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Abstract 

Crops with improved uptake of fertiliser phosphorus (P) would reduce P losses and confer 

environmental benefits. We examined how P-sufficient six-week-old soil-grown Trifolium 

subterraneum plants, and two-week-old seedlings in solution culture, accumulated P in roots after 

inorganic P (Pi) addition. In contrast to our expectation that vacuoles would accumulate excess P, after 

7 d X-ray microanalysis showed that vacuolar [P] remained low (<12 mmol kg–1). However, in the 

plants after P addition some cortex cells contained globular structures extraordinarily rich in P (often 

>3000 mmol kg–1), potassium, magnesium and sodium. Similar structures were evident in seedlings, 

both before and after P addition, with their [P] increasing three-fold after P addition. NMR 

spectroscopy showed seedling roots accumulated Pi following P addition, while TEM revealed large 

plastids. For seedlings we demonstrated that roots differentially expressed genes after P addition using 

RNAseq mapped to the T. subterraneum reference genome assembly and transcriptome profiles. 

Amongst the most up-regulated genes after 4 hr was TSub_g9430.t1, which is similar to plastid 

envelope Pi transporters (PHT4;1, PHT4;4): expression of vacuolar Pi-transporter homologs did not 

change. We suggest that subcellular P accumulation in globular structures, which may include 

plastids, aids cytosolic Pi homeostasis under high-P availability. 

 

 

 

KEYWORDS:  Nuclear magnetic resonance spectroscopy; Plastids; Phosphorous efficient crops; 

Roots; Vacuoles; X-ray microanalysis   

  

mailto:megan.ryan@uwa.edu.au


3 

1. INTRODUCTION 

Application of phosphorus (P) fertiliser is often required for high yields for crops and pastures. 

However, much of the P applied as fertiliser is not taken up by plants as it becomes sorbed to soil 

particles and not available to roots, immobilised by soil microbes, eroded, or leached (e.g., 

McLaughlin et al., 2011; Simpson, Stefanski, Marshall, Moore, & Richardson, 2015). This inefficient 

use of fertiliser-P is of concern because rock phosphate reserves are finite, and it is important they be 

used with care, especially as developing countries contain large areas of low-P soils (Cordell & White, 

2015). Moreover, movement of P off-farm into waterways and estuaries has negative environmental 

impact (Sharpley et al., 2015).  

For broadacre crops, P fertiliser is generally applied at sowing and is often banded below the 

seed to facilitate access by seedling roots (McLaughlin et al., 2011). For pastures, however, fertiliser 

may be top-dressed onto established plants. As fertiliser-P that is not quickly absorbed by roots may 

be lost as described above, it is important that seedlings and established plants quickly take up as 

much P as possible. However, young seedlings encounter banded P fertiliser when their tissues already 

contain high [P]. For instance, shoot [P] in Zea mays seedlings is as high as 8 mg P g–1 dry mass due to 

seedlings mobilising seed P for up to 17 days after sowing while also commencing root P uptake by 

day 5 (Nadeem et al., 2011, 2012). Thus, maximising seedling P uptake will depend on an ability to 

accumulate P in tissues already high in P. The development of crops with superior P fertiliser-use 

efficiency will require a thorough understanding of how seedlings and established plants accumulate P 

in excess of their immediate requirements. 

In plant roots, most of the cell volume consists of the fluid-filled vacuole. The vacuole is 

important for storage of inorganic phosphate (Pi) and acts as a buffer under low- and high-P 

availability for maintenance of cytoplasmic Pi homeostasis (Lee & Ratcliffe, 1993). Two recent 

studies have demonstrated that, in Arabidopsis, the movement of Pi across the vacuolar membrane is 

controlled by SPX-MFS proteins designated as the Phosphate Transporter 5 family (PHT5), also 

named the Vacuolar Phosphate Transporter (VPT) (Liu et al., 2015, 2016). Loss-of-function 

Arabidopsis mutants accumulated less Pi, and overexpression led to Pi sequestration into vacuoles 

when grown at 0.25 mM Pi (Liu et al., 2016). At 6.5 mM Pi, loss-of-function seedlings had greater 
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sensitivity to Pi toxicity (low biomass), even though tissue [P] was lower than that in the wild-type 

(Liu et al., 2015). In both these studies, the only form of P measured was Pi, and its concentration was 

determined as an average across the whole root system. 

A challenge with maximising seedling P uptake from fertiliser is that seedlings growing into a 

band of fertiliser encounter a sudden increase in P availability when roots first reach the band. Such a 

sudden increase in P availability may greatly increase P-uptake rate relative to that when P availability 

is constant, although this will vary with plant P status and species (Cogliatti & Clarkson, 1983; Lee & 

Ratcliffe, 1993; Liu et al., 2015). Bacteria and fungi respond to such an increase in P availability 

through rapid production of inorganic polyphosphate, a P-dense macromolecule where phosphate 

groups are linked through bridging oxygen atoms (Kulaev, Vagabov, & Kulakovskaya, 2005). Higher 

plants do not form inorganic polyphosphate (Kulaev et al., 2005), but they do form myo-inositol 

hexakisphosphate (phytate). Phytate is also very P-dense as each of the six carbon atoms of the base 

inositol ring is bound through oxygen to a phosphate group. The overall negative charge of inorganic 

polyphosphate and phytate is usually balanced by cations including K+ and Mg2+ (Ockenden et al., 

2004). Phytate is most commonly reported in high concentrations in seeds (Raboy, 2009), but may be 

present in other tissues. For instance, the roots of mature Triticum aestivum and Brassica napus 

contain ~10–20% of their P as phytate (Noack, McLaughlin, Smernik, McBeath, &Armstrong, 2014). 

Mitsuhashi et al. (2005) found that a P pulse induced phytate in the vacuoles of suspension-cultured 

cells of Catharanthus roseus. Both inorganic polyphosphate and phytate allow significant amounts of 

P to be accumluated at high concentrations in ways that enable it to be released for future use.  

To further explore the mechanisms that allow established plants and seedlings to accumulate 

large amounts of P, we examined the ability of six-week-old plants and two-week-old seedlings grown 

with sufficient P to take up Pi when Pi supply was suddenly increased through addition of KH2PO4. 

We used Trifolium subterraneum, the predominant annual pasture legume in southern Australia 

(Nichols et al., 2012) and a new model species for genetic and genomic studies within the genus 

Trifolium (Hirakawa et al., 2016; Kaur et al., 2017). We examined the distribution of P among and 

inside the root cells, including in the vacuole, by X-ray microanalysis. For the seedlings only, we then 

examined cell ultrastructure with transmission electron microscopy and determined the concentrations 
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and forms of P in roots using nuclear magnetic resonance (NMR) spectroscopy. We also used 

differential gene expression analyses by whole genome transcriptome profiling to explore the key 

molecular networks associated with the root response to P addition. We expected that the vacuole of 

root cortex cells would play a key role in root cytosolic P homeostasis, and that excess P would 

accumulate as phytate. However, we found instead that intracellular globular structures appeared to 

play an important role in cytosolic Pi homeostasis of established plants and seedlings after P addition, 

and that no phytate was produced. 

 

2. MATERIALS AND METHODS 

Two experiments were conducted. In Experiment 1, soil-grown established plants either did or did 

not have P applied at six weeks of age and were then harvested after 7 d; comparisons were made 

between plants harvested on the same day. In Experiment 2, two-week-old seedlings in solution 

culture had P applied and were then harvested after 4 hr, 48 hr and 7 d (Figure S1); comparisons were 

primarily made between seedlings harvested before the P was applied and those harvested afterwards.  

