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Summary 30 

 Plants allocate nutrients to specific leaf cell types, with commelinoid monocots preferentially allocating 31 

phosphorus (P) to the mesophyll and calcium (Ca) to the epidermis, while the opposite is thought to occur 32 

in eudicots. However, Proteaceae from severely P-impoverished habitats present the same P-allocation 33 

pattern as monocots. This raises the question whether preferential P allocation to mesophyll cells is a 34 

phylogenetically-conserved trait, exclusive to commelinoid monocots and a few Proteaceae, or a trait that 35 

has evolved multiple times to allow plants to cope with very low soil P availability.  36 

 We analysed the P-allocation patterns of 16 species from 10 genera, eight families and six orders within 37 

three major clades of eudicots across different P-impoverished environments in Australia and Brazil using 38 

elemental X-ray mapping to quantitatively determine leaf cell-specific nutrient concentrations. 39 

 Many of the analysed species showed P-allocation patterns that differed substantially from that expected 40 

for eudicots. Instead, P-allocation patterns were strongly associated with the P availability in the natural 41 

habitat of the species, suggesting a convergent evolution of P-allocation patterns at the cellular level, with 42 

P limitation as selective pressure and without a consistent P-allocation pattern within eudicots. 43 

 Here, we show that most eudicots from severely P-impoverished environments preferentially allocated P 44 

to their mesophyll. We surmise that this preferential P allocation to photosynthetically-active cells might 45 

contribute to the very high photosynthetic P-use efficiency of species adapted to P-impoverished habitats. 46 

 47 
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Introduction 70 

Soils in south-western Australia are amongst the most phosphorus- (P) impoverished in the world (Lambers 71 

et al., 2010; Viscarra Rossel & Bui, 2016; Zemunik et al., 2015), and Proteaceae species occupy the most severely 72 

P-impoverished locations within this environment (Lambers et al., 2010). These Proteaceae exhibit exceptionally 73 

high photosynthetic P-use efficiency (PPUE; Denton et al., 2007; Lambers et al., 2014). This is accounted for by 74 

replacement of phospholipids by lipids that do not contain P during leaf development (Lambers et al., 2012) and 75 

by low levels of ribosomal RNA (Sulpice et al., 2014), the largest organic P fraction in leaves (Veneklaas et al., 76 

2012). There is also evidence that they preferentially allocate P to photosynthetically-active mesophyll cells 77 

(Lambers et al., 2015a; Lambers et al., 2015b; Shane et al., 2004), rather than to epidermal cells, as is common 78 

in many eudicots (Conn & Gilliham, 2010; Outlaw et al., 1984; Storey & Leigh, 2004; Treeby et al., 1987). 79 

The leaf cellular localisation of calcium (Ca) has been studied extensively (Hirschi, 2004; McAinsh & Pittman, 80 

2009; White & Broadley, 2003). That of P, however, has not received much attention, being often investigated 81 

only as part of studies on Ca. Phosphorus and Ca are never co-localised in high concentrations (Conn & Gilliham, 82 

2010; Fricke et al., 1994; Karley et al., 2000a; Leigh & Tomos, 1993; McLaughlin & Wimmer, 1999; Outlaw et al., 83 

1984; Storey & Leigh, 2004; Treeby et al., 1987; Williams et al., 1993), in a strategy that appears to avoid the 84 

precipitation of calcium phosphate, which would render both nutrients unavailable (Conn & Gilliham, 2010; 85 

McLaughlin & Wimmer, 1999). Both eudicots and commelinoid monocots show this explicit separation of P and 86 

Ca, but the compartmentation patterns differ between these taxa (Conn & Gilliham, 2010; Fricke et al., 1994; 87 

Karley et al., 2000a; Leigh & Tomos, 1993; McLaughlin & Wimmer, 1999; Outlaw et al., 1984; Storey & Leigh, 88 

2004; Treeby et al., 1987; Williams et al., 1993). In eudicots, P is considered to be preferentially allocated to the 89 

epidermis and Ca to the mesophyll (Conn & Gilliham, 2010; Outlaw et al., 1984; Storey & Leigh, 2004; Treeby et 90 

al., 1987), but with little verification whether the studied species are representative, hence triggering this study. 91 

However, Hakea prostrata (Shane et al., 2004) and other Proteaceae from severely P-impoverished habitats, 92 

unlike what is expected for eudicots, preferentially allocate P to mesophyll layers (Hayes et al. 2018). This may, 93 

at least partly, explain these species’ high PPUE (Lambers et al., 2010; Sulpice et al., 2014). 94 

Preferential allocation of P to mesophyll cells has evolved only in Proteaceae from severely P-impoverished 95 

habitats and not in species in the same family that naturally occur on soils that contain more P, albeit poorly 96 

available (Hawkins et al., 2008; Lambers et al., 2015a; Hayes et al., 2018). Therefore, this P-allocation pattern is 97 

likely another strategy contributing to efficient P use. This raises the question whether preferential allocation of 98 

P to the mesophyll has evolved exclusively in some Proteaceae or if it evolved multiple times in species that 99 

naturally occur in severely P-impoverished environments. To address this question, we determined the P-100 

allocation patterns of 16 species from eight families and six orders within three major clades of eudicots. We 101 

assessed if the preferential allocation of P to mesophyll cells is predominantly a phylogenetically-based trait, 102 

exclusive to commelinoid monocots and some Proteaceae or, alternatively, a trait that evolved multiple times 103 

in different plant groups as a response to severely P-impoverished soils. To address this question of putative 104 

convergent evolution, we targeted species that naturally occur on sites with contrasting soil P availability, and 105 

assessed how common preferential P allocation to the mesophyll was at each site. In addition, we analysed if 106 

the P-allocation patterns were affected by the cellular concentrations of Ca and/or other elements that might 107 
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interfere with the P availability such as aluminium (Al), an abundantly available element in the cerrado soils of 108 

