtCAX3 (Hp01_84209). Considering the relative importance of AtCAX1 and AtCAX3 in 

the vacuolar accumulation of Ca, further investigation on their possible homolog in H. prostrata (Hp01_84209) may be 

fundamental to understand cell-specific nutrient-allocation patterns. 

 

Identification of calcium channels in Hakea prostrata 

Calcium-permeable channels mediate the movement of Ca across cell membranes down electrochemical potential 

gradients (White & Broadley, 2003). Present in all plant species, these channels have been categorised by their voltage 

dependence into depolarisation-activated (DACC), hyperpolarisation-activated (HACC) and voltage-independent (VICC) 

Ca channels (Sanders et al. 2002; Miedema et al. 2001; White, 2000). The presence of different types of these channels 

in the same membrane is common, and it is hypothesised to ensure physiological flexibility (White & Broadley, 2003), 

but it is also associated with their involvement in cellular signalling, as different stimuli appear to be coded by distinct 

channels (White, 2000; 1998). 

Depolarisation-activated Ca channels (DACC) have been observed in the plasma membrane of several tissues (Thion 

et al. 1998), and they are equally permeable to monovalent and divalent cations which means that they can be involved 

in the uptake of other metals in addition to Ca (White & Broadley, 2003). Normally activated at voltages more positive 

than -140 mV, these channels are thought to be associated with the transduction of stress-related signals, especially in 

the acclimation of plants to low temperatures (White, 1998; Mazars et al. 1997). There is evidence that TPC1 encodes a 

DACC, since its reduced expression prevents the increase in leaf [Ca2+]cyt with sucrose feeding in A. thaliana, whilst its 

overexpression augments it. Since this rise in [Ca2+]cyt is reduced with the expression of H+/sucrose antiporter genes, it 

has been suggested that the Ca2+ flux through AtTPC1 is activated by plasma-membrane depolarisation (Furuichi et al. 

2001). In H. prostrata, we found one AtTPC1 homolog (Hp01_87131), yet the relatively low pairwise identity indicates 

that further investigation is needed over its identity. 

Hyperpolarisation-activated cation channels (HACCs) have been observed in the plasma membrane of A. thaliana, 

roots (Véry & Davies, 2000, Kiegle et al. 2000) and leaves (Stoelzle et al. 2003). They are permeable to divalent cations, 

including Ca2+ (White & Broadley, 2003). These channels are activated at voltages more negative than about -150 mV, 

and they are very important to maintain the elevated [Ca2+] required for cellular expansion at the root elongation zone 

(Véry & Davies, 2000; White, 1998), as well as for stomatal functioning during water stress (White & Broadley, 2003). 

Several annexins have been proposed to form HACCs. These calcium-, phospholipid- and cytoskeleton-binding proteins 

are associated with membranes, where they can mediate passive, channel-like transport (Mortimer et al. 2008; White 

et al. 2002). In H. prostrata, we found three AtANN homologs, likely AtANN1 (Hp01_82455), AtANN2 (Hp01_78577), 

and AtANN3 (Hp01_83520). 

Concerning voltage-independent cation channels (VICCs), these have been found in the plasma membrane of most 

plant cells, and include a diversity of channels with low discrimination between cations (Demidchik et al. 2002). These 

channels operate at physiological membrane potentials, and appear to be insensitive to cytosolic modulators such as 

calmodulins, calcineurin B-like proteins, and protein kinases (White & Broadley, 2003). It has been suggested that the 
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reason they remain open at physiological membrane potentials and lack modulation by secondary effectors is to enable 

the continuous Ca uptake that would balance the perpetual Ca flux through transporters and antiporters, maintaining 

cytosolic Ca2+ homeostasis (White & Davenport, 2002). Several protein families have been identified as VICCs, notably 

cyclic nucleotide-gated channels (CNGC) and glutamate-gated channels (GLR). In A. thaliana, 20 AtCNGC and 20 AtGLR 

proteins have been identified so far. This number was far lower in H. prostrata, with seven AtCNGC and three AtGLR 

homologs: likely AtCNGC1 (Hp01_80319), AtCNGC2 (Hp01_87011), AtCNGC4 (Hp01_86379), AtCNGC5 (Hp01_84922), 

AtCNGC13 (Hp01_83035), AtCNGC15 (Hp01_85611), AtCNGC16 (Hp01_87145); and AtGLR3.3 (Hp01_85286), AtGLR3.5 

(Hp01_85666), and AtGLR3.7 (Hp01_83475). These results indicate that a far lower number of CNGC and GLR proteins 

were found in H. prostrata when compared with Arabidopsis, a pattern that was observed in most gene families 

 

Identification of phosphate transporters/antiporters in Hakea prostrata 

The uptake of P from soil depends on phosphate/H+ antiporters (PHT1), a family of plasma membrane proteins that 

was identified by homology with the yeast ScPHO84 transporter (Nussaume et al. 2001). Most PHT1 transporters are 

expressed in root tissues, but they are also found in other organs, often overlapping in expression with several PHT1 

members (Karthikeyan et al. 2002; Mudge et al. 2002). In A. thaliana, there are nine AtPHT1 family members, and the 

preferential expression of each in a particular tissue suggests a high complexity in their roles (Karthikeyan et al. 2002; 

Mudge et al. 2002). In H. prostrata, we found four PHT1 homologs, these had highest pairwise identity with AtPHT1;3 

(Hp01_86697), AtPHT1;4 (Hp01_86234), AtPHT1;8 (Hp01_78384) and AtPHT1;9 (Hp01_74323). In the case of AtPHT1;8 

and AtPHT1;9 homologs, the identification of isoforms might not be precise due to the low level identity and coverage. 

 

Laser-capture microdissection for multi-cell RNA isolation/sequencing 

There were several difficulties in establishing a suitable protocol for laser-capture microdissection (LCM) and multi-

cell mRNA isolation in H. prostrata. Initially, the tissue embedding with Paraplast, whilst maintaining the leaf structure 

of H. prostrata, created a problem with RNA preservation. The Paraplast, an embedding material made of paraffin with 

low-molecular weight polymers, needs to be stored at 4°C, a far from optimal temperature for long-term RNA storage. 

When stored at -80°C, the Paraplast contracts, damaging the embedded tissue and making it unsuitable for fine work 

such as laser-capture microdissection. The usual alternative, and the most commonly used technique in LCM of animal 

tissues, is to use snap-frozen samples embedded in Optimum Cutting Temperature (OCT) compound. This technique, 

whilst clearly superior in terms of mRNA preservation, given that the samples can be stored at -80°C for a long time, is 

inconsistent when it comes to maintenance of the leaf structure. In H. prostrata, cryofixation significantly reduced the 

number of mesophyll and epidermal cells, making it unviable for LCM. In addition, the difficulty to differentiate among 

cell types in cryo-fixed material made the Paraplast the only suitable option, regardless of the drawbacks. 

The use of Paraplast is intrinsically associated with a few problems in terms of final mRNA quantity. The preparation 

of paraffin-embedded tissue for LCM requires more steps than that of cryo-fixed material, which greatly enhances the 

chance of RNA degradation. More specifically, the sectioning of paraffin blocks needs to be done in a water bath, and, 

in spite of all the efforts to eliminate RNases, such as using freshly made diethyl pyrocarbonate (DEPC)-treated water 

and cleaning all instruments with decontamination solution, it is unlikely that a completely nuclease-free environment 

was created. In addition, the paraffin removal from the sections might also reduce the final RNA concentration, as the 
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clearing is not RNase-free, and because, after the thorough removal of Paraplast, the slides needed to be dried at room 

temperature. It is hard to estimate how much RNA was lost through this process, but it may explain the low RNA yield. 

The multi-cell LCM process in itself also poses some difficulties to mRNA preservation. Using the PALM MicroBeam 

LCM system, approximately 1000 hits were needed to obtain >3000 cells from each cell type (epidermis and palisade 

mesophyll). In this process, about 10 leaf strips (10 µm thickness) were dissected in a process that took about a week 

per sample. Since this processes required 6 days of approximately 8 h per day, it was unfeasible to prepare new slides 

daily. With this, there was a steady RNA degradation as the LCM process went on, creating a complicated trade-off: the 

more cells captured with the LCM process, the less these cells contributed to the final RNA, and the greater the chance 

of RNase contamination from instrumental and technical sources. On the other hand, several hours of microdissection 

were required to obtain adequate amounts of RNA in species with consistently low total leaf [RNA] such as H. prostrata 

(Sulpice et al. 2014). This trade-off indicates that there is a maximum amount of RNA that can be obtained through LCM, 

and that this amount is species-specific. In addition, the cutting/catapulting parameters of the PALM MicroBeam LCM 

system might vary widely depending on the species, as tissue composition, cell distribution and leaf anatomy can all 

interfere with the laser cutting and catapulting. The protocol designed for Arabidopsis had to be extensively modified 

for H. prostrata, and this optimisation was made essentially by trial and error, demanding a significant amount of time. 

During this time, the samples, which were stored at 4°C, likely experienced a significant loss in [RNA] due to the activity 

of RNAses, reducing the final RNA yield in the microdissected material. This is particularly troubling when the studied 

species have low [RNA] (Sulpice et al. 2014) and tough tissues rich in phenolics such as H. prostrata (Maguire, 1994). 

Proteaceae species from severely P-impoverished environments typically exhibit multiple traits associated with high 

photosynthetic P-use efficiency (PPUE; Lambers et al. 2014; Denton et al. 2007), such as replacement of phospholipids 

by galactolipids and sulfolipids during leaf development (Lambers et al. 2012), preferential allocation of P to mesophyll 

cells (Hayes et al. 2018; Lambers et al. 2015a; Hawkins et al. 2008; Shane et al. 2004) and low levels of ribosomal RNA 

(rRNA; Sulpice et al. 2014). Their ability to function at low rRNA levels is particularly relevant in terms of multi-cell LCM, 

given that rRNA may account for up to 80-90% of the total cellular RNA in plants (Eun et al. 1996; Kanda et al. 1994). 