 

2.1 Established plants (Experiment 1) 

2.1.1 Plant growth 

Experiment 1 was fully randomised with two treatments: inoculation with arbuscular mycorrhizal 

fungi (AMF) (+AMF and –AMF) and P addition (0 and 150 mg P kg–1 dry soil added a week before 

harvest). There were four replicates. This experiment was originally designed to determine if AMF 

protect plants from toxicity following P addition. However, as colonisation by AMF was always low, 

this treatment is not further discussed. The experiment used a field soil which contained a moderate 

level of bicarbonate-extractable P (18 mg kg–1) (Colwell, 1965), 11 mg kg–1 Olsen P, 6 mg kg–1 

ammonium-nitrogen (N), 10 mg kg–1 nitrate-N and 9.3 mg kg–1 available sulfur (S). Soil pH was 5.3 

in CaCl2 and 6.0 in H2O. The soil was pasteurised at 80 °C for 1 hr on consecutive days and dried 

overnight. The bottom half of each pot was filled with pasteurised field soil (600 g), and the top half 

was filled with a 1:4 mixture of pasteurised field soil and inoculum from a pot culture of the AM 

fungus Scutellospora calospora. Germinated seeds of Trifolium subterraneum L. cv. Denmark were 
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planted in each pot and seedlings thinned to one per pot after one week: an appropriate strain of 

Rhizobium trifolii was added. Pots were watered to field capacity by weight twice a week. No nutrient 

solutions were applied. Pots were arranged randomly in a temperature-controlled glasshouse (mean 

maximum temperature ~24 °C and mean minimum temperature ~12 °C) at the Crawley campus of 

The University of Western Australia, Perth, Australia. The experiment ran from 4 June until 25 July 

2012. At week 6, 150 mg P kg–1 soil as KH2PO4 was added to half the pots as a 20 ml solution; plants 

were harvested 7 d later.  

At harvest, shoots were severed at the soil surface, rinsed once in deionised (DI) water, dried for 

72 hr at 70 °C, weighed and finely ground. Roots were washed thoroughly, rinsed once in DI water, 

blotted dry with paper towels and weighed. For each plant, subsamples of root were fixed in 2.5% 

(v/v) glutaraldehyde + 1.6% (v/v) paraformaldehyde in phosphate-buffered saline or frozen in liquid 

nitrogen (LN2) for X-ray microanalysis. Remaining roots were dried at 70 °C for 72 hr and weighed. 

For determination of tissue P concentration, subsamples of ~0.2 g of dried, ground, root and shoot 

material were digested in a 3:1 HNO3:HClO4 mixture and analysed using inductively-coupled plasma 

(ICP) atomic absorption with a Perkin Elmer Optima 5300 DV optical emission spectrometer 

(Shelton, CT, USA). Plant growth and nutrient content data were analysed in Genstat version 14.1 

(Lawes Agricultural Trust, Rothamsted Experimental Station, Harpenden, UK) using two-way 

ANOVA to assess the effect of P addition and mycorrhizal treatments on plant growth response 

variables. Normality was checked, and no transformations were necessary.  

 

2.1.2 Quantitative X-ray microanalysis 

Samples were prepared as detailed in Kotula et al. (2015). Briefly, rapidly frozen roots were freeze-

substituted in a 10% (v/v) acrolein in diethyl ether mixture over a 0.3 nm molecular sieve and 

embedded in anhydrous Araldite 502 epoxy resin. This low-temperature substitution method is 

suitable for elemental analysis of diffusible ions in a variety of cellular systems, as diffusible ions are 

preserved at the cellular level (Marshall 1980a, b; Condron & Marshall, 1990; Pålsgård, Lindh, & 

Roomans, 1994; Orlovich & Ashford 1995).  
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Transverse root sections were planed and examined in SEM. In the roots that had experienced 

P addition, we unexpectedly observed round globular structures in the root cortex and vascular tissue 

in some sections, irrespective of whether or not the roots had been inoculated with AMF.  These 

globular structures became a focus of our study. Once the region of interest within the root was 

identified, the sample block (with a perfectly flat transverse surface through the root) containing the 

globular structures was analysed by X-ray microanalysis. Planed sections that did not contain 

globular structures were not analysed. Six transverse sections were examined (two from control 

plants that received no additional P, and four from plants that experienced P addition one week before 

harvest). In each of the six analysed sections, data were extracted multiple times from two features: 1) 

vacuoles, which were easily defined by their shape, location and very low concentrations of typical 

elements (most below detection limits), and 2) globular structures, which were defined by their 

extremely high concentrations of P and K and globular shape. Cell boundaries were not analysed, 

because they were too thin to extract reliable data from, and, while P and K concentrations varied 

greatly within them, concentrations were mostly relatively low compared with those within the 

globular structures.  

For each elemental map, the resin block was coated with 10 nm carbon. Images and quantitative 

elemental maps were acquired using a Zeiss Supra 55 field emission SEM fitted with an Oxford X-

Max80 SDD X-ray detector (80 mm2) interfaced to AZtec software, as outlined in detail in Kotula et 

al. (2015). Immediately before each map acquisition, the instrument was calibrated, and the beam 

current measured and recorded using a pure copper standard. Quantitative concentration data were 

extracted using the AZtec software by drawing regions of interest on the maps for individual vacuoles 

and globular structures in the cell cortex. For this, H was fixed at 10%, N at 3.3%, and O was analysed 

by difference. All pixels (spectra) within a defined region of interest were summed to give a weight 

percent value for each element in g 100g-1. These data were then converted to mmol kg-1 based on 

atomic weights. When an element was below the detection limit, it was given the value of zero for 

statistical analyses.  
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2.2 Seedlings (Experiment 2) 

2.2.1 Plant growth 

Germinated seeds of T. subterraneum cv. Daliak were planted on 4 June 2015 into a seedling tray 

filled with washed coarse river sand. This cultivar was chosen in place of cv. Denmark which was 

used in Experiment 1 because we have used it to establish T. subterraneum as a reference species for 

genetic and genomic studies within the genus Trifolium. Trifolium subterraneum is diploid (2n = 16), 

predominantly inbreeding, and has a well-assembled and annotated genome with a tissue type 

transcriptome atlas available (Hirakawa et al., 2016; Kaur et al., 2017). No nutrients or rhizobia were 

supplied. After six days, when the seedlings had emerged and cotyledons had fully expanded, they 

were carefully removed and the sand washed from their roots. The hypocotyl of each seedling was 

enclosed with a 40-mm diameter, 10-mm thick disc of ethylene vinyl acetate foam; this was lined with 

parafilm to avoid damage to the hypocotyl. Each disc was then tightly wedged within a hole in the lid 

of a 4 L pail, which was painted on the outside to exclude light and prevent algal growth. The pails 

were filled with continuously aerated nutrient solution. There were six discs, each containing a 

seedling, in each pail. Pails were placed in a large water-filled root-cooling tank maintained at 20 °C 

(Figure S1). The composition of the nutrient solution was 3.75 mM KNO3, 0.2 mM Ca(NO3)2, 1.5 mM 

K2SO4, 0.625 (NH4)2SO4, 0.4 mM MgSO4, 0.1 mM Na2O3Si, 50 μM Fe-EDTA, 50 μM KCl, 25 μM 

H3BO3, 2 μM ZnSO4, 2 μM MnSO4, 0.5 μM CuSO4, 0.5 μM Na2MoO4, 1 μM NiSO4 and 0.1 mM 

KH2PO4. Nutrient solutions were changed weekly and adjusted daily to a pH range of 5.5–6.0. After 

one week, all seedlings had their first trifoliate leaf fully expanded. Note that these seedings were 

supplied with sufficient P to avoid limitation for growth. A sudden increase in P supply then occurred 

by replacing the solution with one that contained 5 mM KH2PO4. Note that 5 mM is well above the 

‘high’ P rates used in some other studies on seedling P uptake, i.e. 0.25 mM (Liu et al., 2016) and 0.5 

mM (Lee & Ratcliffe, 1993), but consistent with the rates used by Liu et al. (2015) (up to 6.5 mM). 