Brazil (Goodland, 1971). Finally, we analysed the P-allocation patterns within the same species occurring on 109 

contrasting sites, to determine if the patterns were species-specific (or constitutive), rather than phenotypically 110 

plastic. 111 

 112 

Material and Methods 113 

Study Areas 114 

The study sites in Australia (Quindalup young, Quindalup old, and Spearwood West) covered a considerable 115 

range of soil [P] (22 to 350 and 1.07 to 1.42 mg P kg-1 soil for total and resin-extractable soil [P], respectively). 116 

These sites were all located near Jurien Bay, Western Australia, approximately 200 km north of Perth. Soil 117 

conditions within these areas varied from where plant productivity is more P-limited (Spearwood West; SW), to 118 

nitrogen (N) and P co-limited (Quindalup old; QO), and N-limited (Quindalup young; QY; Laliberté et al., 2012). 119 

The SW dunes were formed in the middle to late Pleistocene (>120 ka ago; Kendrick et al., 1991; Laliberté et al., 120 

2012), being extremely P-impoverished with no detectable carbonate (Bastian, 1996; Tapsell et al., 2003; Turner 121 

& Laliberté, 2015). In contrast, the Quindalup dunes are associated with Holocene transgressions (<7 ka ago; 122 

Laliberté et al., 2012; McArthur et al., 1991), and have high total P and average to high carbonate concentrations 123 

(25-82 %; Laliberté et al., 2012; McArthur et al., 1991; Turner & Laliberté, 2015). The total soil P and carbonate 124 

concentration of the QY dunes are significantly higher than those of the QO dunes (Laliberté et al., 2012; Turner 125 

& Laliberté, 2015). The three sampling areas were located within <20 km from each other and individual samples 126 

were taken from a single site (<100 m apart) at each of the study areas (QY, QO and SW). 127 

The study site in Brazil (Serra do Cipó) was located in the Serra do Cipó National Park, approximately 100 km 128 

north of Belo Horizonte, Minas Gerais, south-eastern Brazil. This area shows an intermediate level of total soil 129 

[P] (133 mg P kg-1 soil; Table 1), but this P is largely unavailable to plants because of its strong sorption to iron 130 

and aluminium (hydr)oxides and/or clay (Furley & Ratter, 1988; Table 1). In addition, these soils are acidic with 131 

low cation exchange capacities and high levels of aluminium (Furley & Ratter, 1988). Samples were collected 132 

from two sites, located within <500 m of each other and with similar soil characteristics and vegetation patterns. 133 

 134 

Species Selection 135 

The species were selected based on their dominance and relative importance in the study areas and because, 136 

together, they effectively cover a broad range of the eudicots phylogeny. Each study area contained a different 137 

set of species (Table S1). In Australia, eight species were selected: Acacia rostellifera; Anthocercis littorea; 138 

Labichea cassioides; Melaleuca systena; Myoporum insulare; Olearia axillaris; Spyridium globulosum and 139 

Templetonia retusa. In Brazil, eight species were selected: Eremanthus glomerulathus; Hymeneae stigonocarpa; 140 

Miconia albicans; Moquiniastrum oligocephalum; Qualea grandiflora; Qualea parviflora; Vochysia pygmaea and 141 

Vochysia thyrsoidea. The phylogenetic relationships among the analysed species, as extracted from the time-142 

calibrated maximum-likelihood estimated molecular phylogeny of >31.500 plants species, with soft polytomies 143 

resolved with data from APG III (Zanne et al., 2014; The Angiosperm Phylogeny Group, 2009), are illustrated in 144 

Fig. 1. The detailed taxonomic classification of each species is presented in Table S1. 145 
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 146 

Bulk Leaf Sampling and Mineral Nutrient Analysis 147 

Samples were collected in November, 2014 (Brazil) and April, 2016 (Australia). Between 3-6 healthy, fully-148 

mature individual plants were selected for each species in each of the study areas. From each individual plant, 149 

only mature, expanded, undamaged, and sun-exposed leaves were sampled. In total, 60 samples were collected 150 

for bulk-leaf nutrient analyses. The material was then oven dried at 60°C for 72 hours, before being ground using 151 

a ball-mill grinder. The samples were acid-digested using concentrated HNO3:HClO4 (3:1) and the concentration 152 

of P was determined colourimetrically using the malachite green method (Motomizu et al., 1983). Total leaf [P] 153 

was expressed on a dry-mass basis. 154 

 155 

Leaf Sampling for Cellular Element Analysis 156 

Samples destined for cellular element analysis were collected from the same plants and at the same time as 157 

the samples for bulk nutrient analysis. From each individual plant, only mature, expanded, undamaged, and sun-158 

exposed leaves were sampled. Upon removal of the leaf, small sections (≈3x3 mm) were cut from either side of 159 

mid-way along the leaf mid-rib, avoiding secondary veins. The sections were then positioned into aluminium 160 

pins using optimal cutting temperature compound (OCT) and immediately plunged into liquid N. Between 3-5 161 

samples were collected from 1-2 leaves, for each of the 60 individual plants. The samples were transported to 162 

the University of Western Australia in a dry-shipper at -195°C and stored in liquid N until required. This ensured 163 

that all the samples were collected fresh and, once frozen, were kept under cryo-conditions throughout the 164 

entire analysis.  165 

 166 

X-Ray Microanalysis 167 

Transverse regions of frozen-hydrated leaf samples were obtained from the samples that were rapid frozen 168 

on pins by sequential cryoplaning of a flat surface with glass and diamond knives at -120°C in a cryomicrotome 169 

(Leica EM FC6 cryochamber integrated with the Leica Ultracut EM UC6 microtome). These samples were then 170 

mounted on a custom-made substage, transferred under a liquid N-filled environment to a cryopreparation 171 

system (Leica MED020) and sputter-coated with 50 nm of chromium, without sublimation. The samples were 172 

then transferred under vacuum to a field emission scanning electron microscope (Zeiss Supra FESEM) fitted with 173 

a transfer system and cryostage (Leica VCT100), as well as an X-Max80 SDD X-Ray detector interfaced to 174 