Consequently, low total leaf [RNA] in H. prostrata was expected. Since the main goal of this experiment was to analyse 

the expression levels of P and Ca channel, transporter and antiporter genes to understand the molecular mechanisms 

underpinning this species’ leaf nutrient-allocation pattern (Hayes et al. 2018; Lambers et al. 2015; Hawkins et al. 2008; 

Shane et al. 2004), to replace it as a target organism was not a viable option. The anticipated course of action was to 

significantly increase the number of microdissection rounds to compensate for the low RNA yield but, as discussed 

above, there may be a maximum amount of RNA that can be extracted through LCM. In H. prostrata, this amount was 

extremely low, and it might indicate that the current multi-cell LCM methodology is not appropriate for the extraction 

of RNA for sequencing and/or analyses of differential expression in Proteaceae. 

In summary, multi-cell LCM for RNA isolation and sequencing in H. prostrata was not possible for multiple reasons: 

first, the tissue fixation with Paraplast, whilst ideal for maintaining the leaf structure, led to problems in terms of RNA 

preservation, either through intrinsic aspects of the process (such as duration or RNAse exposure) or as a consequence 

of the associated storage characteristics. Despite the drawbacks, Paraplast was the only viable option, as the cryo-fixed 

material did not hold enough structural integrity to allow for sustained rounds of microdissection and proper cell type 

identification. The poor preservation of RNA in Paraplast-embedded tissues, associated with the time it took to optimise 
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the cutting/catapulting parameters of the PALM MicroBeam LCM system for H. prostata, was likely a defining factor in 

explaining the low RNA yield in H. prostrata. Second, the amount of time required to microdissect each sample (≈40 h) 

might also have been detrimental to the final [RNA], mainly due to the increasing chance of RNase activity with time. 

However, an extremely large number of hits was necessary to account for the low total leaf [mRNA] of this species, 

creating a trade-off that ultimately determined the RNA yield. We surmise that it is not possible to use H. prostrata as 

a model organism in multi-cell RNAseq studies, at least not with the currently available methods/technologies. 

 

Root RNA isolation and sequencing 

In this experiment, we produced six RNAseq datasets from H. prostrata plants under increasing Ca supplies. Despite 

the sequencing-read depth of ≈25 million reads per samples, less than 500 genes were detected. Many of these genes 

were from plastid/mitochondrial genomes and given the abundance of the genomes in these organelles, it is surmised 

that the reads came from DNA contamination. Most of the remaining reads were from ribosomal sources, with little to 

no mRNA sequences. This is extremely low compared with the 39,450 gene models found in the previous H. prostrata 

transcriptome assembly, and indicates that there were problems with the sequenced RNA samples. This, along with the 

inconsistency in expression levels of the mRNA sequences across individual replicates, made the analysis of differential 

expression of P and Ca channel, transporter and antiporter genes impossible. In this section, we discuss the likely causes 

for these problems in light of the used methodologies and their application to H. prostrata. 

The isolation of high-quality RNA, without polysaccharides, phenolic compounds, proteins, genomic DNA and rRNA 

is crucial for the investigation of gene expression in plants (Ouyang et al. 2014, Loomis, 1974). Polysaccharides directly 

affect the extract [RNA], as they co-precipitate with RNA, rendering it unsuitable for downstream applications (Sharma 

et al. 2003). Phenolic compounds also reduce the extract [RNA], as the product of their oxidation irreversibly binds to 

nucleic acids (Loomis, 1974), whilst proteins interfere with most extraction protocols. In contrast, genomic DNA does 

not interfere with the extracted RNA, but it introduces several biases in the quantification process, by underestimating 

the number of non-expressed genes due to DNA-derived reads and/or by reducing the number of mRNA reads which 

decreases the chance of detecting rare and lowly-expressed genes. Detecting rare transcripts is also a major problem in 

extracts with high [rRNA], given the large rRNA contribution to the cellular RNA pool (Eun et al. 1996; Kanda et al. 1994). 

These were all significant issues we had during the RNA isolation/sequencing of H. prostrata.  

Proteaceae species, particularly those belonging to the Hakea and Banksia genera, have been described to possess 

significant amounts of polysaccharides, phenolics and other secondary compounds (Maguire, 1994; Eagles et al. 1993) 

in their tissues. This makes RNA isolation extremely difficult, especially in tough tissues such as roots, in which the lysis 

process can be troublesome, demanding a lot of time. Increasing the length of time for the extraction means that the 

chance of RNA degradation throughout the process increases, and this might help explain the low RNA yields observed 

in H. prostrata. In addition, the roots of these plants produce large amounts of carboxylates (Shane et al. 2004; Roelofs 

et al. 2001), which may also interfere with RNA isolation protocols.  

It is hard to estimate how much RNA was lost throughout the RNA isolation process, and how much was available to 

start with. Proteaceae species from severely P-impoverished habitats function at low leaf [rRNA] (Sulpice et al. 2014), 

the largest RNA component in cells (Eun et al. 1996; Kanda et al. 1994). This is thought to contribute to these species’ 

extremely high photosynthetic P-use efficiency (PPUE; Sulpice et al. 2014), as functioning with fewer ribosomes means 
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that less P is required for their synthesis. It has also been proposed that operating at low [rRNA] reduces growth rates, 

and consequently the plant’s demand for P (Sulpice et al. 2014). Given that rRNA may account for 80-90% of the total 

cellular RNA in plants (Eun et al. 1996; Kanda et al. 1994), a low total [RNA] is to be expected for these species. This is 

true for leaves of Proteaceae (data now shown), and we assumed that it may also be true for root tissues, especially 

considering that the belowground biomass of these species may vary from 25-50% of the total plant biomass and that, 

by functioning at low [rRNA], these species could significantly increase P economy. Further research is required to test 

this hypothesis, but is possible that intrinsically low [RNA] may explain the low RNA yield in roots. 

In total, seven different RNA isolation kits were used in an attempt to extract sufficient high-quality RNA from roots 

of H. prostrata. Some of the most popular commercially available kits used for extracting RNA from model plants such 

as A. thaliana (RNeasy Mini Kit, Qiagen; and Isolate II RNA Mini Kit, Bioline) were completely ineffective for H. prostrata. 

Interestingly, the Spectrum Plant Total RNA Kit (Sigma-Aldrich), a product designed for plant tissues with high levels of 

secondary metabolites, was also completely ineffective, as was the PicoPure RNA Isolation Kit (Applied Biosystems), a 

product designed to maximise RNA recovery from RNA-poor tissue samples. The TRIzol Reagent (Invitrogen), in contrast, 

was effective in terms of total RNA yield, but there were some quality issues: the 260 nm / 280 nm absorption ratio was 

particularly low (<1.5), indicating phenol and/or protein contamination. The 260 nm / 230 nm ratio was also low in these 

samples which is consistent with the low [RNA] obtained with this reagent (<5 ng/µl). These issues were not so drastic 

with Direct-zol (Zymo Research), an acid-guanidinium-phenol based extraction method that bypasses phase separation 

and precipitation procedures through use of a proprietary column. Whilst the 260 nm / 280 nm absorption ratios were 

low (1.7-1.8), it indicated far less contamination than with the TRIzol, and the 260 nm / 230 nm absorption ratios were 

considerably higher (1.6), which is consistent with the higher [RNA] (≈10 ng/µl) obtained with this kit. Regardless of the 

fact that there was still a certain degree of phenol and/or protein contamination, the Direct-zol Kit gave us the highest 

extract [RNA] of all kits which is why we used it for all subsequent extractions. 

The rRNA removal, the next step after RNA purification for RNAseq library preparation, also led to complications: 

because of the low total [RNA] of the samples, no detectable RNA was found in the extracts after rRNA removal, even 

with the QuBit RNA HS kit, the most sensitive commercially available kit for total RNA quantification. Lowering the kit’s 

quantification limit with RNA spike-in (Li et al. 2015) was also ineffective, as was trying to quantify [RNA] through qPCR. 

Consequently, we had to proceed with the synthesis of complementary DNA (cDNA) without removing the rRNA of the 

samples, knowing that it may lead to some difficulties in the data quantification/analyses. This explains the abundance 

of rRNA hits in the transcriptome assembly, and partially explains the rarity of mRNA sequences in the datasets.  

In summary, the analysis of differential gene expression in roots of H. prostrata was not possible for many reasons: 

there was an extremely limited number of expressed genes in the produced RNAseq datasets, with most of them being 

from plastid, mitochondrial and/or ribosomal sources, and the few mRNA sequences had inconsistent expression levels 

across individual replicates. These results indicate that problems with the RNA samples, particularly in terms of [RNA], 

affected the integrity of the RNAseq datasets, and we surmise that this was due to: 1.) high levels of polysaccharides, 

phenolics and secondary compounds in roots of H. prostrata, which led to mRNA degradation throughout the isolation 

process, a problem that was intensified by the tough nature of the root tissue; 2.) intrinsically low total [RNA] in roots 

of H. prostrata, which might have ultimately determined the extract [RNA]; and 3.) impossibility of removing the rRNA 

before cDNA synthesis and sequencing which may have significantly reduced the number or mRNA reads in the data 
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analysis. It is possible that optimised isolation techniques might improve these results, given that they were partially 

caused by inefficient extraction methods. However, any improvement is bound to be limited by tissue [RNA], which, in 

the case of H. prostrata, might be the main determinant of the final RNA yield. 