Three control pots did not receive additional P.  

Seedlings were harvested four times: immediately before P addition (9.30 am), and at 4 hr (1.30 

pm), 48 hr (9.30 am), and 7 d (9.30 am) after P addition. By 7 d after P addition, seedlings had two 

fully-emerged trifoliate leaves and a third beginning to emerge. At each harvest, three pails were 
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randomly chosen, with each considered an individual replicate. The six seedlings in each pail were 

harvested as follows: 1) RNA subset. Two seedlings had their root systems severed from the shoot at 

the base of the hypocotyl. Roots were combined, wrapped in aluminium foil, snap frozen in LN2 and 

stored at –80 °C for later RNA extraction. Shoots were washed in DI water, dried at 70 °C for 72 h, 

weighed, and the concentration of P and K determined using ICP mass spectrometry, 2) Microscopy 

subset. Two seedlings had their root systems removed and subsamples of root were fixed in 2.5% (v/v) 

glutaraldehyde + 1.6% (v/v) paraformaldehyde in phosphate-buffered saline or frozen in liquid 

nitrogen (LN2) for X-ray microanalysis 3) NMR subset. Two seedlings were removed and washed in 

DI water; shoots were severed at the hypocotyl base, and shoots and roots wrapped separately in 

aluminium foil, snap frozen in LN2 and stored at –80 °C. Roots and shoots were later freeze-dried, 

weighed, finely ground, and used for NMR spectroscopy. At day 7 only, three pails of seedlings that 

had not had additional P supplied were harvested, and from each pail, a single seedling was used for 1) 

(shoots only) and 3). 

 

2.2.2 Quantitative X-ray microanalysis 

Samples were prepared as described for Experiment 1. A planed root section containing globular 

structures from each of the three replicate seedlings from before P addition and 7 d after P addition 

was analysed. For each of these six planed root sections, data were extracted and averaged from 14–30 

replicates of both the globular structures and vacuoles. Two-way t-tests were used to determine if the 

average concentration of each element differed between the two harvests (before P addition and after P 

addition day 7) in vacuoles and globular structures. 

 

2.2.3 Transmission electron microscopy 

Segments of fixed root were post-fixed in 1% (w/v) OsO4 in PBS, dehydrated in a graded series of 

ethanol, and infiltrated and embedded in epoxy resin. Samples were cured at 60 °C for 24 hr. Several 

sections 100 nm-thick were cut with a diamond knife, mounted on copper grids and imaged unstained 

at 120 kV using a transmission electron microscope (TEM; JEOL 2100).  
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2.2.4 Nuclear magnetic resonance spectroscopy 

Due to small sample weights, each set of three replicates (i.e. two whole root systems from each of 

three replicates) was combined. Samples were extracted with a solution containing sodium hydroxide–

ethylenediaminetetraacetic acid disodium salt (NaOH and Na2EDTA) using a method based on 

standard procedures for NMR analysis of soils (Cade-Menun & Preston, 1996; Turner, 2008). Due to 

the high total [P] and low sample weights, this involved shaking 0.02–0.22 g of sample with 5–12 ml 

of 0.25 M NaOH + 0.05 M Na2EDTA for 16 hr. The extracts were centrifuged at 4670 × g for 30 min 

and immediately analysed by NMR spectroscopy. A 3.5 ml subsample of each extract, 0.3 ml of 

deuterium oxide (D2O) and 0.1 ml of a methylenediphosphonic acid (MDP) (Sigma-Aldrich; M9508; 

≥99%) solution containing 6.0 g l–1 MDP were then placed in a 10-mm diameter NMR tube. The pH 

was adjusted by adding 0.2 ml of 10 M NaOH to ensure a pH > 13. Solution 31P NMR spectra were 

obtained at 24 °C on a Varian INOVA 400 NMR spectrometer (Varian, Palo Alto, CA, USA) at a 31P 

frequency of 161.9 MHz. Samples were analysed using a 90° pulse of 50 µs duration, a recycle delay 

of 53–75 s (set to 5×T1 based on a preliminary inversion-recovery experiment), an acquisition time of 

1.0 s, and gated broadband 1H decoupling (Waltz-16). Between 974 and 3837 scans were acquired for 

each sample. Spectra were plotted with a line broadening of 2 Hz. The chemical shift of peaks is 

reported in parts per million (ppm) relative to an external standard of 85% H3PO4.  

Quantification of P forms in NaOH–EDTA extracts using spectral integration was based on the 

addition of a known amount of MDP, which gave a unique spectral signal separate from all other 

resonances. The peak area of the MDP signal is proportional to the absolute concentration added, 

which was then compared with the peak areas of all other resonances contained in the solution 31P 

NMR spectra. The following classes of P species were quantified using spectral integration based on 

previous studies (Smernik & Dougherty, 2007; Doolette, Smernik, & Dougherty, 2009): MDP (18 to 

16 ppm), orthophosphate (7.0 to 5.4 ppm), orthophosphate monoesters (5.4 to 3.0 ppm), 

orthophosphate diesters (2 to –1.0 ppm), pyrophosphate (–4.5 to –5.5 ppm) and polyphosphates (–18 

to –22 ppm). Total P concentration was calculated as the sum of the concentration of all P species 

detected by NMR; total [P] was also determined independently for two samples using ICP-optical 

emission spectrometry following acid digestion.  
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2.2.5 RNA isolation and library preparation 

Total RNA was extracted from roots using the Spectrum™ Plant Total RNA kit (Sigma-Aldrich) 

following the manufacturer’s instructions. Aliquots of purified RNA were stored at −80 °C. The 

concentration of RNA was confirmed using a Qubit fluorometer with the Qubit RNA assay kit (Life 

Technologies). The integrity of total RNA was determined by electrophoretic separation on 0.5× TBE 

agarose gels. Sequencing libraries were constructed using 500 ng of total RNA with TruSeq® Stranded 

Total RNA Sample Prep kits with Ribo-Zero (Illumina, USA) following the manufacturer’s 

instructions. The amplified libraries were pooled in equimolar amount and assessed by loading a 1 μl 

aliquot on an Agilent Bioanalyzer 1000 DNA chip according to the manufacturer’s instructions, and 

100 bp paired-end sequence reads were obtained using the HiSeq 2000 platform (Illumina Inc., San 

Diego, USA).  