AZtecEnergy software (Oxford Instruments). This preparation method and analytical system are highly suitable 175 

for the elemental analysis and quantification of biological samples (Marshall, 2017; McCully et al., 2010). 176 

All samples were analysed at -150°C, 15 kV, and 2 nA beam current, in high-current mode. Prior to each map 177 

acquisition, the instrument was calibrated and the beam current measured and recorded using a pure copper 178 

standard. Elemental maps were acquired at 512 pixel resolution, for >3000 frames with a dwell time of 10 μs 179 

per pixel. Drift correction and pulse-pile up correction were activated. The AZtecEnergy software was used to 180 

extract the quantitative concentration data from the regions of interest (ROIs, i.e. individual cells) by drawing on 181 

the element maps, with each individual spectrum from each pixel within the ROI summed and processed to yield 182 
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element concentration data. The summed spectra from each ROI were quantified using the AZtec XPP model for 183 

matrix corrections and standard files included in the software package. 184 

The ROIs selected from the maps represented several different tissues and cell types. Different cells were 185 

readily identified and classified, based on the leaf anatomy, general appearance, and particular element levels 186 

across several elemental maps (particularly oxygen, given that the leaf anatomy was most easily distinguishable 187 

in those maps). The following cell types and tissues were confidently identified and analysed: upper and lower 188 

epidermis (UE and LE, respectively), hypodermis (H), palisade mesophyll (PM), spongy mesophyll (SM), inner 189 

parenchyma (IP), and sclerenchyma (SC). The epidermal layers of isobilateral species were analysed as a single 190 

cell type, being presented as epidermis (E). For cell types in which multiple layers displayed similar nutrient 191 

concentrations, the data were presented collectively, e.g. PM in M. insulare (Fig. 2a and S1). Distinctly different 192 

layers within a single cell type were reported as such, e.g., PM 1 and PM 2 in O. axillaris represent the first and 193 

second layers of palisade mesophyll, respectively, with these two layers showing significantly different 194 

concentrations of elements, including P and Ca (Fig. 2a). In addition, in some species cell data were sub-divided 195 

based on the accumulation of a particular nutrient. This was done when individual cells scattered throughout a 196 

tissue layer showed discrete differences, e.g., the palisade mesophyll in L. cassioides, where certain cells (PM/Ca) 197 

had a Ca concentration 14.5-fold greater than that of other cells (PM), a pattern that was discernible in the 198 

elemental maps (Fig. 2b and S1). Calcium and Al-accumulating cells were identified with the suffix ‘Ca’ and ‘Al’, 199 

respectively. In total, 7704 cells were analysed in the study, with >14 cells analysed for each cell type, across 1-200 

3 elemental map(s) per plant, and 3-6 individual plants per species (Tables S2-S3). The concentration of elements 201 

in each leaf cell type is reported on a wet mass basis. 202 

Regarding the P-allocation patterns, we only considered that the P concentration in the mesophyll was higher 203 

than that in the epidermis for a certain species when all the mesophyll layers (not only considering those with 204 

particular allocation characteristics and/or storage roles such as PM/Ca in L. cassioides and SM/Al in Q. 205 

parviflora) had significantly higher P concentration than all the epidermal layers.  206 

Use of X-Ray microanalysis to acquire cellular element data from frozen-hydrated samples has several 207 

advantages. By sampling directly in the field and plunge-freezing samples immediately in liquid N, loss and/or 208 

movement of elements is avoided. Maintaining samples permanently in a frozen, fully-hydrated state from field 209 

to analysis ensures that the cell concentrations represent true field values (i.e. living cells). This technique is also 210 

appropriate for large-scale studies, where many samples are collected and stored in liquid N indefinitely and 211 

analysed over long periods, as convenient. The energy-dispersive X-ray spectroscopy (EDS) analysis also provides 212 

quantifiable concentration data from large areas (through mapping), and allows direct comparison between 213 

samples, other techniques and studies (Marshall, 2017; McCully et al., 2010).  214 

 215 

Gas-Exchange Measurements 216 

The photosynthetic rates were measured on mature, fully-expanded, undamaged, and sun-exposed leaves 217 

of 3-8 individual plants for each species in November, 2011 (Australia) and November, 2014 (Brazil) using a 218 

portable photosynthesis system (LI-6400; LI-COR, Lincoln, USA) equipped with an LED light source (LI-6400-02B). 219 

All the gas-exchange measurements were performed at 1800 μmol photons m-2 s-1 Photosynthetic Photon Flux 220 
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Density (PPFD), with a constant [CO2] of 400 mol mol-1 air. The mean leaf mass per unit area (LMA; g m-2), 221 

calculated for 3-8 individual plants of each species, was used to convert area-based (Aarea) to mass-based (Amass) 222 

photosynthetic rates, which, in turn, were used to calculate the P-based photosynthetic rates (PPUE). Since the 223 

gas-exchange measurements were done with different plants from those used to determine LMA values or total 224 

leaf P, we used single, averaged values for each species in the generalised least squares (GLS) models. 225 

  226 

Statistical Analysis 227 

Differences in nutrient concentrations among cell types, for each species, were tested using generalised 228 

linear mixed-effect models (GLMMs), with individual plants as the random effect (McCulloch & Neuhaus, 2005). 229 

Differences in total bulk leaf P concentration among different species were also tested using GLMMs, with the 230 

study areas as the random effect (McCulloch & Neuhaus, 2005). Differences in total leaf [P], Aarea, Amass and PPUE 231 

for species with different P-allocation patterns were tested using generalised least squares (GLS). The residuals 232 

of each model were inspected for heteroscedasticity, visually and using the Fligner-Killeen test, and appropriate 233 

variances structures were specified to the models when necessary. The model selection was based on Akaike 234 

Information Criterion (AIC; Tables S4-S7) and the post-hoc Tukey HSD test was used to determine differences 235 

among distinct cell types (McCulloch & Neuhaus, 2005). Statistical analyses were performed with the R software 236 

platform (Fox, 2003; Pinheiro et al., 2017; R Development Core Team). All datasets generated and/or analysed 237 

during this study are available through the AEKOS data repository (http://aekos.org.au/home). 238 