 

Concluding remarks 

In this experiment, the goal was to: 1.) identify P and Ca channel, transporter and antiporter genes in H. prostrata; 

2.) analyse their expression patterns across different leaf cell types with varying P and/or Ca supplies, in an attempt to 

understand the genetic mechanisms underpinning leaf nutrient-allocation patterns; and 3.) analyse their expression in 

roots with varying Ca supplies, in an attempt to understand this species’ P and Ca-uptake rates. Whilst it was possible 

to identify homologs of Arabidopsis genes encoding channels, transporters and anti-porters across the H. prostrata 

transcriptome, it was not possible to analyse their expression levels in the proposed tissues. The reasons for this were 

both species-specific and methodological, and they were all thoroughly discussed in this chapter. It is recommend that 

researchers planning to work with laser-capture microdissection and single-cell RNAseq, particularly in plants with low 

tissue [RNA], use this chapter as a guideline, as it may help them to avoid some of the pitfalls of these techniques. 
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and phosphorus-based photosynthesis for species with contrasting P allocation patterns. 

Table S8. Soil chemical properties for contrasting areas where Vochysia thyrsoidea and Hymenaea stigonocarpa were 

collected at Serra do Cipó, MG, Brazil. 
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Fig. S1. Exemplary qualitative element maps of Brazilian and Australian species. (a) Maps showing oxygen, phosphorus and aluminium distribution 

in transverse leaf sections of the Brazilian species (Moquiniastrum oligocephalum, Hymeneae stigonocarpa and Vochysia thyrsoidea). (b) Maps 

showing oxygen, phosphorus and calcium distribution in transverse leaf sections of the Australian species (Myoporum insulare, Spyridium globulosum 

and Labichea cassioides). Phosphorus, aluminium and calcium maps have been processed to remove background and correct for peak overlaps. Scale 

bar is 100 μm. The P-allocation patterns are indicated after the species names (beige for species in which the cellular [P] of the epidermis was either 

higher or equivalent to that of the mesophyll; green for those in which the cellular [P] was significantly higher in the mesophyll). 
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Table S1. Species, with corresponding families, orders and clades, selected for this study, the geographical regions in which they were collected (Study 

Area) and their phosphorus- (P) allocation patterns. These species were collected from three different sites along the Jurien Bay dune chronosequence 

in south-western Australia (QY, Quindalup young; QO, Quindalup old; and SW, Spearwood west) and one site at Serra do Cipó, MG, Brazil (Cipó). The P-

allocation patterns were described as M>E when all the mesophyll layers (excluding those with particular allocation characteristics or storage roles such 

as PM/Ca in Labichea cassioides and SM/Al in Qualea parviflora) had significantly higher P concentrations than those of the epidermal layers, and as M≤E 

when the P concentration of the mesophyll layers were either equivalent or significantly lower than those of the epidermis. 

Species Family Order Clade Study Area P Allocation  

Moquiniastrum oligocephalum (Gardner) G. Sancho Asteraceae Asterales Asterids Cipó M>E 

Eremanthus glomerulatus Less. Asteraceae Asterales Asterids Cipó M≤E 

Olearia axillaris F. Muell. ex Benth. Asteraceae Asterales Asterids QY M≤E 

Myoporum insulare R.Br. Scrophulariaceae Lamiales Asterids QY M≤E 

Anthocercis littorea Labill. Solanaceae Solanales Asterids SW M≤E 

Spyridium globulosum (Labill.) Benth. Rhamnaceae Rosales Rosids I QO M≤E 

Hymenaea stigonocarpa Mart. ex Hayne Fabaceae Fabales Rosids I Cipó M>E 

Templetonia retusa R. Br. Fabaceae Fabales Rosids I QY M≤E 

Labichea cassioides Gaudichaud-Beaupre ex DC. Fabaceae Fabales Rosids I SW M>E 

Acacia rostellifera Benth. Fabaceae Fabales Rosids I QY, SW M>E 

Miconia albicans (Sw.) Triana Melastomataceae Myrtales Rosids II Cipó M≤E 

Vochysia pygmaea Bong. Vochysiaceae Myrtales Rosids II Cipó M≤E 

Vochysia thyrsoidea Pohl Vochysiaceae Myrtales Rosids II Cipó M>E 

Qualea grandiflora Mart. Vochysiaceae Myrtales Rosids II Cipó M>E 

Qualea parviflora Mart. Vochysiaceae Myrtales Rosids II Cipó M>E 

Melaleuca systena (Schauer) Craven Myrtaceae Myrtales Rosids II QO, SW M>E 
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Table S2. Species, leaf* anatomy, cell types and corresponding number of cells analysed from X-ray element maps (asterids and rosids I). E, epidermis (for species with isobilateral leaf anatomy); UE, upper epidermis; 

LE, lower epidermis; PM, palisade mesophyll; SM, spongy mesophyll; IP, inner parenchyma; SC, sclerenchyma. Numbers after cell-type codes represent layers with distinct nutrient profiles, and cell types with particular 

accumulation patterns are expressed as such, e.g., PM/Ca or IP/Ca. *Phyllodes in Acacia rostellifera.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species 

 

Clade 

 

Anatomy 

Cell Type (n) 

Epidermis Mesophyll Others 

E UE LE PM PM 1 PM 2 PM 3 PM/Ca SM IP IP/Ca SC 

Moquiniastrum oligocephalum asterids Dorsiventral - 62 34 123 - - - - 42 - - 83 

Eremanthus glomerulatus asterids Dorsiventral - 65 44 96 - - - - 85 - - 58 

Olearia  axillaris asterids Dorsiventral - 50 22 - 88 88 - - 63 - - - 

Myoporum insulare asterids Isobilateral 44 - - 188 - - - - - 44 - - 

Anthocercis littorea asterids Isobilateral 86 - - 184 - - - - - - - - 

Spyridium globulosum  rosids I Dorsiventral - 61 14 - 95 69 - - 130 - - - 

Hymenaea stigonocarpa rosids I Dorsiventral - 149 46 261 - - - - 87 - - 100 

Templetonia retusa rosids I Dorsiventral - 48 - - 54 54 42 - 47 - - - 

Labichea cassioides rosids I Dorsiventral - 64 - 145 - - - 219 73 - - - 

Acacia rostellifera* rosids I Isobilateral 94 - - - 124 126 - - - 114 84 - 
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Table S3. Species, leaf anatomy, cell types and corresponding number of cells analysed from X-ray element maps (rosids II). E, epidermis (species with isobilateral leaf anatomy); UE, upper epidermis; LE, lower epidermis; 

PM, palisade mesophyll; SM, spongy mesophyll; H, hypodermis; IP, inner parenchyma; SC, sclerenchyma. Numbers after cell-type codes represent layers with distinct nutrient profiles, and cell types with particular 

accumulation patterns are expressed as such, e.g., SM/Al or H/Ca. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species 

 

Anatomy 

Cell Type (n) 

Epidermis Mesophyll Hypodermis Others 

E UE UE 1 UE 2-3 LE PM PM 1-2 PM 3 SM SM/Al H H/Ca H/Al IP IP/P IP/Ca SC 

Miconia albicans Dorsiventral - 66 - - 92 108 - - 149 - - - - - - - - 

Vochysia pygmaea Dorsiventral - 103 - - 15 - 185 45 65 - 100 - - - - - 58 

Vochysia thyrsoidea Dorsiventral - - 58 191 - 280 - - 69 - 108 - - - - - 71 

Qualea grandiflora Dorsiventral - 87 - - 83 171 - - 85 - - - - - - - - 

Qualea parviflora Dorsiventral - 70 - - 65 115 - - 114 48 - 22 62 - - - - 

Melaleuca systena Isobilateral 166 - - - - 262 - - - - - - - 132 115 32 - 
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Table S4. Linear mixed-effect models (LMMs) of the cellular phosphorus (P) concentration (μmol g-1) for different species within the three clades 

of angiosperms collected for this study. Model identification and rationale, number of parameters (K), log likelihood (log L), Akaike`s Information 

Criterion (AIC), difference between selected and null model`s AIC (Δ AIC) and P-value. The significantly different values (ANOVA) are indicated: *** 

significant difference (P < 0.05). Analysed species: Moquiniastrum oligocephalum; Eremanthus glomerulathus; Olearia axillaris; Myoporum 

insulare; Anthocercis littorea; Spyridium globulosum; Hymeneae stigonocarpa; Templetonia retusa; Labichea cassioides; Acacia rostellifera; 

Miconia albicans; Vochysia pygmaea; Vochysia thyrsoidea; Qualea grandiflora; Qualea parviflora; and Melaleuca systena. 