 

2.2.6 Read mapping and differential gene expression analysis 

Illumina reads were quality filtered using in-house scripts (part of the open-source toolkit Friedrich, 

https://bitbucket.org/jtnystrom/friedrich). Filtered reads were mapped to the reference genome 

(Tsub_Refv2.0) (Kaur et al., 2017) using Tophat (v2.1.0) (Kim et al., 2013) with default parameters 

and passing the reference annotation with the -G option. The paired-end reads were mapped separately 

and outputs merged into a single BAM file for each sample. Read counts for each gene were called 

using HTSeq (v0.6.0) (Anders, Pyl, & Huber, 2015). Sample clustering based on the correlation 

coefficient between samples was carried out and scatter diagrams used to demonstrate correlation 

coefficient between samples. The matrix of read counts for each gene (rows) and sample (columns) 

was analysed in R (v3.1.1) (R Development Core Team, 2008) using edgeR (v3.8.6) (Robinson, 

McCarthy, & Smyth, 2010). Read counts were normalised with the trimmed means of M-values 

(TMM) method as described in Robinson & Oshlack (2010). A generalised linear model (GLM) was 

fitted to the data with time as the sole variable; common, trended and tagwise dispersions were 

estimated following the procedure detailed in the edgeR manual (Robinson et al., 2010). Differentially 

https://bitbucket.org/jtnystrom/friedrich
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expressed genes (DEGs) with false discovery rates (FDR) less than 5% were outputted for each time 

point. Data are archived in BioProject (ID PRJNA450480). 

 

2.2.7 Manual annotation of the key differentially expressing genes and GO-enrichment analysis 

The web-based Apollo application tool was used to manually annotate 44 key genes selected by 

filtering for the high-confidence genes, i.e those that demonstrated a log4 fold-change (logFC > 4) with 

FDR < 0.05. The annotations were modified from the computationally predicted gene models using all 

available gene predictions and biological evidence using other RNAseq datasets available from the 

tissue-type transcriptome ATLAS for T. subterraneum where plants were at the seed-set stage and 

soil-grown (Kaur et al., 2017). We used the Phyre2 web portal to predict and analyse protein structure, 

function and mutations for the gene of interest (Kelley, Mezulis, Yates, Wass, & Sternberg, 2015). 

The DEGs with a log2 fold-change (logFC > 2) and FDR < 0.05 were grouped into ‘early’ genes (4 hr) 

and ‘late’ genes (48 hr and 7 d). The GO-enrichment analysis further characterised the DEGs, and 

enriched functional groups were identified with agriGO, an integrated web-based GO analysis toolkit 

(Du, Zhou, Ling, Zhang, & Su, 2010).  

 

3. RESULTS 

3.1 High electron density globular structures in cortex cells of established plants following P 

addition 

In Experiment 1, imaging of bulk samples in the scanning electron micrographs showed the 

arrangement of individual cells in the root from the epidermis to the vascular tissue, but only a coarse 

visualisation of the subcellular structure was possible, with the cell membrane and cytosol often not 

differentiated from the cell wall (Figure 1 – SEM image). In the accompanying elemental maps from 

roots that experienced P addition, individual cells were outlined due to higher concentrations of P and 

K in the cytosol and cell membrane than within the vacuole that occupied the majority of the cell area 

(Figure 1 – EDS maps). In some of the sections from plants that experienced P addition, globular 

structures were present in nearly every cortex cell, while in other sections they were present in only 

some cortex cells (Figure 1). Globular structures were only occasionally observed in sections from 
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the roots of plants that received no additional P.  The globular structures appeared to be inside cells 

(Figure 1) and varied in diameter, reaching up to ~15 µm. The globular structures were visible under 

the optical microscope without staining and in transverse sections of the freeze-substituted roots 

stained with toluidine blue. The globular structures were also observed when the roots were preserved 

in glutaraldehyde. 

 

[Insert Figure 1 near here] 

 

3.2 Globular structures in cortex cells of established plants following P addition are rich in P 

and K  

Elemental concentrations were measured in cell vacuoles and globular structures in the root cortex 

(Table 1). In the vacuoles of plants that did not receive additional P, the element with the highest 

average concentrations was Na, which reached up to 56 mmol kg–1; average concentrations of P, K, 

magnesium (Mg), sulfur (S) and calcium (Ca) were mostly very low (<5 mmol kg–1) (Table 1). In the 

vacuoles of plants that experienced P addition, average [P] and [K] tended to be slightly elevated, 

while [Mg], [S], [Na] and [Ca] were generally little changed (Table 1). Globular structures were rarely 

encountered in the root cortex of plants that did not receive additional P, but, when present, they 

exhibited elevated concentrations of all elements relative to the vacuoles, especially Na (Table 1). 

Globular structures were far more common in the roots of plants that experienced P addition 7 d prior 

to harvest, although this could not be quantified.  In addition, the globular structures in these plants 

showed far greater elevation of  P and K (Figure 1; Table 1). Indeed, the elemental concentrations in 

the globular structures after P addition reached up to 3430 mmol P kg–1 P, 2670 mmol K kg–1 and 

3263 mmol Na kg–1 (Table 1). Figure 1 also shows that [P] and [K] were quite high in the cell 

boundaries (likely the cytosol and cell membranes). In contrast, [S] was only greatly elevated in the 

globular structures in one section, while [Mg] and [Ca] differed little from the concentrations in the 

globular structures of plants that did not have P applied 7 d previously.  
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When data from all globular structures in the roots of plants that had P applied 7 d previously were 

combined, there was a strong positive linear correlation between [P] and [K] (r2 = 0.90, p < 0.0001, 

n=46; Fig 2a) and a weak negative relationship between [P] and [Na] (r2 = 0.09, p = 0.035, n=46). No 

significant correlations were found between [P] and [Mg], or [P] and [Ca] (results not shown; p > 

0.05). For one transverse section only, there was a positive correlation between [P] and [Na] (Figure 

2b).  

 

[Insert Table 1 near here] 

 

[Insert Figure 2 near here] 

 

3.3 Tissue [P] increases greatly in established plants following a P addition  

Shoot and root dry mass (DM) of the established plants were unaffected by inoculation with AMF or P 

addition, except that the AMF treatment increased shoot DM by around 50% (results not presented). 

Some symptoms of P toxicity, that is, chlorosis around margins of leaves, were observed in the plants 

that experienced P addition. However, leaves did not appear to be senescing. Shoot and root [P] 

increased greatly following P addition (roots from 3 to 23 and shoots from 3 to14 mg P kg–1 DM). 

Shoot [P] of 2.5–5 mg P kg–1 DM is considered ‘normal’ for T. subterraneum (Weir & Cresswell, 

1994). Shoot and root [K] were little affected by P addition (results not presented).  

 

3.4 P-rich globular structures are present in cortex cells of seedlings both before and after P 

addition 

For the seedlings (Experiment 2), globular structures were again found in the cortex cells and 

vascular tissue of roots (Figure 3). However, in contrast to Experiment 1 where the globular 

structures were found commonly only in the roots of established plants that experienced P addition, 

seedlings sampled both before and 7 d after P addition contained abundant globular structures in 

some root sections. Again, the globular structures corresponded to extraordinarily high concentrations 

of P and K, as well as greatly elevated concentrations of Mg and Na (Figure 3). We observed larger 
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globular structures in the cortex cells than in the vascular tissue (Figure 3). In some instances, an 

individual cell contained up to four globular structures. Note that nuclei presented as an elongated 

narrow spherical structures positioned along the cell wall, but were rarely encountered.  