 239 

Results 240 

Most species from P-impoverished soils in south-western Australia and central Brazil (Fig. 1 and Table S1) 241 

preferentially allocated P to photosynthetically-active mesophyll cells (Figs 1, 2, 3, 5 and 6). In addition, there 242 

was a distinct difference depending on soil P concentration (Fig. 1, Table 1 and S1). Species naturally occurring 243 

on Spearwood dunes, a severely P-impoverished habitat along the Jurien Bay dune chronosequence in south-244 

western Australia (Laliberté et al., 2012; Table 1), all showed preferential P allocation to palisade and spongy 245 

mesophyll cells, with the exception of Anthocercis littorea, which occurs exclusively on disturbed sites across 246 

Spearwood dunes (Pate et al., 1985). Similarly, most species from the cerrado in central Brazil, where total [P] is 247 

relatively high, but available [P] is low (Viani et al., 2011; Vourlitis et al., 2015; Table 1), also preferentially 248 

allocated P to their mesophyll. In contrast, in species from the younger Quindalup dunes in south-western 249 

Australia, where the soil P availability is much higher (Laliberté et al., 2012; Table 1), P was preferentially 250 

allocated to epidermal cells. Interestingly, the results on Acacia rostellifera and Melaleuca systena (Fig. 4a), 251 

which occur on both richer and poorer soils, show that the cellular P concentration changed depending on the 252 

P availability, but the P-allocation pattern did not. The same was found for Hymenaea stigonocarpa and Vochysia 253 

thyrsoidea that occur in areas with contrasting soil properties. Their cellular P, Ca and Al concentrations differed 254 

depending on the soil characteristics (Fig. 4b and Table S8), yet their P-allocation pattern was the same.  255 

In the asterids (Fig. 2a), preferential allocation of P to the mesophyll was observed only in Moquiniastrum 256 

oligocephalum. In other asterids, i.e. Olearia axillaris and Myoporum insulare, there was no significant difference 257 
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between the concentration of P in the mesophyll and epidermis. In contrast, Eremanthus glomerulathus (Fig. 5) 258 

showed a significantly higher P concentration in the epidermis, as did Anthocercis littorea (Fig. 2a and 6).  259 

In the rosids I (Fig. 2b), with the exception of Spyridium globulosum and Templetonia retusa (Fig. 6), all plants 260 

showed preferential allocation of P to mesophyll cells: Hymenaea stigonocarpa, Labichea cassioides and Acacia 261 

rostellifera (Fig. 2b and 6).  262 

In the rosids II (Fig. 3), preferential allocation of P to the mesophyll was also widespread - with the borderline 263 

exception of Miconia albicans (Fig. 5) and Vochysia pygmaea (Fig. 5), in which mesophyll and lower epidermis 264 

showed similar P concentrations: Vochysia thyrsoidea, Qualea grandiflora (Fig. 5), Qualea parviflora (Fig. 5) and 265 

Melaleuca systena (Fig. 6) all showed significantly higher P concentrations in the palisade or spongy mesophyll 266 

than in the epidermal layers. 267 

The allocation patterns of Ca were quite consistent, with most species preferentially allocating this element 268 

to the mesophyll (Figs 2, 3 and 6). In the asterids, O. axillaris (Figs 2a and 6) was the only species in which the Ca 269 

concentration was not higher in a mesophyll layer. A similar pattern was found within the rosids I (Fig. 2b), with 270 

all species showing higher Ca concentrations in at least one layer of the mesophyll, the only exception being H. 271 

stigonocarpa. In addition, some rosids I presented specific cell types in which Ca accumulated at extremely high 272 

concentrations, i.e. A. rostellifera (Fig. 6). In rosids II (Fig. 3), the Ca allocation followed the same trend, but the 273 

diversity of cell types and layers allowed for more variation in allocation, as observed in V. pygmaea, Q. parviflora 274 

and M. systena. Vochysia thyrsoidea was the only species to accumulate Ca in high concentrations within the 275 

epidermis, specifically in the upper epidermal layer (Fig. 3). 276 

The accumulation of Al was only observed within rosids II, particularly in the Myrtales. The asterid species 277 

M. oligocephalum, E. glomerulathus and H. stigonocarpa showed consistently low Al concentrations across all 278 

cell types. In the rosids II (Fig. 3), on the contrary, the concentration of this element was significantly higher, and 279 

the differences in accumulation were greater: M. albicans (Fig. 5) accumulated Al in the spongy mesophyll and 280 

lower epidermis, while the congeneric V. pygmaea (Fig. 5) and V. thyrsoidea showed similar Al concentrations 281 

across all cell types. In contrast, Q. grandiflora (Fig. 5) and Q. parviflora (Fig. 5) both accumulated Al in the upper 282 

and lower epidermis, but Q. parviflora also allocated this element to specific layers of hypodermis and spongy 283 

mesophyll (Figs. 3 and 5). 284 

The total bulk leaf P concentration varied six-fold among species, ranging from 0.3 mg g-1 in V. pygmaea to 285 

1.8 mg g-1 in O. axillaris (Fig. 7a). The species that preferentially allocated P to the mesophyll had similar total 286 

leaf P concentrations as those that allocated P to the epidermis (Fig. 7b). There were no significant differences 287 

among species with distinct P-allocation patterns with regards to their photosynthetic rates, whether expressed 288 

on an area basis (Fig. 7c), mass basis (Fig. 7d), or P basis (Fig. 7e). The total bulk leaf [P] and gas-exchange data 289 

for the individual species are presented in Table S9. 290 

 291 

Discussion 292 

Half of the analysed species showed P-allocation patterns that differed fundamentally from that expected 293 

for eudicots, namely preferential P allocation to the mesophyll, instead of the epidermis (Conn & Gilliham, 2010; 294 