Data Model ID Model K Log L AIC Δ AIC P 

M. oligocephalum 

(asterids) 

1 P ~ Cell Type, random = Individual 7 -1211.728 2437.456 -87.650 < 0.001 *** 

Null P ~ 1, random = Individual 3 -1259.553                       2525.106 - - 

E. glomerulathus 

(asterids) 

1 P ~ Cell Type, random = Individual 7 -1368.739 2751.478 -225.295 < 0.001 *** 

Null P ~ 1, random = Individual 3 -1485.386                       2976.773 - - 

O. axillaris 

(asterids) 

1 P ~ Cell Type, random = Individual 7 -1155.527 2325.054 -44.463 < 0.001 *** 

Null P ~ 1, random = Individual 3 -1181.758                         2369.517 - - 

M. insulare 

(asterids) 

1 P ~ Cell Type, random = Individual 5 -1000.870 2011.740 -9.352 0.001 *** 

Null P ~ 1, random = Individual 3 -1007.546                       2021.092 - - 

A. littorea 

(asterids) 

1 P ~ Cell Type, random = Individual 4 -783.532 1575.063 -12.268 < 0.001 *** 

Null P ~ 1, random = Individual 3 -790.665 1587.331 - - 

S. globulosum 

(rosids I) 

1 P ~ Cell Type, random = Individual 7 -1276.503 2567.006 -53.929 < 0.001 *** 

Null P ~ 1, random = Individual 3 -1307.467 2620.935 - - 

H. stigonocarpa 

(rosids I) 

1 P ~ Cell Type, random = Individual 7 -2822.370 5658.741 -83.679 < 0.001 *** 

Null P ~ 1, random = Individual 3 -2868.210                         5742.420 - - 

T. retusa 

(rosids I) 

1 P ~ Cell Type, random = Individual 7 -976.670 1967.340 -112.604 < 0.001 *** 

Null P ~ 1, random = Individual 3 -1036.972 2079.944 - - 

L. cassioides 

(rosids I) 

1 P ~ Cell Type, random = Individual 6 -1649.533 3311.065 -9.038 0.002 *** 

Null P ~ 1, random = Individual 3 -1657.051 3320.103 - - 

A. rostellifera 

(rosids I) 

1 P ~ Cell Type, random = Individual 7 -2078.501 4171.001 -67.145 < 0.001 *** 

Null P ~ 1, random = Individual 3 -2116.073 4238.146 - - 

M. albicans 

(rosids II) 

1 P ~ Cell Type, random = Individual 6 -1439.526 2891.051 -40.338 < 0.001 *** 

Null P ~ 1, random = Individual 3 -1462.694                         2931.389 - - 

V. pygmaea 

(rosids II) 

1 P ~ Cell Type, random = Individual 9 -1714.896 3447.792 -77.130 < 0.001 *** 

Null P ~ 1, random = Individual 3 -1759.461 3524.922 - - 

V. thyrsoidea 

(rosids II) 

1 P ~ Cell Type, random = Individual 8 -2920.915 5857.829 -116.289 < 0.001 *** 

Null P ~ 1, random = Individual 3 -2984.059                         5974.118 - - 

Q. grandiflora 

(rosids II) 

1 P ~ Cell Type, random = Individual 6 -1800.472 3612.943 -245.099 < 0.001 *** 

Null P ~ 1, random = Individual 3 -1926.021                         3858.042 - - 

Q. parviflora 

(rosids II) 

1 P ~ Cell Type, random = Individual 9 -1914.942 3847.883 -156.187 < 0.001 *** 

Null P ~ 1, random = Individual 3 -1999.035                         4004.070 - - 

M. systena 

(rosids II) 

1 P ~ Cell Type, random = Individual 7 -3018.488 6050.976 -38.991 < 0.001 *** 

Null P ~ 1, random = Individual 3 -3041.984                         6089.967 - - 
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Table S5. Linear mixed-effect models (LMMs) of the cellular calcium (Ca) concentration (μmol g-1) for different species within the three clades of 

angiosperms collected for this study. Model identification and rationale, number of parameters (K), log likelihood (log L), Akaike`s Information 

Criterion (AIC), difference between selected and null model`s AIC (Δ AIC) and P-value. The significantly different values (ANOVA) are indicated: *** 

significant difference (P < 0.05). Analysed species: Moquiniastrum oligocephalum; Eremanthus glomerulathus; Olearia axillaris; Myoporum 

insulare; Anthocercis littorea; Spyridium globulosum; Hymeneae stigonocarpa; Templetonia retusa; Labichea cassioides; Acacia rostellifera; 

Miconia albicans; Vochysia pygmaea; Vochysia thyrsoidea; Qualea grandiflora; Qualea parviflora; and Melaleuca systena. 

Data Model ID Model K Log L AIC Δ AIC P 

M. oligocephalum 

(asterids) 

1 Ca ~ Cell Type, random = Individual 7 -1673.806 3361.612 -7.686 0.004 *** 

Null Ca ~ 1, random = Individual 3 -1681.649                         3369.298 - - 

E. glomerulathus 

(asterids) 

1 Ca ~ Cell Type, random = Individual 7 -1857.249 3728.497 -74.285 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -1898.391                         3802.782 - - 

O. axillaris 

(asterids) 

1 Ca ~ Cell Type, random = Individual 7 -1838.652 3691.304 -58.566 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -1871.935                         3749.870 - - 

M. insulare 

(asterids) 

1 Ca ~ Cell Type, random = Individual 5 -1517.830 3045.661 -54.269 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -1546.965                         3099.930 - - 

A. littorea 

(asterids) 

1 Ca ~ Cell Type, random = Individual 4 -1461.806 2931.612 -293.634 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -1609.623                         3225.246 - - 

S. globulosum 

(rosids I) 

1 Ca ~ Cell Type, random = Individual 7 -2269.528 4553.056 -102.322 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -2324.689                         4655.378 - - 

H. stigonocarpa 

(rosids I) 

1 Ca ~ Cell Type, random = Individual 7 -2427.590 4869.180 -23.853 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -2443.517                         4893.033 - - 

T. retusa 

(rosids I) 

1 Ca ~ Cell Type, random = Individual 7 -1454.234 2922.468 -233.203 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -1574.835 3155.671 - - 

L. cassioides 

(rosids I) 

1 Ca ~ Cell Type, random = Individual 6 -3202.197 6416.393 -884.762 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -3647.578                         7301.155 - - 

A. rostellifera 

(rosids I) 

1 Ca ~ Cell Type, random = Individual 7 -3560.158 7134.316 -464.191 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -3796.253                         7598.507 - - 

M. albicans 

(rosids II) 

1 Ca ~ Cell Type, random = Individual 6 -1731.665 3475.330 -6.352 0.006 *** 

Null Ca ~ 1, random = Individual 3 -1737.841                         3481.682 - - 

V. pygmaea 

(rosids II) 

1 Ca ~ Cell Type, random = Individual 9 -1888.790 3795.579 -64.674 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -1927.126                         3860.253 - - 

V. thyrsoidea 

(rosids II) 

1 Ca ~ Cell Type, random = Individual 8 -3262.075 6540.149 -579.682 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -3556.916                        7119.831 - - 

Q. grandiflora 

(rosids II) 

1 Ca ~ Cell Type, random = Individual 6 -1844.084 3700.169 -39.735 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -1866.952                         3739.904 - - 

Q. parviflora 

(rosids II) 

1 Ca ~ Cell Type, random = Individual 9 -2126.891 4271.782 -118.300 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -2192.041                        4390.082 - - 

M. systena 

(rosids II) 

1 Ca ~ Cell Type, random = Individual 7 -4981.777 9977.554 -2017.738 < 0.001 *** 

Null Ca ~ 1, random = Individual 3 -5994.646                         11995.292 - - 
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Table S6. Linear mixed-effect models (LMMs) of the cellular aluminium (Al) concentration (μmol g-1) for different species within the three clades 

of angiosperms collected for this study. Model identification and rationale, number of parameters (K), log likelihood (log L), Akaike`s Information 

Criterion (AIC), difference between selected and null model`s AIC (Δ AIC) and P-value. The significantly different values (ANOVA) are indicated: *** 

significant difference (P < 0.05); ns non-significant. The analysed species were: Moquiniastrum oligocephalum; Eremanthus glomerulathus; 

Hymeneae stigonocarpa; Miconia albicans; Vochysia pygmaea; Vochysia thyrsoidea; Qualea grandiflora; and Qualea parviflora. 

Data Model ID Model K Log L AIC Δ AIC P 

M. oligocephalum 

(asterids) 

1 Al ~ Cell Type, random = Individual 7 -1135.981 2285.962 5.053 0.567 ns 

Null Al ~ 1, random = Individual 3 -1137.455                        2280.909 - - 

E. glomerulathus 

(asterids) 

1 Al ~ Cell Type, random = Individual 7 -1174.855 2363.711 3.078 0.295 ns 

Null Al ~ 1, random = Individual 3 -1177.317                         2360.633 - - 

H. stigonocarpa 

(rosids I) 

1 Al ~ Cell Type, random = Individual 7 -2296.327 4606.653 -14.361 < 0.001 *** 

Null Al ~ 1, random = Individual 3 -2307.507                         4621.014 - - 

M. albicans 

(rosids II) 

1 Al ~ Cell Type, random = Individual 6 -3126.533 6265.067 -727.885 < 0.001 *** 

Null Al ~ 1, random = Individual 3 -3493.476                         6992.952 - - 

V. pygmaea 

(rosids II) 

1 Al ~ Cell Type, random = Individual 9 -3121.918 6261.835 -854.080 < 0.001 *** 

Null Al ~ 1, random = Individual 3 -3554.957                         7115.915 - - 

V. thyrsoidea 

(rosids II) 

1 Al ~ Cell Type, random = Individual 8 -4394.466 8804.932 -430.264 < 0.001 *** 

Null Al ~ 1, random = Individual 3 -4614.598                        9235.196 - - 

Q. grandiflora 

(rosids II) 

1 Al ~ Cell Type, random = Individual 6 -2777.449 5566.897 -602.214 < 0.001 *** 

Null Al ~ 1, random = Individual 3 -3081.556                        6169.111 - - 

Q. parviflora 

(rosids II) 

1 Al ~ Cell Type, random = Individual 9 -3279.411 6576.822 -620.747 < 0.001 *** 

Null Al ~ 1, random = Individual 3 -3595.785                         7197.569 - - 
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Table S7. Linear mixed-effect model (LMM) of the total leaf phosphorus (P) concentration (mg P g-1 dry weight) for different species within the 

three clades of angiosperms collected for this study; and Generalized Least Square models (GLSs) of total leaf P (mg g-1 dry weight), area-based 

(μmol CO2 m-2 s-1), mass-based (nmol CO2 g-1 dry weight s-1) and phosphorus-based photosynthesis (PPUE; mol CO2 mol-1 P s-1) for species with 

contrasting P allocation patterns. Model identification and rationale, number of parameters (K), log likelihood (log L), Akaike`s Information 

Criterion (AIC), difference between selected and null model`s AIC (Δ AIC) and P-value. The significantly different values (ANOVA) are indicated: *** 

significant difference (P < 0.05); and, ns non-significant. 