 

[Insert Figure 3 near here] 

  

3.5 Globoid [P] and [K] increase two to three-fold following the P addition to seedlings 

In the vacuoles of root cortex cells of the seedlings, the element with the highest concentration was K 

at ~45 mmol kg–1 (Table 2). Phosphorus was the next highest element at ~10 mmol kg–1, but was 

often not detectable. There was no significant difference in vacuolar elemental concentrations 

between seedlings sampled before and after P addition (p > 0.05). In contrast, the globular structures 

in the seedlings harvested before P addition contained very high concentrations of P and K (average 

of 1093 and 1765 mmol kg–1, respectively) and, to a lesser extent, of Mg and S (~500 mmol kg–1); Ca 

and Na concentrations were low and variable, sometimes 50–100 mmol kg–1, but often below 

detection limits. In the globular structures of seedlings after P addition, the average [P] increased to ~ 

three-fold higher and the average [K] ~two-fold higher; concentrations of other elements were 

unchanged, except for a small increase in [Na]. Individual globular structures in the seedlings after P 

addition recorded concentrations as high as 5700 mmol kg–1 P and 6500 mmol kg–1 K.  

 

When data from all globular structures (before and after P addition) were combined, there was a 

strong, linear positive relationship between [P] and [K] (r2 = 0.71, p < 0.0001, n = 113; Figure S2) 

and a weak positive linear relationships between [P] and [Na] (r2 = 0.27, p < 0.0001, n = 113), and 

[P] and [Mg] (r2 = 0.09, p = 0.001, n = 113). There was no linear relationship between [P] and [S] (p 

> 0.05) or between [P] and [Ca] (p > 0.05).  

 

[Insert Table 2 near here] 

 

3.6 TEM shows large plastids in cortex cells of seedlings 
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On the sections examined using TEM (Figure 4) we found large globular structures in the cytoplasm 

of some cortex cells (Figure 4b,c) and smaller ones in the vascular tissue (not shown). The structures 

were around 1 µm in diameter; larger than the co-occurring mitochondria (Figure 4a,b). As they were 

clearly enclosed by a double membrane, we consider they are likely plastids (Figure 4b,c). The 

material inside the plastids appeared structured to some degree, and its appearance is consistent with 

the presence of protein, but not starch (e.g., see Sullivan & Gray, 1999) or lipids. The absence of 

membrane-bound structures within the plastids is consistent with the roots being sectioned in the root 

hair zone (Whatley, 1983). The size and shape of the plastids observed with TEM cannot be directly 

compared with that of the globular structures identified using SEM due to the different methodologies 

required for sample preservation, imaging, and element analysis. However, the distribution of the 

globular structures in the planed sections, their shape, and the presence of more than one globoid in 

some cells is consistent with at least some of them being plastids. We cannot say if these plastids 

contained high [P]. 

 

[Insert Figure 4 near here] 

 

3.7 Seedlings accumulate P as inorganic P following P addition 

Seedling root and shoot DM increased ~three-fold over the 7 d following P addition, but by day 7 did 

not differ between the seedlings that experienced P addition and the control seedlings that did not 

(Table 3). Root [P] was very high at 23 g P kg–1 DM before P addition: it then increased to 30 g P kg–

1 DM at 48 hr after P addition, and then changed little by the 7 d harvest (Table 3). Shoot [P] was 13 

g P kg–1 DM before P addition, 18 g P kg–1 DM at 48 hr after P addition, and increased to 26 g P kg–1 

DM by seven days after P addition (Table 3). In the control seedlings, root and shoot [P] changed 

little over the seven days of the experiment. In contrast to [P], shoot [K] did not consistently increase 

over the seven days following the addition of P as KH2PO4 and did not differ between the seedlings 

that experienced P addition and the control seedlings (Table 3).  

 

[Insert Table 3 near here] 
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To investigate the form in which P accumulated in shoots and roots after P addition at the whole 

root scale, we used NMR spectroscopy on NaOH-EDTA extracts. Representative NMR spectra of the 

NaOH–EDTA extracts from roots from all treatments are shown in Figure S3. Root P forms were 

dominated by inorganic P (orthophosphate). The concentration of Pi increased from 19 to 26 g P kg-1 

DM (and Pi increased from ~80 to 87% of total root P) by seven days after P addition, with a 

proportional decrease in organic P (Table 3). The organic P consisted primarily of monoesters and 

diesters. The vast majority of monoesters were further identified as - and -glycerophosphate, which 

is formed from the hydrolysis of phospholipids in the alkaline extract (Doolette et al., 2009) and 

mononucleotides formed from the hydrolytic depolymerisation of RNA in the alkaline extract 

(Smernik, Doolette, & Noack, 2015). The majority of diester P is likely to be DNA, which does not 

depolymerise under alkaline conditions. The P-storing macromolecules, polyphosphate and phytate, 

were not detected in any sample. Total [P] (i.e. the sum of all P forms detected by 31P NMR 

spectroscopy) 7 d after P addition  was 29.7 g P kg–1 DM (Table 3), This was very similar to total [P] 

determined independently by ICP mass spectrometry following acid digestion (28.7 g P kg–1 DM), 

indicating that all significant pools of P in the roots were extracted and detected by the NMR 

spectroscopy. 

 

3.8 Highly upregulated DEGs in seedlings are associated with membranes including those of 

plastids 

To explore the molecular mechanisms that allow seedlings to accumulate P following P addition, 

RNA was extracted from roots before and after P addition (4 hr, 48 hr, 7 d). In total, 430 genes were 

differentially expressed (DEGs) with a log2 fold-change (logFC > 2) and FDR < 0.05 in response to P 

addition (4 hr, 48 hr, 7 d) (Table S1). Table 4 presents a subset of Table S1: the DEGs expressed with 

a log4 fold-change (logFC > 4) and FDR < 0.05 in response to P addition (4 hr, 48 hr, 7 d). Most 

DEGs changed their expression at 4 hr after P addition; the time at which differences compared with 

the roots before P addition were least likely to reflect developmental changes. These genes encoded 

mainly transporter genes, in addition to other membrane proteins. Other potential effectors identified 
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in response to P addition were proteins containing MYB DNA-binding domains, cytochrome P450 

family, expansin-B1-like proteins, zinc fingers, helix loop helix DNA-binding domain proteins and 

early light-induced-like proteins. There were two standout genes of interest from this set due to their 

consistent responses and the high level of induced gene expression: DEGs, TSub_g8948.t1 and 

TSub_g9430.t1. 

 

[Insert Table 4 near here] 

 

The gene TSub_g8948.t1 was the top upregulated DEG at 4 hr, 48 hr and 7 d (logFC 6.33, 

5.89, 5.40) (Table 4). The corrected gene model for the TSub_g8948.t1 transcript after P addition 

suggests transcription from a different transcriptional start site to that observed both in seedlings 

sampled prior to P addition and in the T. subterraneum transcriptome ATLAS which was developed 

for plants at seed-set stage, soil-grown and not exposed to any experimentally-imposed changes in P 

availability (Kaur et al., 2017). The computationally predicted gene model is a membrane protein 

based on the domains present, and it does not have any identifiable Pfam domains. The Phyre2 

analysis was suggestive only for an oxidoreductase domain (Kelley et al., 2015). In two of the three 

replicate seedlings at 4 hr, 48 hr and 7 d after application of P, the gene model was highly expressed, 

relative to samples harvested immediately prior to P addition.  

The gene TSub_g9430.t1 was among the top five upregulated DEGs at 4 hr (logFC 4.38) 

(Table 4). The corrected gene model (Figure 5a) is >80% identical to PHT4;1 and PHT4;4 of 

Arabidopsis at the amino acid sequence level. Both of these encode plastid envelope Pi transporters 

that co-transport Pi with H+ or Na+ (Karlsson et al., 2015; Finazzi et al., 2015), although PHT4;4 may 

also function as a gene encoding an ascorbate transporter (Miyaji et al., 2014). TSub_g9430.t1 was 

also 41% identical to PHT4;2 in Arabidopsis which transports Pi out of root plastids (Irigoyen, 

Karlsson, Kuruvilla, Spetea, & Versaw, 2011; Mukherjee et al., 2015). The amino acid sequence of 

TSub_g9430.t1 also contains a clear N-terminal pre-sequence that is predicted to target the plastid in 

T. subterraneum based on sequence prediction programs (TargetP; Emanuelsson, Brunak, von 
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Heijne, & Nielsen, 2007). In all three replicate seedlings, following high expression at 4 hr after P 

addition, expression then declined by 48 hr, before increasing again by 7 d (Figure 5b). 