Outlaw et al., 1984; Storey & Leigh, 2004; Treeby et al., 1987). Rather, the P-allocation patterns appeared to be 295 
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strongly associated with the P availability in the natural habitat of the species, providing evidence that the 296 

evolution of P-allocation patterns at the cellular level is driven by soil P availability, rather than phylogeny. On 297 

the Spearwood west dunes, a severely P-impoverished habitat in south-western Australia (Laliberté et al., 2012), 298 

all species showed preferential P allocation to the mesophyll, the only exception being A. littorea, an endemic 299 

shrub that colonises older dunes only after disturbance (Pate et al., 1985). In contrast, most species naturally 300 

occurring on the P-richer Quindalup dunes preferentially allocated P to the epidermis, and the only species in 301 

this habitat that preferentially allocated P to mesophyll also occur on P-impoverished Spearwood dunes. 302 

Likewise, within a single plant family, Proteaceae, the P-allocation pattern appeared to differ dependent on soil 303 

P concentration (Hayes et al. 2018). Interestingly, both A. rostellifera and M. systena, which are found across a 304 

range of soil P levels, displayed the same P-allocation pattern, regardless of their habitat. This was also found 305 

for H. stigonocarpa and V. thyrsoidea that naturally occur in areas with contrasting soil properties, indicating 306 

that the P-allocation pattern of these species is constitutive, rather than plastic, and independent of soil P 307 

availability and leaf P concentration. These results are quite similar to those reported for H. prostrata (Shane et 308 

al., 2004), which, despite variation in cellular [P] with different P supplies, always preferentially allocates P to 309 

mesophyll cells. More studies on species from P-impoverished environments are needed to establish this as a 310 

general rule, but we surmise that the preferential P allocation to the mesophyll is an adaptation that evolved to 311 

allow species to inhabit severely P-impoverished soils. This contention is also supported by data on Proteaceae 312 

from P-impoverished and others from richer habitats (Hayes et al. 2018). 313 

Preferential allocation of P to the mesophyll has been documented only in commelinoid monocots (Dietz et 314 

al., 1992; Fricke et al., 1994; Hodson & Sangster, 1988; Karley et al., 2000a; Leigh & Storey, 1993; Leigh & Tomos, 315 

1993; Williams et al., 1993) and extremely P-efficient Proteaceae (Hawkins et al., 2008; Shane et al., 2004). In 316 

eudicots, the prevailing model for leaf P compartmentation was that these species preferentially allocate P to 317 

the epidermis, rather than to mesophyll cells (Conn & Gilliham, 2010; Outlaw et al., 1984; Storey & Leigh, 2004; 318 

Treeby et al., 1987). This generalisation, however, is largely based on data for crop species and heavy-metal 319 

hyperaccumulators (Küpper et al., 1999, 2000; Outlaw et al., 1984; Treeby et al., 1987; Vogel-Mikuš et al., 2008). 320 

In the present study, we provide data on 16 species not studied thus far, from eight families, six orders and three 321 

major clades within the angiosperms, in an attempt to cover the eudicot taxa as broadly as possible. Combined 322 

with the results of a recent study on Proteaceae (Hayes et al. 2018), the observed variation across the clades, 323 

and even within a single family, shows that there is no phylogenetically-based pattern of P allocation in eudicots. 324 

Rather, the results indicate that the evolution of the P-allocation pattern is driven by soil P availability in the 325 

species’ habitat. Further analyses on a broad range of species are required to recognise this pattern across the 326 

plant kingdom. 327 

There were subtle differences in P-allocation patterns, beyond allocation to the two major tissues discussed 328 

above. In the asterids, for example, we found that E. glomerulathus allocated P to the upper epidermis, while O. 329 

axillaris allocated P to the second layer of palisade mesophyll, spongy mesophyll and lower epidermis, and M. 330 

oligocephalum allocated P to the palisade and spongy mesophyll. Although these species belong to the same 331 

family, they did not show the same P-allocation pattern. Similar differences were also observed in other clades. 332 

In rosids I, we observed a clear allocation of P to the upper epidermis of T. retusa, but this was the only species 333 
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in the group to do so. Most species within rosids I, including three other Fabaceae, allocated P to the mesophyll 334 

layers: A. rostellifera allocated P to the two layers of palisade mesophyll, while H. stigonocarpa allocated P to 335 

the palisade and spongy mesophyll, as did L. cassioides. Spyridium globulosum, the only analysed species within 336 

rosids I that does not belong to the Fabaceae, preferentially allocated P to both layers of palisade mesophyll, as 337 

well as spongy mesophyll and lower epidermis. In rosids II, most species also allocated P preferentially to the 338 

mesophyll. Miconia albicans and V. pygmaea were exceptions to this pattern, with the concentrations of P being 339 

higher in the mesophyll and in the lower epidermis. All other Vochysiaceae showed higher concentration of P in 340 

the mesophyll layers: V. thyrsoidea allocated P to the palisade and spongy mesophyll, as did Q. grandiflora and 341 

Q. parviflora. Melaleuca systena allocated P to the palisade mesophyll and to a specific layer of inner 342 

parenchyma. 343 

The compartmentation of P has commonly been studied in conjunction with that of Ca, because allocation 344 

of large amounts of both elements to the same cells would cause precipitation and render both unavailable 345 

(Conn & Gilliham, 2010; Dietz et al., 1992; Fricke et al., 1994; Hawkins et al., 2008; Hodson & Sangster, 1988; 346 

Karley et al., 2000a, 2000b, Küpper et al., 1999, 2000; Leigh & Storey, 1993; Leigh & Tomos, 1993; McLaughlin & 347 

Wimmer, 1999; Outlaw et al., 1984; Storey & Leigh, 2004; Treeby et al., 1987; Vogel-Mikuš et al., 2008; Williams 348 

et al., 1993). Previous studies show allocation of P and Ca to distinct cell types for both commelinoid monocots 349 

and eudicots (Conn & Gilliham, 2010; Fricke et al., 1994; Karley et al., 2000a; Leigh & Tomos, 1993; Outlaw et 350 

al., 1984; Storey & Leigh, 2004; Treeby et al., 1987; Williams et al., 1993). Interestingly, this was not the case for 351 

the species in our study. Most analysed species showed higher Ca concentrations in at least one mesophyll layer. 352 