Data Model ID Model K Log L AIC Δ AIC P 

Total Leaf P 

(Species) 

1 Leaf P ~ Species, random = Site 18 -13.561 63.121 -14.910 < 0.001 *** 

Null Leaf P ~ 1, random = Site 3 -36.016 78.031 - - 

Total Leaf P 

(Accum. Pattern) 

1 Leaf P ~ P Accumulation 3 -6.985 19.969 0.387 0.204 ns 

Null Leaf P ~ 1 2 -7.791 19.582 - - 

Aarea 

(Accum. Pattern) 

1 Aarea ~ P Accumulation 3 -40.625 87.249 1.990 0.922 ns 

Null Aarea ~ 1 2 -40.630                           85.259 - - 

Amass 

(Accum. Pattern) 

1 Amass ~ P Accumulation 3 -79.776 165.553 1.832 0.6817 ns 

Null Amass ~ 1 2 -79.861 163.721 - - 

PPUE 

(Accum. Pattern) 

1 PPUE ~ P Accumulation 3 -33.569 73.137 1.854 0.702 ns 

Null PPUE ~ 1 2 -33.642                          71.283 - - 
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Table S8. Soil chemical properties for contrasting patches in which Vochysia thyrsoidea and Hymenaea stigonocarpa were collected at Serra do 

Cipó, Brazil (Fig. 4). Plant-available phosphorus (Resin P), plant-available calcium (Resin Ca), cation exchange capacity (CEC), and soil pH. The 

values are mean ± standard errors (se; n= 3). 

Country Study Area 

(Vegetation) 

Species Soil Patch Resin P 

(mmol dm-3) 

Resin Ca 

(mmol dm-3) 

CEC 

(mmolc dm-3) 

pH 

(CaCl2) 

 

 

Brazil 

 

Serra do Cipó 

(Cerrado) 

 

Vochysia thyrsoidea 

Acidic 6.0 ± 1.5 1.0 ± 0.0 150 ± 22 3.8 ± 0.1 

Calcareous 3.7 ± 0.3 18.3 ± 10.9 53 ± 7 5.2 ± 0.3 

 

Hymenaea stigonocarpa 

Acidic 4.7 ± 0.7 2.7 ± 1.2 185 ± 71 3.9 ± 0.1 

Calcareous 5.3 ± 0.3 19.0 ± 6.7 69 ± 10 5.0 ± 0.1 
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Table S9. Species, with the geographical regions in which they were collected (Study Area), their leaf phosphorus- (P) allocation patterns, and 

their mean (± s.e., n= 3-11) values of total leaf P, area-based, dry mass-based and phosphorus-based rates of CO2 assimilation (Aarea, Amass and 

PPUE, respectively). The species were collected from three sites along the Jurien Bay dune chronosequence in south-western Australia (QY, 

Quindalup young; QO, Quindalup old; and SW, Spearwood west) and one site at Serra do Cipó, MG, Brazil (Cipó). The P-allocation patterns were 

described as M>E when all the mesophyll layers (excluding those with particular allocation characteristics and/or storage roles such as PM/Ca in 

Labichea cassioides and SM/Al in Qualea parviflora) showed significantly higher P concentrations than those of the epidermal layers, and as M≤E 

when the P concentration of the mesophyll layers were either equivalent or significantly lower than those of the epidermis. The saturate gas-

exchange measurements were performed at 1800 μmol photons m-2 s-1 PPFD / 400 ppm [CO2]. *Phyllodes, not leaves, were analysed in A. 

rostellifera. 

Species Study 

Area 

P-allocation 

Pattern  

Leaf P  

(mg g-1) 

Aarea 

 (μmol CO2 m-2 s-1) 

Amass  

(nmol CO2 g-1 s-1) 

PPUE 

(mol CO2 mol-1 P s-1) 

M. oligocephalum Cipó M>E 0.52 ± 0.06 16.0 ± 1.7 131.3 ± 13.9 7.8 ± 0.2 

E. glomerulathus Cipó M≤E 0.85 ± 0.08 17.7 ± 0.8 143.0 ± 6.8 5.3 ± 0.7 

O. axillaris QY M≤E 1.76 ± 0.72 13.7 ± 1.7 83.1 ± 15.2 1.0 ± 0.2 

M. insulare QY M≤E 1.30 ± 0.18 14.5 ± 1.7 106.4 ± 13.8 2.1 ± 0.3 

A. littorea SW M≤E 0.61 ± 0.14 15.2 ± 2.7 130.3 ± 18.2 6.8 ± 1.0 

S. globulosum QO M≤E 0.74 ± 0.05 17.8 ± 0.9 102.3 ± 5.4 7.0 ± 0.9 

H. stigonocarpa Cipó M>E 1.14 ± 0.20 11.8 ± 1.4 68.9 ± 8.2 2.1 ± 0.4 

T. retusa QY M≤E 1.18 ± 0.12 13.7 ± 1.7 81.9 ± 12.6 4.0 ± 0.6 

L. cassioides SW M>E 0.46 ± 0.01 14.9 ± 3.3 78.2 ± 23.6 3.7 ± 0.7 

A. rostellifera* QY / SW M>E 0.82 ± 0.15 21.3 ± 2.6 160.9 ± 24.9 5.1 ± 0.6 

M. albicans Cipó M≤E 0.38 ± 0.01 15.8 ± 1.0 72.3 ± 4.8 6.0 ± 0.5 

V. pygmaea Cipó M≤E 0.27 ± 0.01 13.6 ± 0.8 39.8 ± 2.3 4.5 ± 0.3 

V. thyrsoidea Cipó M>E 0.41 ± 0.04 11.0 ± 1.6 33.8 ± 5.1 2.5 ± 0.3 

Q. grandiflora Cipó M>E 0.87 ± 0.07 10.2 ± 0.7 50.0 ± 3.7 1.8 ± 0.2 

Q. parviflora Cipó M>E 0.62 ± 0.02 10.3 ± 0.5 72.3 ± 3.8 3.6 ± 0.1 

M. systena QO / SW M>E 0.37 ± 0.02 19.2 ± 2.7 80.6 ± 5.1 3.7 ± 0.5 
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6.1 Introduction 

Proteaceae is one of the iconic plant families of the Australian flora (George, 1998; Douglas, 1995). Members of this 

family can be found throughout the entire country, but they are especially abundant in the kwongan of the southwest, 

particularly in areas with old, weathered soils with low total- and resin-P concentrations (Zemunik et al. 2015; George, 

1998). These soil characteristics may seem limiting to the growth of most plants, but Proteaceae species have evolved 

a series of mechanisms to deal with this P-limitation. Phosphorus-limited Proteaceae form cluster-roots, an ephemeral 

root specialisation that allow plants to mine the soil (Lambers et al. 2014, 2008; Lamont, 2003). Cluster roots produce 

and exude organic acids, which mobilise P and other nutrients that would be poorly available otherwise (Shane et al. 

2004a; Neumann et al. 2000; Ström, 1997). These species also replace phospholipids by sulfolipids and/or galactolipids 

during leaf development (Lambers et al. 2012) which, coupled with their ability to function at low levels of ribosomal 

RNA (Sulpice et al. 2014), reduces their leaf demand for P. These species are also extremely efficient at remobilising P 

from senescing leaves (Hayes et al. 2014; Denton et al. 2007), which decreases their long-term requirement for this 

nutrient. More recently, it has been shown that Proteaceae from Australia (Hayes et al. 2018; Shane et al. 2004b) and 

South Africa (Hawkins et al. 2008) preferentially allocate their leaf P to mesophyll cells, in a nutrient-allocation pattern 

that was not previously found in eudicots. This would further increases their P use efficiency, given that this nutrient is 

allocated to cells where it is most needed, rather than to metabolically-inactive epidermal cells. 

The mechanisms related to the efficient use of P in Proteaceae, as well as their link with these species’ distribution, 

have been intensively studied (Lambers et al. 2011). These plants present an exceptional capacity to mobilise/absorb P 

from P-impoverished soils, but they can also be extremely inefficient in down-regulating their P uptake (Campos, 2013; 

Shane et al. 2004a, 2004b). This, associated with a low demand for P in these plants’ leaves may lead to P toxicity even 

at low soil [P] (Shane et al. 2004b; Ozanne & Specht, 1981). Phosphorus toxicity has been suggested as one of the factors 

explaining the exclusion of most Proteaceae from calcareous soils along the Jurien Bay dune chronosequence in south-

western Australia (Zemunik et al. 2015; Hayes et al. 2014). Whilst the soil [P] in these areas is indeed higher than that 

of older, acidic dunes (Turner & Laliberté, 2015; Laliberté et al. 2012), it is unlikely to be high enough to exclude these 

species. Alternatively, Ca-enhanced P toxicity may provide a more compelling explanation for this distribution pattern, 

as elevated [Ca] may affect plant growth (Grundon, 1972) and/or enhance P-uptake rates (Robson et al. 1970; Edwards, 

1968; Hyde, 1966; Leggett et al. 1965). However, the physiological mechanism of Ca-enhanced P toxicity remains largely 

unexplored. One of the main objectives of this thesis was, therefore, to analyse this phenomenon at a physiological and 

molecular level to understand the mechanisms governing this and other aspects of efficient use of P in Proteaceae. 