 

[Insert Figure 5 near here] 

 

Close examination of other upregulated DEGs identified that nine of them (g22426.t2, 

g23216.t1, g28049.t1, g3557.t1, g850.t1, g9424.t1, g20853.t1, g9939.t1 and g16955.t1) encode 

proteins that are predicted to be targeted to plastids in T. subterraneum (TargetP) or are homologs of 

genes that encode plastid-localised proteins in Arabidopsis (SUBA4; Hooper, Castleden, Tanz, 

Aryamanesh, & Millar, 2017; logFC > 2, FDR < 0.05, Table S1). These include IMMUTANS (plastid 

alternative oxidase, g28049.t1), two enzymes in thiamine synthesis (g3557.t1, g9424.t1), an 

alkenal/one oxidoreductase (g20853.t1) and a plastid ABC transporter (g22426.t2) (Table S1). A 

gene encoding a plasma membrane phosphate transporter (g24726.t1, a PHT1;7 homolog) was 

induced at 4 hr (logFC 2.3, FDR < 0.05, Table S1). 

Re-analysis of the RNAseq data for homologs of the PHT5 vacuolar Pi transporters in T. 

subterraneum (g21396.t1, g3163.t1, g3162.t1) did not show any evidence of differential expression; 

in all samples, g3163.t1 and g3162.t1 had very low expression, while g21396.t1 was highly 

expressed, but stable. TSub_g21396.t1 is similar to PHT5;1 (also known as VPT1, At1g63010), the 

gene encoding the major vacuolar Pi transporter in Arabidopsis (Liu et al., 2015). 

 

3.9 GO term enrichment highlights transmembrane transport in response P addition to 

seedlings 

The clustering of the 430 DEGs (Table S1) in response to P addition in relation to their function was 

explored using a heatmap of GO groups in the biological processes category. Based on this 

visualisation, we decided to compare the ‘early’ upregulated genes (4 hr) with the ‘late’ upregulated 

genes (48 hr, 7 d). Biological processes categorisation by GO classification then demonstrated that 

both the early and late upregulated genes showed enrichment particularly for functional groups 

associated with cellular processes and transport across membranes, with GO: 00055085 
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(transmembrane transport) the most enriched term for the early genes (P = 1.23e-9, 10/54 terms) and 

the second most enriched term for the late genes (P = 6.17e-12, 11/52 terms). However, results 

differed between the early and late genes for terms associated with ‘localisation’ with GO: 0051234 

(establishment of localisation) highly enriched only for the late genes (early 8.95e-05, 12/54 terms; 

late P = 1.39e-10, 19/52 terms) where it was associated with metal ion transport (GO: 0030001; P = 

3.97e-4, 5/52 terms). In the cellular component category, the early and late upregulated genes showed 

most enrichment for functional groups located within the cell, particularly those associated with 

membranes; GO: 0016021 (integral to membrane) was the most enriched group at both times (P = 

2.28e-20 early, 18/54 terms; P = 1.39e-31 late, 24/52 terms). For the early upregulated genes only, 

there was also high enrichment for the plasmodesmata (GO: 0009506, P = 2.21e-11, 6/54 terms). 

Enrichment for GO: 0043231 (intracellular membrane-bound organelle) was also high (early P = 

1.58e-6, 28/54 terms; late P = 3.78e-3, 21/52 terms) with around half the terms encompassed by GO: 

0005634 (nucleus) (early P = 6.77e-07, 17/54 terms; late P = 1.25e2, 10/52 terms). 

 

4. DISCUSSION 

We show, for the first time, that seedling root cortex cells in naturally P-rich seedlings contain P-rich 

globular structures and that [P] increases greatly in these following P addition. We also show that 

established plants grown with adequate P nutrition produce similar P-rich globular structures 

following P addition. For both seedlings and established plants, there was little or no increase in root 

vacuolar P concentration following P addition. For the seedlings, a transcriptome analysis correlated 

gene expression for transmembrane transport processes with the timing of the P movement into the 

globular structures and showed the clear induction of TSub_g9430.t1, a close homolog of the plastid 

envelope Pi-transporters PHT4;1 and PHT4;4, but no change in expression of PHT5 vacuolar Pi-

transporter homologs. Our observations on TSub_g9430.t1 were included in our final analysis 

because the expression of this gene and predicted biological activity of the translated protein make 

this a strong candidate gene for involvement in the increase in P associated with plastids and 

formation of the globular structures.  Further study is required to define the role of TSub_g9430.t1. 

Overall, therefore, we have shown that the presence of a previously unsuspected mechanism for 
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maintenance of cytosolic Pi homeostasis in plant roots that involves specialised P-accumulating 

globular structures in cortex cells. We hypothesise that some or all of the globular structures may be 

plastids, but this remains to be proven definitively and it is possible that the movement of P 

associated with the globular structures and plastids could co-vary with no functional link. 

 

4.1 The movement of excess P into globular structures 

We consider the extremely high [P] in the globular structures, the three-fold increase in the 

concentration of P in the globular structures in the seedlings after P addition, and the stable vacuolar 

[P] after P addition, sufficient to conclude that the globular structures likely represent a significant 

location for P accumulation in high-P seedling roots and in the roots of established plants following P 

addition. The appearance of the high-P globular structures in the established plant roots following P 

addition suggests that the accumulation of P in the globular structures in the seedling roots following 

P addition was not due to changes in root development. We do not know the frequency of globular 

structures throughout the seedling root systems or whether their frequency or size changed after P 

addition. Hence we cannot accurately speculate on the proportion of root P that was accumulated in 

them. For the seedlings, the GO-enrichment analyses for the biological and cellular processes were 

consistent with a scenario where, immediately following P addition, P both entered the root and was 

transported indiscriminately throughout the root cortex symplast via the plasmodesmata that connect 

the cytoplasm of adjacent cells. The P and accompanying counterions were then localised in a subset 

of cortex cells where they were further localised into the globular structures. 

 

4.2 Could the globular structures be plastids? 

We hypothesise that the globular structures could be specialised plastids.  Several lines of evidence 

support this idea. These include: the upregulation of TSub_g9430.t1 and its high similarity to PHT4;1 

and PHT4;4 (discussed below); the detection in root cortex cells, using TEM, of large plastids that 

did not contain substantial amounts of starch or lipids or a complex internal membrane structure; and, 

the globular shape, general structure and presence of up to four globular structures per cell being 

inconsistent with them being nuclei. Root plastids are known to accumulate P (Mukherjee et al., 



22 

2015) as well as starch and protein (Whatley, 1983; Newcomb, 1967), and toxic compounds (Turnau, 

Kottke, & Oberwinkler, 1993).  