That is, the Ca was allocated to the same cell type as P in many species. How could these plants maintain such 353 

compartmentation pattern without incurring P and Ca deficiencies? In most species, the P and Ca concentrations 354 

in the mesophyll were likely too low for these elements to precipitate. However, species from the Quindalup 355 

dunes, where plant productivity is N limited or co-limited by N and P (Laliberté et al., 2012) and the total leaf P 356 

concentration can be higher, also showed accumulation of P and Ca in the mesophyll. These elements, even in 357 

the same cell, likely occurred in different subcellular compartments, with most of the P isolated in chemically-358 

inert compounds (Veneklaas et al., 2012). The inorganic P is maintained at approximately 30 mM within the 359 

cytosol, even under P limitation (Mimura, 1995), while Ca must be maintained at the nanomolar range in the 360 

cytoplasm, because of its signalling role, with variations outside this range generally being toxic to cytoplasmic 361 

processes (Conn & Gilliham, 2010; McAinsh & Pittman, 2009). The Ca concentration in the vacuoles, on the 362 

contrary, may be as high as 80 mM (Conn & Gilliham, 2010). In calcicole species, Ca accumulation is enhanced 363 

at high soil Ca concentrations (Kinzel & Lechner, 1992; White & Broadley, 2003), and, therefore, these species 364 

usually present high soluble Ca concentration in their leaves. If the Ca concentration is too high, then the 365 

subcellular separation might not be enough to prevent the precipitation of calcium phosphate and alternative 366 

allocation solutions, perhaps even outside the mesophyll/epidermis, should be expected. This was the case for 367 

L. cassioides, which accumulated Ca in a particular layer of palisade mesophyll in a concentration 14.5-fold 368 

greater than that of any other cell type, and also for A. rostellifera and M. systena, which accumulated Ca in the 369 

inner parenchyma layers at extremely high levels (784 and 5640 μmol g-1, respectively). 370 
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Like Ca, Al may lead to precipitation of P as Al(OH)2H2PO4 (Clarkson, 1966; Hsu & Rennie, 1962; Raupach, 371 

1963). This is an issue for many cerrado species in central Brazil, where soils are acidic with low cation exchange 372 

capacities and high levels of Al, which affects the functioning of the root system and inhibits P uptake (Furley & 373 

Ratter, 1988). In addition, P is relativity immobile due to its sorption to iron and aluminium (hydr)oxides and clay 374 

(Furley & Ratter, 1988). In spite of that, many of these plants accumulate Al in the leaf tissues without showing 375 

adverse effects (Haridasan, 1982), which indicates the necessity of a specific pattern of Al accumulation so as to 376 

not interfere with the availability of P. This is exactly what we found for most species in our study. With the 377 

exception of M. albicans, in which Al and P were allocated to the same cell types, these elements were rarely 378 

co-located, and they were also allocated in quite predictable patterns. Most of the cerrado species allocated P 379 

to their mesophyll cells, similar to the species from P-impoverished dunes in south-western Australia. The Al, in 380 

contrast, was generally kept outside the palisade mesophyll, as observed in V. pygmaea, Q. grandiflora and Q. 381 

parviflora. In V. thyrsoidea, interestingly, the Al concentration in the palisade mesophyll was the highest among 382 

cell types, but, in this particular species, the P was allocated to the spongy mesophyll, which had the lowest Al 383 

concentration. Exclusion of Al from the mesophyll cells is essential for proper cell functioning, because Al causes 384 

degradation of thylakoids and decreases in chlorophyll and phycocyanin concentrations, leading to reductions 385 

in photosynthetic rates (Pettersson et al., 1985; Roy et al., 1988). 386 

The mechanisms for the preferential allocation of most elements are not fully understood (Conn & Gilliham, 387 

2010). We surmise that preferential allocation of P to mesophyll cells is a mechanism to maximise this nutrient`s 388 

availability to photosynthetic carbon metabolism, especially when P is scarce (Leigh & Tomos, 1993; Tsujii et al., 389 

2017). Large amounts of P are required within the mesophyll layers for ribosomal RNA to sustain synthesis of 390 

photosynthetic proteins, for phospholipids, for phosphorylated intermediates of carbon metabolism, and for the 391 

export of triose phosphate from chloroplasts (Flügge & Heldt, 1991; Veneklaas et al., 2012). The preferential P 392 

allocation to the mesophyll, rather than to metabolically inactive cells, allows a higher PPUE (Denton et al., 2007; 393 

Leigh & Tomos, 1993). Somewhat surprisingly, in our study, the total bulk leaf P concentration, which varied six-394 

fold at the species level, was the same for species that preferentially allocated P to the mesophyll and those that 395 

did not. These species also showed equivalent area-, mass- and P-based photosynthetic rates, which indicates 396 

that the preferential allocation of P to the mesophyll is not the dominant factor defining these species’ PPUE. 397 

Plants naturally growing in severely P-impoverished soils show multiple strategies to cope with low soil P 398 

availability, and the combination of all of these strategies (Lambers et al., 2012; Lamont, 1972; Purnell, 1960; 399 

Sulpice et al., 2014) is pivotal to achieve the extremely high PPUE of some Proteaceae (Lambers, 1998; Lambers 400 

et al., 2014). If these plants are unable to function at low ribosomal RNA levels or do not replace phospholipids 401 

by lipids that do not contain P, it is unlikely that the preferential allocation of P to the mesophyll alone will be 402 

correlated with extremely high PPUE. However, while the preferential allocation of P to mesophyll cells may not 403 

be solely responsible for a species’ high PPUE, it is very likely a significant component of it. Additional studies 404 

accounting for leaf - and cell - thickness and longevity, as well as this nutrient’s dynamics (such as its resorption 405 

efficiency/proficiency) are required to further test this hypothesis. 406 

In this study, we have assessed the implications that P availability and phylogenetic constraints may have for 407 