It has been suggested that Ca-enhanced P toxicity might also be associated with nutrient allocation patterns at the 

cellular level (Hayes et al. 2018). Nutrient compartmentation in plants is a widespread phenomenon, and, despite the 

ubiquitous need for all nutrients in most cells, the concentration of elements can vary widely among different cell types 

(Conn & Gilliham, 2010; Karley et al. 2000a; Leigh, 1997; Wagner, 1982). This is maintained to allow proper cell function, 

and, as proposed recently, to enhance nutrient-use efficiency (Hayes et al. 2018). Phosphorus and Ca, for example, are 

never allocated to the same cellular compartment, as this would lead to the precipitation of Ca-phosphates, rendering 

both unavailable (Conn & Gilliham, 2010; McLaughlin & Wimmer, 1999). The allocation pattern of these nutrients was 

originally described as being phylogenetically-dependent, with eudicots preferentially allocating P to epidermal and Ca 

to mesophyll cells (Conn & Gilliham, 2010; Storey & Leigh, 2004; Treeby et al. 1987; Outlaw et al. 1984). However, P- 
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efficient Proteaceae (Hayes et al. 2018; Hawkins et al. 2008; Shane et al. 2004b) show different P-allocation patterns. 

These species, like monocots (Conn & Gilliham, 2010; Storey & Leigh, 2004; Karley et al. 2000a; Fricke et al. 1994; Leigh 

& Tomos, 1993; Williams et al. 1993), preferentially allocate P to the mesophyll, a strategy that allows a more efficient 

use of P in photosynthesis. However, this means that, unless these plants have alternative Ca-allocation patterns, they 

will be more sensitive to increasing supplies of Ca and P, and, consequently, to Ca-enhanced P toxicity. Understanding 

the nutrient allocation patterns of P-efficient species was also one of the objectives of this thesis, and I evaluated the 

consequences of differential accumulation in multiple species from several families, orders and clades within eudicots. 

In summary, this thesis comprises four experimental chapters. In these, I analysed aspects of highly-efficient P use 

in Proteaceae and beyond. In the following sections, I will highlight the findings of each chapter, their implications and 

future directions. 

 

6.2 Calcium-enhanced phosphorus toxicity in calcifuge and soil-indifferent Proteaceae  

Phosphorus toxicity is a well-documented phenomenon in crops (Ozanne & Specht, 1981; Bhatti & Loneragan, 1970). 

However, unlike P deficiency, the mechanisms underpinning P toxicity remains largely unknown. It has been suggested 

that high leaf [P] may interfere with leaf water relations (Bhatti & Loneragan, 1970) and with the metabolic availability 

of micronutrients, particularly that of Zn (Loneragan & Webb, 1993; Cakmak & Marschner, 1987; Loneragan et al. 1979; 

Boawn & Leggett, 1964) and, to a lesser degree, of iron (Adriano et al. 1971). The suggestion of interference of high P 

supplies with leaf water relations is merely speculative, and no clear mechanism has been proposed. However, there is 

clear evidence for an effect of high [P] on the plant’s Zn nutrition. High P supplies may increase the total leaf [P], and, 

consequently, the inorganic [P] in leaf-tissues (Veneklaas et al. 2012). This leads to an increased interference of Pi with 

Zn, reducing this micronutrient’s cellular availability (Loneragan & Webb, 1993; Cakmak & Marschner, 1987; Loneragan 

et al. 1979; Boawn & Leggett, 1964). This is particularly damaging when plants are growing in Zn-limited environments 

or, alternatively, if they are unable to up-regulate their Zn uptake. Another aspect worth considering is the cell-type to 

which P is preferentially allocated. In most eudicots, the interference between P and Zn likely occurs in the epidermis, 

given the high [P] in these cells (Conn & Gilliham, 2010; Storey & Leigh, 2004; Treeby et al. 1987; Outlaw et al. 1984). 

Phosphorus-efficient Proteaceae, in contrast, allocate P to the mesophyll (Hayes et al. 2018; Hawkins et al. 2008; Shane 

et al. 2004b) and these photosynthetically-active cells have a higher demand for Zn, which means that the interference 

between P and Zn may be more harmful to these plants.  

In the first chapter of this thesis, I analysed the expression of Ca-enhanced P toxicity in calcifuge and soil-indifferent 

Proteaceae, in an attempt to understand these plants’ differential distribution. My hypothesis was that differences in 

these species’ ability to regulate their nutrient uptake is what determines their natural occurrence by means of their 

contrasting sensitivity to Ca-enhanced P toxicity. I surmised that the high P-uptake rates found in calcifuge species, a 

consequence of their low capacity to down-regulate their P uptake system, is what exclude these plants from P-rich, 

calcareous soils by making them more vulnerable to Ca-enhanced P toxicity. In order to test this, I grew four calcifuge 

(Hakea incrassata, H. flabellifolia, Banksia attenuata and B. menziesii) and four soil-indifferent (Hakea prostrata, H. 

trifurcata, Banksia prionotes and B. sessilis) Proteaceae at a range of P and Ca concentration in hydroponic solution to 

analyse their responses to Ca-enhanced P toxicity. I assessed patterns of tissue-nutrient concentrations and biomass 

allocation to identify differences between these plant groups in terms of their nutrient dynamics. 
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In this study, I observed that P-toxicity symptoms were aggravated by high Ca supplies in all analysed Proteaceae, 

providing the first demonstration of Ca-enhanced P toxicity in multiple species. However, there were clear differences 

between calcifuge and soil-indifferent plants. Calcifuge species showed far more severe P-toxicity symptoms than soil-

indifferent ones, like reduced biomass and leaf chlorosis/necrosis. Interestingly, these species shared several traits that 

I identified as being intimately associated with this pronounced sensitivity: low leaf [Zn], low allocation of Zn to leaves, 

low leaf Zn/P and root/shoot ratios, and high seed P content. These results are in line with studies that suggest that P 

toxicity is associated with the plant’s Zn nutrition (Loneragan & Webb, 1993; Cakmak & Marschner, 1987; Loneragan et 

al. 1979; Boawn & Leggett, 1964). The low leaf [Zn] of these plants may be partially explained by the low allocation of 

Zn to leaves and their low root/shoot ratios, but it might also be a consequence of these plants’ limited ability to up-

regulate this nutrient uptake. Phosphorus-efficient Proteaceae function at low protein levels, in a strategy that reduces 

their P requirement (Sulpice et al. 2014). The lower leaf [Zn] in calcifuge species is likely a consequence of this, given 

that Zn is a structural component and cofactor to many proteins (Caldelas & Weiss, 2017; Broadley et al. 2012, 2007; 

Robson, 1993). However, this also means that less P is needed to immobilise the cellular Zn of these plants, resulting in 

a higher sensitivity to increasing leaf [P]. In addition, the high seed P content of these species is associated with the 

delayed formation of cluster roots that are essential for the absorption of Zn and other micronutrients, particularly in 

the early stages of plant development. 

Contrary to what I hypothesised, calcifuge and soil-indifferent Proteaceae did not show major differences in terms 

of their leaf [P], indicating that these plants had similar P-uptake rates. In fact, the contrasting sensitivity to P toxicity in 

these groups was associated with differences in leaf [Zn]. Interestingly, this suggests that the current explanation for 

Ca-enhanced P toxicity may not pertain to Proteaceae. It has been suggested that high Ca supplies might inhibit plant 

growth (Grundon, 1972) or increase P-uptake rates (Robson et al. 1970; Edwards, 1968; Hyde, 1966; Leggett et al. 1965), 

leading to high leaf [P] and earlier development of P toxicity. However, in spite of the fact that Ca enhanced P-toxicity 

symptoms in all Proteaceae, it did not affect the total leaf [P] of these plants. It is possible that, whilst the total leaf [P] 

was unaltered, the [P] in some cell-types did change. Preliminary results on P-allocation patterns of Proteaceae under 

different Ca supplies suggest that high [Ca] may induce a shift in leaf P towards mesophyll cells (P. E. Hayes, personal 

communication). This would increase the probability of the deleterious interaction between P and Zn in metabolically-

active cells, resulting in the aggravated P-toxicity symptoms.  

In summary, I propose that the phenomenon of Ca-enhanced P toxicity in Proteaceae is mainly due to cell-specific 

interactions of Ca and P, resulting in higher leaf mesophyll [P] under increasing Ca supplies, thus interfering with the 

physiological [Zn]. This mechanism, along with contrasting characteristics of calcifuge and soil-indifferent Proteaceae in 

terms of their leaf [Zn], is what explains their differential distribution along the Jurien Bay chronosequence in south-

western Australia (Zemunik et al. 2015; Hayes et al. 2014).  

 

6.3 Physiological aspects of calcium-enhanced phosphorus toxicity in Proteaceae species 

Low P supplies affect photosynthesis primarily through limitations in leaf growth (Hawkesford et al. 2011). However 

severely limiting P supplies may also interfere with the carbon-assimilation process through reductions in total leaf [P] 

(Veneklaas et al. 2012). A steady input of P to photosynthetically-active cells is required not only for the export of triose-

P to the cytosol, but also to maintain ATP synthesis, allowing the reduction of phosphoglycerate and the regeneration 
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of ribulose 1,5-bisphosphate (Ellsworth et al. 2015; Brooks et al. 1988; Giersch & Robinson, 1987; Mächler & Nösberger, 

1984). Phosphorus is also required for the synthesis of intermediates of the Calvin-Benson cycle (Dietz & Foyer, 1986; 

Foyer & Spencer, 1986), and this explains a relationship between leaf [P] and photosynthetic rates. However, very few 

studies focused on this relationship at toxic P levels. In addition, there is evidence suggesting that this relationship may 

also depend on Ca supply, which can impact the activity of key enzymes of the Calvin cycle (fructose bisphosphatase 

and sedoheptulose bisphosphatase; Portis & Heldt, 1976), and stomatal functioning (De Silva et al. 1985). Still, thus far 

no studies have examined the interaction between these nutrients at the physiological level. 