In response to P addition we expected to find upregulation of PHT5 homologs in T. 

subterraneum due to the recent identification in Arabidopsis of the Pi transporter PHT5 (VPT) that 

transports Pi into the vacuole thereby regulating cytosol Pi (Liu et al., 2015, 2016). However, we did 

not find this response, despite the experimental methodology—including seedling age, and solution 

[P] and forms—being similar to that of Liu et al. (2015) and Liu et al. (2016). Instead, the 

upregulation of TSub_g9430.t1, particularly at 4 hr after P addition when differences are least likely 

to reflect seedling developmental change, suggests that an additional mechanism for Pi regulation—

the movement of Pi into plastids. The active gene model domain of TSub_g9430.t1 strongly suggests 

it codes for a transporter that plays a similar role to that of PHT4;1 and PHT4;4 of Arabidopsis, that 

is, directing cytosolically accumulated Pi into plastids across the envelope membrane (Karlsson et al., 

2015; Finazzi et al., 2015). PHT4;1 has been characterised as an H+-dependent high-affinity Pi 

transporter when expressed in yeast (Guo et al., 2008) and a Na+-dependent transporter in Escherichia 

coli (Pavón et al., 2008), indicating flexibility in the nature of the cation co-transported. In roots, the 

similar PHT4;2 transporter in Arabidopsis enables Na+-dependent Pi transport out of root plastids 

(Irigoyen et al., 2011; Mukherjee et al., 2015).  

 

4.3. In what form was the accumulated P in the globular structures?  

We cannot determine the exact form of the P in the globular structures. Structures with some 

similarity in appearance and elemental concentrations, known as globoids, are the primary site for P 

storage in seeds, with P in the form of phytate (Lott, Greenwood, Vollmer, & Buttrose, 1978; 

Ockenden et al., 2004). However, our NMR spectroscopy detected no phytate and showed only an 

increase in Pi following P addition. While it is possible that the globular structures did not contain a 

sufficient proportion of the additional P supplied for any unusual forms to be detected, we contend 

that the most likely form for the P accumulated in the globular structures was as P salts, especially 

KH2PO4, but also as mixed P salts containing Mg, Na, Ca and other cations. This conclusion is 

consistent with the absence of polyphosphate, phytate and lower order inositol phosphates, the 
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increase in Pi in the whole root extracts after P addition, and the strong linear relationship between 

[P] and [K] in the globular structures. The P-rich ‘globoids’ in low-phytate cereal mutants likely 

contain a similar mixture of salts (Ockenden et al., 2004; Lin, Ockenden, & Lott, 2005). In the 

globular structures, if they indeed are plastids, these salts must be precipitated to protect the plastid 

from catastrophic osmotic imbalance; that is, it is impossible that the P and accompanying 

counterions remained in solution. If P and cations such as K were quickly transported into the plastid, 

and then were present at the extremely high concentration indicated by our data, they would likely 

come spontaneously out of solution, forming a mixture of compounds. These precipitates would have 

dissolved when roots were digested prior to NMR spectrometry, thereby contributing to the increase 

in Pi detected (Table 3). The very high [S] in the plastids of the seedlings suggests a 

protein/polysaccharide matrix, as occurs in the P-rich protein storage vacuoles within the globoids 

formed in seeds (Shewry et al., 1995), although a high [S] was not always present in the globular 

structures of the established plants. 

 

4.4 Plants likely use a range of mechanisms maintain cytosolic Pi homeostasis 

We do not yet know if the P-rich globular structures that we speculate are plastids are formed in 

species other than T. subterraneum. Even if they are, it seems that plant roots also use a range of 

other mechanisms to maintain cytosolic Pi homeostasis. For instance, Hayatsu, Ono, Hamamoto, & 

Suzuki (2012) reported electron-dense ‘granules’ on the inner surface of the tonoplast in root cap 

cells of three-day-old Glycine max seedlings contained elemental concentrations very similar to those 

in the globular structures in our study.  

The vacuole has been shown to be an important site for P storage and regulation in 

Arabidopsis (Liu et al., 2016) and Zea mays (Lee & Ratcliffe 1993). We cannot rule out vacuoles 

playing a role in cytosolic Pi homeostasis as we found high expression of TSub_21396.t1, which is 

similar to PHT5;1, the major Pi vacuolar transporter in Arabidopsis (Liu et al., 2015). While its 

expression did not change following P addition, perhaps it was not rate limiting. Liu et al. (2016) and 

Lee & Ratcliffe (1993) used high-resolution in-situ 31P-NMR spectroscopy to enable cytoplasm and 

vacuolar P pools to be distinguished due to different pH. However, their results do not preclude a role 
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also for P-rich globular structures/plastids, as microanalysis was not used to establish if there were 

other locations where high concentrations of P were present, and the P salts that we hypothesise fill 

the globular structures/plastids, being present in the solid state, would lack the molecular mobility 

required to be detected by in-situ (solution) NMR (Brodelius & Vogel, 1985). Interestingly, a 

possible dual role for plastids and the vacuole in cytosolic Pi homeostasis is consistent with the 

results of Brodelius & Vogel (1985). These authors used high-resolution in-situ 31P-NMR 

spectroscopy to show that P was taken up very rapidly and first accumulated in the vacuole in roots of 

Catharanthus roseus. However, some P then became invisible to NMR and was hypothesised to have 

precipitated in an unidentified cell organelle. More recently, Mukherjee et al. (2015) also showed P 

accumulation in root plastids.  

 

4.5 Conclusions 

Aside from our specific findings on the locations of P accumulation in roots, we have demonstrated 

the considerable value to be gained from combining microscopy, microanalysis and transcriptome 

studies. We note two high priorities for further research. First, testing of our hypothesis that some or 

all of the globular structures are plastids. Second, detailed biophysical and functional 

characterisation, probably via gene silencing, of the two key genes we identified: TSub_g8948.t1, 

which was the major upregulated gene at all times after P addition and had a different transcriptional 

start site to before P addition, and; TSub_g9430.t1 and other membrane transporters which were 

upregulated over the same period of during which P was transported into the globular structures. The 

latter could be an important target for increasing the ability of crop and pasture seedlings, with their 

naturally high tissue [P], to take up P from fertiliser supplied at sowing. Cultivars with this improved 

ability would enhance fertiliser-P use efficiency, and thus agro-ecosystem profitability and 

environmental performance. 
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Table 1. Elemental concentrations in vacuoles and globular structures in the root cortex of established (7-week-

old) Trifolium subterraneum plants, which either did, or did not, have phosphorus added 7 d before harvest. 

Each row contains data from one planed transverse root section that contained globular structures: mean (s.e.). 

(Experiment 1) 

  

Structure Treatment n P K Mg S Na Ca 

   (mmol kg-1) 

Vacuole No P addition 8 2 (1) 2 (1) 0 0 56 (5) 2 (1) 

  11 1 (1) 2 (1) 0 0 17 (1) 2 (1) 

 P addition 16 7 (1) 15 (1) 1 (1) 1 22 (2) 0 

  14 8 (2) 12 (2) 0 6 (2) 53 (8) 0 

  12 5 (1) 8 (1) 1 (0) 0 1 (1) 0 

  4 2 (1) 11 (1) 0 0 0 2 (1) 

Globular 

structures 

No P addition 2 76 (4) 17 (1) 103 (9) 33 (6) 378 (17) 10 (4) 

  3 13 (1) 132 (32) 228 (94) 42 (9) 614 (252) 50 (10) 

 P addition 16 2994 (151) 2226 (177) 288 (21) 19 (2) 2479 (216) 29 (12) 

  13 583 (86) 636 (65) 126 (11) 566 (85) 3263 (266) 5 (2) 

  5 3430 (593) 2670 (452) 171 (44) 12 (4) 1082 (280) 39 (18) 

  8 922 (150) 921 (141) 341 (147) 25 (3) 247 (51) 36 (13) 
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Table 2. Elemental concentrations in vacuoles and globular structures in the root cortex of seedlings of 

Trifolium subterraneum harvested immediately before, or 7 d after, phosphorus addition; mean, n = 3. For each 

of the three replicates harvested at each time point, data were averaged from 14–30 individual globular 

structures and vacuoles in a single, planed transverse root section that contained globular structures. n.s. = not 

significant. (Experiment 2) 

 

Structure Treatment Time P K Mg S Na Ca 

   (mmol kg–1) 

Vacuole Before P addition  12 41 2 7 3 2 

 After P addition 7 d 11 47 4 4 3 0 

 T-test (P–values) n.s. n.s. n.s. n.s. n.s. n.s. 