P compartmentation in eudicots. We showed that P allocation to different cell types may differ depending on 408 
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the soil P availability in the area where species evolved, and that there is no phylogenetic pattern in P allocation 409 

within eudicots. We surmise that preferential allocation of P to mesophyll cells is a trait that evolved multiple 410 

times in response to severe P limitation, which is at variance with the prevailing model that eudicots exhibit a 411 

single P-allocation pattern (Conn & Gilliham, 2010; Karley et al., 2000b). We also discussed the implications that 412 

interfering elements, such as Ca and Al, may have on P-allocation patterns, and that plants must have evolved 413 

strategies to deal with such complex interactions.  414 
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clades of angiosperms collected for this study; and Generalized Least Square models of total leaf P, area-based, 601 

mass-based and phosphorus-based photosynthesis for species with contrasting P allocation patterns. 602 

Table S8. Soil chemical properties for contrasting areas where Vochysia thyrsoidea and Hymenaea stigonocarpa 603 

were collected at Serra do Cipó, MG, Brazil. 604 

Table S9. Species, with the geographical regions in which they were collected, their leaf phosphorus-allocation 605 

patterns, and their mean values of total leaf P, area-based, dry mass-based and phosphorus-based rates of CO2 606 

assimilation. 607 

 608 

 609 

 610 

 611 

 612 

 613 
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 615 

 616 

 617 

 618 

 619 

 620 
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Figure Legends 621 

 622 

Fig. 1. Phylogenetic relationship among analysed species, the geographical regions in which they were collected and their phosphorus (P) 623 

-allocation patterns. Plant species, and corresponding families, with the phylogenetic relationships as extracted from the time-calibrated 624 

maximum-likelihood estimated molecular phylogeny of >31.500 species of seed plants (Zanne et al., 2014), with soft polytomies resolved 625 

with data from APG III (The Angiosperm Phylogeny Group, 2009). Geographical regions from where each species was collected are indicated 626 

(Serra do Cipó, C; Quindalup young, QY; Quindalup old, QO; Spearwood West, SW; Table 1), as well as their P-allocation patterns (beige for 627 

species in which the cellular [P] of the epidermis was either higher or equivalent to that of the mesophyll; and green for those in which the 628 

cellular [P] was significantly higher in the mesophyll). Species included in the phylogenetic tree: Moquiniastrum oligocephalum; Eremanthus 629 

glomerulathus; Olearia axillaris; Myoporum insulare; Anthocercis littorea; Spyridium globulosum; Hymeneae stigonocarpa; Templetonia 630 

retusa; Labichea cassioides; Acacia rostellifera; Miconia albicans; Vochysia pygmaea; Vochysia thyrsoidea; Qualea grandiflora; Qualea 631 

parviflora; and Melaleuca systena. 632 

 633 

 634 

 635 

 636 
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 637 
Fig. 2. Leaf cell-specific phosphorus (P) and calcium (Ca) concentrations for asterids and rosids I. (a) In asterids, only Moquiniastrum 638 

oligocephalum preferentially allocated P to the mesophyll. Other asterids either had similar P concentrations in the mesophyll and epidermis 639 

(Olearia axillaris and Myoporum insulare), or had higher P concentrations in the epidermal cells (Eremanthus glomerulathus and Anthocercis 640 

littorea). The Ca concentration was always higher in the mesophyll cells, with the exception of O. axillaris. (b) In rosids I, all species showed 641 

preferential P allocation to the mesophyll, with the exception of Spyridium globulosum and Templetonia retusa. The Ca concentration was 642 

always higher in a mesophyll layer, with the exception of Hymenaea stigonocarpa. In Labichea cassioides and Acacia rostellifera, there was 643 

accumulation of Ca in particular cells of the palisade mesophyll and inner parenchyma, respectively. Box-plots with medians, 25th and 75th 644 

percentiles. The whiskers extend to 1.5 times the interquartile range. Data presented beyond whiskers represent outliers. Different letters 645 

indicate significant differences among cell types within each panel, based on Tukey`s HSD test. E, epidermis (species with isobilateral leaf 646 

anatomy); UE, upper epidermis; LE, lower epidermis; PM, palisade mesophyll (numbers represent layers with distinct nutrient profiles); SM, 647 

spongy mesophyll; SC, sclerenchyma; IP, inner parenchyma. Cell types with particular accumulation patterns are expressed as such, e.g., 648 

PM/Ca. 649 

 650 

 651 

 652 

 653 

 654 

 655 

 656 

 657 

 658 
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 659 
Fig. 3. Leaf cell-specific phosphorus (P), calcium (Ca), and aluminium (Al) concentrations for rosids II. In rosids II, all species preferentially 660 

allocated P to the mesophyll (Vochysia thyrsoidea, Qualea grandiflora, Qualea parviflora and Melaleuca systena), with the exception of 661 

Miconia albicans and Vochysia pygmaea. The Ca concentration was consistently low in most cells of the Brazilian species, while Melaleuca 662 

systena showed Ca accumulation in a particular layer of the inner parenchyma (IP/Ca). In Brazilian rosids II, Al accumulated in different cell 663 

types, but usually not where the P was allocated to, with the exception of M. albicans. Box-plots with medians, 25th and 75th percentiles. 664 

The whiskers extend to 1.5 times the interquartile range. Data presented beyond whiskers represent outliers. Different letters indicate 665 

significant differences among cell types within each panel, based on Tukey`s HSD test. E, epidermis (species with isobilateral leaf anatomy); 666 