In the second chapter of the thesis, I studied the physiological responses of calcifuge and soil-indifferent Proteaceae 

to varying P and Ca supplies in order to understand the underlying mechanisms explaining their contrasting sensitivity 

to Ca-enhanced P toxicity. I hypothesised that photosynthetic responses to different P and Ca supplies would depend 

on both plant genus and distribution type. Second, I hypothesised that soil-indifferent species would be less sensitive 

to Ca-enhanced P toxicity than calcifuges, with their carbon metabolism being either unaffected by high P/Ca supplies 

or only affected at much higher concentrations. Finally, I hypothesised that P-toxicity symptoms would, in conjunction 

with photosynthetic responses, provide clues for how these nutrients interact in leaves, allowing me to propose a clear 

mechanism for Ca-enhanced P toxicity effects on physiological processes. In order to test these hypotheses, I grew four 

calcifuge (H. incrassata, H. flabellifolia, B. attenuata and B. menziesii) and two soil-indifferent (H. prostrata and B. 

prionotes) Proteaceae species at a range of P and Ca concentration in hydroponic solution to analyse their responses to 

Ca-enhanced P toxicity. I assessed patterns of photosynthetic carbon-assimilation rates, stomatal functioning, internal 

CO2 concentrations and chlorophyll fluorescence to identify physiological differences between these groups. 

In this study, I observed that the P toxicity threshold for Proteaceae was higher than anticipated, and also strongly 

dependent on the plants’ Ca supply. The growth and photosynthesis of all analysed species increased with the higher P 

supply, except those of calcifuge Hakeas. This positive effect of additional P, however, disappeared with increasing Ca 

supplies and the main difference between calcifuge and soil-indifferent species was the Ca level at which this negative 

interaction started. In soil-indifferent species, plant growth was significantly reduced only at extremely high Ca supply 

(6 mM). Interestingly, the photosynthetic rates of the soil-indifferent Hakea declined at 0.6 mM Ca, whilst that of the 

soil-indifferent Banksia was completely unaffected by the [Ca]. In contrast, calcifuge species were far more sensitive to 

this nutrient interaction. The positive effect of increased [P] in growth and photosynthetic rates of calcifuge Banksias 

disappeared at 0.6 mM Ca. In calcifuge Hakeas, increasing Ca supply also affected these species’ response to high [P], 

with reductions in growth showing at 0.6 mM Ca, whilst the decline in photosynthesis was seen even at 0.1 mM Ca, a 

relatively low [Ca]. Not surprisingly, these plants showed the most severe Ca-enhanced P toxicity symptoms. In these 

species, there was a decrease in chlorophyll fluorescence when Ca was made available under high P supplies, which I 

surmised to be a consequence of the deleterious precipitation of Ca-phosphates in mesophyll layers. This is thought to 

have caused the extensive leaf necrosis observed in calcifuge Hakea. Differences in photosynthetic rates and stomatal 

conductance were not coupled, suggesting that increasing P and Ca supplies affected these parameters differently. 

By dissecting the physiological responses of Proteaceae by distribution type and plant genus, I was able to develop 

a more definitive model for explaining their contrasting sensitivity to Ca-enhanced P toxicity. In Hakeas, this difference 

was attributed to the calcifuge species’ low ability to down-regulate their P-uptake which led to higher leaf [P]. High [P] 

interferes with leaf Zn availability, leading to Zn-deficiency symptoms (leaf chlorosis). In extreme cases, the interaction 
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between P and Ca might also have led to precipitation of Ca phosphates, causing cellular damage and leaf necrosis. In 

Banksias, in contrast, there were no differences in leaf [P] between calcifuge and soil-indifferent species. The leaf [Zn], 

however, differed between these groups. Calcifuge species showed lower leaf [Zn], likely due to a reduced Zn-uptake 

capacity or lower allocation of Zn to leaves. Consequently, these plants were unable to compensate for the P-enhanced 

Zn requirement, particularly when high Ca supplies enhanced P-toxicity symptoms.  

In summary, I propose that differences between calcifuge and soil-indifferent Proteaceae in the way they respond 

to high P and Ca supplies are intimately associated with their ability to regulate nutrient uptake, particularly that of P 

and Zn. These results not only improve our basic understanding of how Proteaceae function at different soil conditions, 

but also suggest that these species' distribution is strongly determined by Ca-enhanced P toxicity. 

 

6.4 Molecular mechanisms governing nutrient uptake and allocation in Hakea prostrata 

Proteaceae from severely P-impoverished environments preferentially allocate P to mesophyll and Ca to epidermal 

cells (Hayes et al. 2018; Lambers et al. 2011; Hawkins et al. 2008; Shane et al. 2004b). This nutrient-allocation pattern 

is associated with high photosynthetic P-use efficiency (PPUE; Guilherme Pereira et al. 2018; Hayes et al. 2018) under 

P-limiting conditions, as preferential allocation of P to photosynthetically-active tissues, rather than to epidermal cells, 

increases this nutrient availability for carbon metabolism (Tsujii et al. 2017, Leigh & Tomos, 1993). Large amounts of P 

are required in the mesophyll to sustain synthesis of proteins and phosphorylated intermediates of the photosynthetic 

metabolism, as well as for the synthesis of phospholipids and the export of triose-P from chloroplasts (Veneklaas et al. 

2012; Flügge & Heldt, 1991). The allocation of P to mesophyll cells allows plants to increase the [P] in photosynthetic 

tissues maintaining the same total leaf [P] (Guilherme Pereira et al. 2018). Whilst this P-accumulation pattern has been 

observed in several Proteaceae from Australia (Hayes et al. 2018; Shane et al. 2004b) and South-Africa (Hawkins et al. 

2008), the molecular mechanisms underpinning the P allocation to distinct cell types remain unknown. 

It has been proposed that nutrient-accumulation patterns are determined by the transport pathway elements follow 

through leaves (Conn & Gilliham, 2010; Karley et al. 2000a, 2000b). In commelinoid monocots, P moves symplastically 

and accumulates in the mesophyll, whilst Ca moves apoplastically through vein extensions, which connect the vascular 

tissue to epidermal cells, where it accumulates (Gilliham et al. 2011; Karley et al. 2000a, 2000b; Leigh & Tomos, 1993; 

Williams et al. 1993; Canny, 1991, 1990). In eudicots, there is no shortcut between vessel and epidermis, and Ca must 

pass thought the mesophyll before it arrives in the epidermal layers (Karley et al. 2000a). This, along with the idea that 

Ca was thought to be preferentially allocated to mesophyll cells of eudicots, strengthened the idea that cell-specific 

allocation patterns were determined by localised supply of solutes (Conn & Gilliham, 2010; Karley et al. 2000a, 2000b; 

Leigh & Storey, 1993; Williams et al. 1993; Dietz et al. 1992). However, this idea is inconsistent in terms of P-allocation 

patterns in eudicots: if this nutrient moves symplastically through leaves, why does it not accumulate in the mesophyll? 

In addition, studies in which leaves of eudicots were fed high levels of strontium (Sr), a tracer for Ca, showed that this 

ion accumulates in the apoplast surrounding all cells, but not equally in the vacuoles of these cells, suggesting that only 

a few are capable of taking up Ca (Storey & Leigh, 2004). It has also been shown recently that species within the same 

family and with identical leaf anatomy might present different nutrient-allocation patterns (Guilherme Pereira et al. 

2018). This tipped the scales towards an alternative view of what determines elemental distribution in leaves, and it is 
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generally accepted that transport characteristics of the plasma membrane govern nutrient allocation in plants (Conn & 

Gilliham, 2010). 

In chapter 4, my objective was to analyse the molecular mechanism governing leaf cell-specific P and Ca-allocation 

patterns in Hakea prostrata, as well as the mechanisms associated with the absorption of these nutrients in the roots.  

More specifically, the goals were to: 1.) identify all P and Ca channel, transporter, and antiporter genes in H. prostrata; 

2.) determine their expression levels across different leaf cell types, in an attempt to identify the genes responsible for 

differential nutrient accumulation; and 3.) analyse their expression in roots of H. prostrata in an attempt to understand 

the mechanisms underpinning P- and Ca-uptake dynamics. In order to do these, I investigated an in-house H. prostrata 

transcriptome dataset (R. Jost, Australia, unpubl.) for Arabidopsis homologs encoding P and Ca channels, transporters 

and antiporters. I then grew plants of this species under varying P and Ca supplies to analyse the expression of these 

genes in different leaf cell types using laser-capture microdissections and single-cell RNA sequencing. Finally, I analysed 

gene-expression patterns of H. prostrata roots under varying Ca supplies to analyse aspects related to this species’ 

nutrient-uptake dynamics. 

In this study, I found 21 A. thaliana homologous genes encoding P and Ca channels, transporters and antiporters in 

H. prostrata. In summary, 4 P-type IIB Ca2+ transporting ATPase (ACA), 3 annexin (ANN), 2 cation antiporter (CAX), 7 

cyclic nucleotide-gated cation channel (CNGC), 2 P-type IIA Ca2+ transporting ATPase (ECA), 2 glutamate-gated channel 

(GLR), and 1 two-pore Ca2+ channel (TPC) transcripts were retrieved from the H. prostrata transcriptome. Whilst I was 

able to identify these genes, it was not possible to analyse their differential expression in leaf tissues and roots of this 

species under varying P and Ca supplies due to difficulties in obtaining sufficient, high-quality RNA from these tissues 

and organs. In the leaf tissue RNA isolation, there were problems associated with both the fixing process and the laser-

capture microdissection. The Paraplast, whilst ideal for maintaining the leaf-ultrastructure, leads to problems in terms 

of RNA preservation: the process is longer and the samples are more exposed to RNAse sources. However, cryo-fixing 

was not a viable alternative because the samples did not hold enough structural integrity to allow for sustained rounds 

of microdissection and proper cell type identification. In terms of the laser-capture microdissection (LCM), the process 

in itself requires a substantial amount of time, during which the tissue [RNA] decreases, creating a trade-off: the more 

cells obtained, the less they contribute to the final RNA yield. However, an extremely large number of cells are needed 

to account for the low total leaf [mRNA] of this species. In the root RNA sequencing, we were able to produce libraries 

from plants under different Ca conditions, but the RNAseq data indicated problems with the RNA samples: there were 

very few expressed genes, with most of them being from plastid, mitochondrial and ribosomal sources. The few mRNA 

sequences showed highly inconsistent expression levels, and we surmise that this was due to the effect of low extract 

[RNA] in the integrity of the RNAseq datasets. High levels of polysaccharides, phenolics and secondary compounds, as 

well as intrinsically low [RNA] in roots of H. prostrata, were likely the main reasons for this low extract [RNA]. 

In summary, whilst I was able to identify different homologs of Arabidopsis genes encoding channels, transporters 

and antiporters across the H. prostrata transcriptome, it was not possible to analyse their expression levels in leaf cells 

and roots of this species. The reasons for this were species-specific and methodological, and they were all discussed in 

this chapter. It is recommend that those planning to work with single-cell RNAseq, particularly in species with low tissue 

[RNA], use this chapter as a guideline, as it may help them to avoid the pitfalls of the technique. 
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6.5 Nutrient-allocation patterns and their link with phosphorus-use efficiency 

Nutrient compartmentation is common in plants, allowing them to cope with elements acquired in excess of their 

immediate needs and to increase efficient use of the growth-limiting ones (Conn & Gilliham, 2010; Hayes et al. 2018). 

Different plant groups were thought to present distinct nutrient-allocation patterns: monocots preferentially allocate P 

to mesophyll and Ca to epidermal cells (Conn & Gilliham, 2010; Storey & Leigh, 2004; Karley et al. 2000a; Fricke et al. 

1994; Leigh & Tomos, 1993; Williams et al. 1993), whilst the opposite was thought to occur in eudicots (Conn & Gilliham, 

2010; Storey & Leigh, 2004; Treeby et al. 1987; Outlaw et al. 1984). However, Proteaceae from P-impoverished habitats 

in Australia (Hayes et al. 2018; Shane et al. 2004) and South Africa (Hawkins et al. 2008) allocate P to their mesophyll 

cells, in a pattern that differs sharply from that of other eudicots, and, interestingly, from Proteaceae inhabiting P-rich 

environments (Hayes et al. 2018). Therefore, this P-allocation pattern is likely a strategy contributing to efficient use of 

P in Proteaceae. This raises the question whether preferential allocation of P to the mesophyll has evolved in eudicots 

exclusively in some Proteaceae or, alternatively, if it evolved multiple times in other plant taxa that naturally occur in 

severely P-impoverished environments.  

In chapter 5, I analysed the P-allocation patterns of 16 species from eight families and six orders within three major 

clades of eudicots to understand the nutrient-allocation patterns within these taxa, as well as their possible links with 

soil-nutrient availability. I assessed the P-allocation patterns of species that naturally occur on sites with contrasting soil 

total P concentration and P availability, and assessed how common preferential allocation of P to the mesophyll was at 

each site. In addition, I determined whether P-allocation patterns were affected by the cellular concentrations of Ca and 

aluminium (Al), an abundant element in the cerrado soils of Brazil (Goodland, 1971). I also analysed P-allocation patterns 

within the same species occurring on contrasting sites, to determine if these patterns are species-specific (constitutive) 

or phenotypically plastic. My hypothesis was that, unlike the prevailing model for nutrient compartmentation in leaves 

of eudicots (Conn & Gilliham, 2010; Storey & Leigh, 2004; Treeby et al. 1987; Outlaw et al. 1984), P-allocation patterns 

would be intimately associated with this nutrient availability in the species’ natural habitat. I also hypothesised that P-

allocation patterns would be fixed for a certain species, rather than depend on the environment in which it occurs. 

In this study, I found that most of the analysed species showed P-allocation patterns that differed fundamentally 

from that expected for eudicots (Conn & Gilliham, 2010; Storey & Leigh, 2004; Treeby et al. 1987; Outlaw et al. 1984), 

preferentially allocating P to mesophyll layers. These P-allocation patterns, as expected, were strongly associated with 

the soil [P] in the natural habitat of the species, providing evidence that the evolution of P-allocation patterns at the 

cellular level is driven by P availability, rather than phylogeny. In severely P-impoverished soils of the Jurien Bay dune 

chronosequence in south-western Australia, all species showed preferential allocation of P to the mesophyll, the only 

exception being a species that grows on older dunes only after disturbance (Pate et al. 1985). Similarly, most species 

from the cerrado in Brazil, where the total soil [P] is relatively high, but available [P] is low (Vourlitis et al. 2015; Viani et 

al. 2011), also preferentially allocated P to mesophyll layers. In contrast, most species naturally occurring on P-richer, 

Quindalup dunes preferentially allocated P to the epidermis and the few that allocated this nutrient to the mesophyll 

also occur on P-impoverished Spearwood dunes. Interestingly, when analysing P-allocation patterns within the same 

species across areas with contrasting soil P availability, I found that whilst the [P] in certain cell-types differed, the P-

allocation patterns did not, indicating that this is a constitutive trait.  
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The mechanisms for preferential allocation of nutrient in leaves are not entirely understood (Conn & Gilliham, 2010). 

I surmise that preferential allocation of P to mesophyll cells is a mechanism to maximise this nutrient`s availability to 

photosynthetic carbon metabolism. This would be important in severely P-impoverished environments, given that large 

amounts of P are required in the mesophyll to sustain synthesis of photosynthetic proteins and intermediates of the 

carbon metabolism, as well as for the export of triose-P to the cytosol (Veneklaas et al. 2012; Flügge & Heldt, 1991). 

Remarkably, the total leaf [P] was similar for species that preferentially allocated P to the mesophyll and those that did 

not, but the [P] in specific cells would have been different because of the preferential allocation pattern. These species 

also show equivalent area-based, mass-based and P-based photosynthetic rates, which indicates that the preferential 

allocation of P to the mesophyll is not the dominant factor defining these species’ PPUE. Plants that naturally occur in 

severely P-impoverished soils show multiple strategies to cope with low soil P availability, and the combination of all of 

these strategies is pivotal to achieve the extremely high PPUE of some Proteaceae (Lambers et al. 2015, 2014). Whilst 

the preferential allocation of P to mesophyll cells may not be solely responsible for a species’ high PPUE, it is likely a 

significant component of it.  

I assessed the implication of soil P concentration and phylogenetic constraints for P compartmentation in eudicots, 

showing that P allocation to different cell types differed depending on the soil-P availability in the area where species 

evolved, and that there was no phylogenetic pattern in P allocation within eudicots. I surmise that preferential allocation 

of P to mesophyll cells is a trait that evolved multiple times in response to severe P limitation, which is at variance with 

the prevailing model that eudicots exhibit a single P-allocation pattern (Conn & Gilliham, 2010).  

 

6.6 Conclusions 

In this thesis, I analysed several aspects of highly-efficient use of P in Proteaceae and beyond, with a special focus 

on the implications of P-efficient mechanisms on species distribution. In chapters 2-4, my objective was to understand 

the extremely high P-use efficiency of Proteaceae in P-impoverished areas across the Jurien Bay dune chronosequence 

in south-western Australia (Turner & Laliberté, 2015; Laliberté et al. 2012) and its link with P sensitivity. In chapter 2, I 

tested the hypothesis that the exclusion of most Proteaceae from P-rich, calcareous dunes is a consequence of these 

species’ limited ability to down-regulate their P-uptake (Shane et al. 2008, 2004a, 2004b), leading to P toxicity. I also 

examined how increasing Ca supplies affect the way different Proteaceae respond to high [P]. In chapter 3, I examined 

the physiological responses of calcifuge and soil-indifferent Proteaceae to varying P and Ca supplies in an attempt to 

understand the mechanism explaining their contrasting sensitivity to Ca-enhanced P toxicity, and in chapter 4, I aimed 

to investigate the molecular mechanisms governing their nutrient allocation and uptake characteristics. In summary, I 

found that high sensitivity to Ca-enhanced P toxicity is one of the key factors explaining the distribution of calcifuge 

Proteaceae, and I surmise that this phenomenon is due to the leaf cell-specific interactions of P and Ca, resulting in 

higher mesophyll [P] under increasing Ca supply, thus interfering with the physiological [Zn]. 

In chapter 5, I conducted the first extensive survey to analyse patterns of P compartmentation across different taxa, 

presenting data on 16 species from 10 genera, five families, four orders and three of the major clades within eudicots, 

from ecologically-diverse backgrounds. My objective was to determine if the nutrient allocation pattern of Proteaceae, 

which has been suggested as a strategy to increase P-use efficiency, is a trait, exclusive to P-efficient Proteaceae, or a 

trait that evolved multiple times in different taxa. In this chapter, I showed that P-allocation patterns are intimately 
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associated with the [P] in the environment where species evolved, and, like in P-efficient Proteaceae, the preferential 

allocation of P to mesophyll cells may help explain why some species maintain high PPUE at low soil P availability and 

low leaf [P]. In addition, I assessed the implication that interfering elements, such as Ca or Al, may have for P-allocation 

patterns, and how plants have evolved strategies to cope with such interactions. 

My thesis provides pivotal insight into strategies allowing efficient use of P in Proteaceae and beyond, particularly 

those associated with P-allocation patterns at the leaf-tissue level. This is the first time nutrient-allocation patterns have 

been considered in studies on plant physiology and the results suggest that these are highly relevant traits in explaining 

the functioning of species and their natural distribution. My research also highlights the impact of P- and Ca-allocation 

characteristics on the phenomenon of Ca-enhanced P toxicity, which will be valuable for the improvement of current 

management practices involving Proteaceae and other P-sensitive species. 
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