UE, upper epidermis; LE, lower epidermis; PM, palisade mesophyll; SM, spongy mesophyll; SC, sclerenchyma; IP, inner parenchyma; H, 667 

hypodermis. Numbers after cell-types represent layers with distinct nutrient profiles, and cell types with particular accumulation patterns 668 

are expressed as such, e.g., H/Ca or H/Al.  669 
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 670 
Fig. 4. Leaf cell-specific phosphorus (P), calcium (Ca), and aluminium (Al) concentrations for species from areas with contrasting soil 671 

properties. (a) Acacia rostellifera and Melaleuca systena were collected from different study areas along the Jurien Bay chronosequence in 672 

south-western Australia (Quindalup young, QY; Quindalup old, QO; Spearwood West, SW; Table 1). (b) Hymenaea stigonocarpa and Vochysia 673 

thyrsoidea were collected from areas with contrasting soil properties at Serra do Cipó, Brazil (acidic, Acid.; calcareous, Calc.; Table S8). Box-674 

plots with medians, 25th and 75th percentiles. The whiskers extend to 1.5 times the interquartile range. Data presented beyond whiskers 675 

represent outliers. Different letters indicate significant differences among cell types within each stage (a) or soil type (b) per panel, based 676 

on Tukey`s HSD test. Differences between stages (a) and soil types (b) for specific cell-types are expressed when significant (* P < 0.05; ** P 677 

< 0.01; and *** P < 0.001). E, epidermis (species with isobilateral leaf anatomy); UE, upper epidermis; LE, lower epidermis; PM, palisade 678 

mesophyll; SM, spongy mesophyll; SC, sclerenchyma; IP, inner parenchyma; H, hypodermis. Numbers after cell-types represent layers with 679 

distinct nutrient profiles. Cell types with particular accumulation patterns are expressed as such, e.g., IP/Ca and IP/P. 680 

 681 
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 682 
Fig. 5. Exemplary qualitative element maps of the Brazilian species. Maps showing oxygen, phosphorus and aluminium distribution in 683 

transverse leaf sections of the analysed Brazilian species (Eremanthus glomerulathus, Miconia albicans, Qualea grandiflora, Qualea 684 

parviflora and Vochysia pygmaea; other species in Fig. S1). Phosphorus (P) and aluminium maps have been processed to remove background 685 

and correct for peak overlaps. Scale bar is 100 μm. The P-allocation patterns for each species are indicated after their name (beige for species 686 

in which the cellular [P] of the epidermis was higher or equivalent to that of the mesophyll; and green for those in which the cellular [P] was 687 

significantly higher in the mesophyll). 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 
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 698 
Fig. 6. Exemplary qualitative element maps of the Australian species. Maps showing oxygen, phosphorus and calcium distribution in 699 

transverse leaf* sections of the analysed Australian species (Anthocercis littorea, Templetonia retusa, Acacia rostellifera, Melaleuca systena 700 

and Olearia axillaris; other species in Fig. S1). *Phyllodes, not leaves, were analysed in A. rostellifera. Phosphorus (P) and calcium maps have 701 

been processed to remove background and correct for peak overlaps. Scale bar is 100 μm. The P-allocation patterns for each species are 702 

indicated after their name (beige for species in which the cellular [P] of the epidermis was higher or equivalent to that of the mesophyll; and 703 

green for those in which the cellular [P] was significantly higher in the mesophyll). 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 
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 714 
Fig. 7. Total leaf phosphorus (P) and photosynthetic rates of species with contrasting P-allocation patterns. (a) The total bulk leaf P varied 715 

six-fold among species, but the comparisons between species that preferentially allocated P to the mesophyll (M > E, green dot) and those 716 

that did not (M ≤ E, beige dot) showed no significant differences in terms of total leaf P (b), area-based (Aarea; c), mass-based (Amass; d) and 717 

P-based (PPUE; e) photosynthetic rates. Mean values with 95% confidence intervals from linear mixed-effect models (a), and box-plots with 718 

medians, 25th and 75th percentiles (b-e). Box-plot`s whiskers extend to 1.5 times the interquartile range. Data presented beyond whiskers 719 

represent outliers. Different letters indicate significant differences among species (a) and P-allocation patterns (b-e) within panels, based 720 

on Tukey`s HSD test. Dashed lines indicate means (with standard errors in grey) for the global plant trait network database (Wright et al., 721 

2004). Species included in these analysis: Moquiniastrum oligocephalum; Eremanthus glomerulathus; Olearia axillaris; Myoporum insulare; 722 

Anthocercis littorea; Spyridium globulosum; Hymeneae stigonocarpa; Templetonia retusa; Labichea cassioides; Acacia rostellifera; Miconia 723 

albicans; Vochysia pygmaea; Vochysia thyrsoidea; Qualea grandiflora; Qualea parviflora; and Melaleuca systena. 724 

 725 

 726 

 727 

 728 

 729 

 730 
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Table 1. Soil chemical properties (0-30 cm depth) and vegetation types for each of the study areas. Total phosphorus (Total P), plant-available 743 

phosphorus (Resin P), exchangeable calcium (Ca), exchangeable aluminium (Al), cation exchange capacity (CEC) and soil pH. The values are 744 

means ± standard errors (se; n= 3-70). Data based on Hayes et al. (2013; 2018).  745 

Country Study Area Vegetation Total P  

(mg kg-1) 

Resin P 

(mg kg-1) 

Ca  

(mg kg-1) 

Al  

(mg kg-1) 

CEC  

(cmolc kg-1) 

pH  

(H2O) 

 

Australia 

Quindalup Young (QY) Kwongkan 350 ± 4 1.42 ± 0.13 4617 ± 531 0.0 ± 0.0 24.9 ± 2.9 9.3 ± 0.0 

Quindalup Old (QO) Kwongkan 286 ± 16 1.22 ± 0.11 2332 ± 114 1.2 ± 0.5 12.6 ± 0.6 8.6 ± 0.0 

Spearwood West (SW)  Kwongkan 22 ± 1 1.07 ± 0.09 738 ± 56 0.9 ± 0.3 4.3 ± 0.3 6.6 ± 0.0 

Brazil Serra do Cipó (Cipó) Cerrado 133 ± 13 0.48 ± 0.08 621 ± 208 22.2 ± 14.7 3.5 ± 0.9 5.4 ± 0.3 
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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). 

 

 

 



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 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 

 

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 - 

 

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 - 



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 - - 

 

 

 

 

 



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 - - 

 

 

 

 

 



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 - - 

 

 

 

 

 

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 - - 

 

 

 



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 

 

 

 

 

 

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 

 