Globular 

structures 

Before P addition  1093 1765 560 516 48 39 

 After P addition 7 d 3316 3649 600 516 134 99 

 T-test (P-values) 0.002 0.009 n.s. n.s. 0.018 n.s. 
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Table 3. Phosphorus (P) forms at a whole-root scale for NaOH-EDTA-extractable total P as detected by 31P-

NMR spectroscopy, and root and shoot dry mass (DM) and concentrations of P and potassium in shoots, for 

seedlings of Trifolium subterraneum harvested immediately before—or 4 hr, 48 hr or 7 d after—P addition; 

control seedlings to which no P was added were also harvested after 7 d. Inorganic polyphosphate (results not 

shown) and phytate (a potential component of the monoester fraction) were not detected in any sample. 

(Experiment 2) 

 

  Concentrations of P forms in roots determined by 

NMR1,2 

(g kg–1 DM (% of total P)) 

Seedling DM 

(mg seedling–1) 

Shoot nutrient 

concentrations3 

(g kg–1 DM) 

Treatment Time Ortho-P Mono-

esters 

Di-

esters 

Pyro-P Total P Root2 Shoot2 P K 

Before P addition  18.5 (80) 3.5 (15) 1.29 (6) 0 23.3 4.6 13.6 13.0 59.3 

After P addition 4 h 17.3 (84) 3.1 (15) 0.12 (1) trace 20.5 4.1 14.3 12.0 53.7 

 48 h 25.4 (82) 3.7 (12) 1.30 (4) 0.38 (1) 30.9 7.8 20.0 18.0 62.7 

 7 d 26.0 (87) 3.0 (10) 0.66 (2) 0.13 (<1) 29.7 12.5 40.0 25.7 61.0 

No P addition 7 d 16.9 (80) 3.2 (15) 0.82 (4) 0.11 (<1) 21.0 13.6 42.0 16.7 56.3 

One-way ANOVA (p-values)  <0.001 <0.001 <0.001 0.048 

LSD at p = 0.05      3.3 8.5 2.9 6.1 

 

1 Each sample was a single bulked sample of three replicates 

2 NMR subset 

3 RNA subset  
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Table 4. Key differentially expressed genes with logFC > 4 and FDR < 0.05 in the roots of seedlings of 

Trifolium subterraneum harvested immediately before—or 4 hr, 48 hr or 7 d after—P addition. (Experiment 2) 

  

Time Regulation 

after P 

addition 

Tsub Ref v2.0 

Gene Id 

Length Functional description LogFC 

4 h Up TSub_g8948.t1 462 Putative membrane protein  6.33 

  TSub_g22909.t1 1374 Cytochrome P450 family protein  5.67 

  TSub_g19234.t1 588 DUF4408 domain protein  4.94 

  TSub_g9430.t1 1548 Sodium-dependent phosphate transport protein 4.38 

  TSub_g28145.t1 1446 Glycoside hydrolase family 1 protein 4.37 

  TSub_g17062.t1 693 Expansin-B1-like protein 4.37 

  TSub_g22112.t1 1353 B-box type zinc finger protein 4.10 

 Down TSub_g16532.t1 438 Cycling DOF factor 2 –4.01 

  TSub_g25401.t1 993 Helix loop helix DNA-binding domain protein –4.12 

  TSub_g29922.t1 918 Catalytic/protein phosphatase type 2C –4.14 

  TSub_g27872.t1 1656 RNA polymerase sigma factor –4.26 

  TSub_g13352.t1 1275 Class I glutamine amidotransferase –4.34 

  TSub_g3311.t1 624 Early light-induced-like protein –4.34 

  TSub_g14222.t1 462 Chaperone DnaJ domain protein –4.37 

  TSub_g28591.t1 753 Stem-specific TSJT1-like protein  –4.39 

  TSub_g19312.t1 729 B-box type zinc finger protein –4.51 

  TSub_g21862.t1 1548 Myb transcription factor –4.71 

  TSub_g25784.t1 2268 Late elongated hypocotyl-like protein –4.76 

  TSub_g9990.t1 1218 DOF-type zinc finger DNA-binding family protein –5.09 

  TSub_g30447.t1 861 Myb transcription factor –5.09 

  TSub_g27136.t1 897 Uncharacterized protein –5.20 

  TSub_g8326.t1 843 Salt tolerance-like protein  –5.26 

  TSub_g3310.t1 465 Early light-induced-like protein –5.96 

  TSub_g12597.t1 1179 DOF-type zinc finger DNA-binding family protein –5.97 



33 

  TSub_g9744.t1 861 Nodulin-25 protein –8.22 

  TSub_g9744.t2 864 Nodulin-25 protein –8.22 

  TSub_g9744.t3 813 Late nodulin Nvf-30b –8.22 

  TSub_g13071.t1 360 Leginsulin/Albumin-1  –10.06 

48 h Up TSub_g8948.t1 462 Putative membrane protein 5.89 

 Down TSub_g2721.t1 2223 NB-ARC domain disease resistance protein –4.24 

  TSub_g9744.t1 861 Nodulin-25 protein –6.33 

  TSub_g9744.t2 864 Nodulin-25 protein –6.33 

  TSub_g9744.t3 813 Late nodulin Nvf-30b –6.33 

7 d Up TSub_g8948.t1 462 Putative membrane protein 5.40 

  TSub_g26272.t1 240 Defensin-like protein 4.23 

  TSub_g22088.t1 948 Glycoside hydrolase family 18 protein 4.10 

  TSub_g7211.t1 801 Root iron transporter protein 4.00 

 Down TSub_g28067.t1 267 Pectate lyase –4.20 

  TSub_g2060.t1 471 Glutathione peroxidase –4.51 

  TSub_g27842.t1 1170 Late embryogenesis abundant (LEA)-like protein –4.88 

  TSub_g15125.t1 951 Peroxidase –4.99 

  TSub_g2799.t1 1149 Pollen Ole e I family allergen –5.11 

  TSub_g10691.t1 372 Xyloglucan endotransglucosylase/hydrolase –5.50 

  TSub_g25309.t1 1014 Pectinesterase –6.56 
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Figure 1. A scanning electron micrograph of a typical, acrolein/ether freeze-substituted transverse 

root section of an established (7-week-old) Trifolium subterraneum plant which experienced 

phosphorus addition 7 d prior to harvest and was used for elemental analysis (top, left) reveals gross 

cell structure such as the vascular tissue, cortex region and cell boundaries/walls (white arrowhead). 

At the subcellular scale, vacuoles occupy most of the cell volume and globular structures (black 

arrowhead) are defined; however, the thin layer of cytoplasm and its contents are otherwise difficult to 

distinguish. The corresponding quantitative EDS maps show the distribution and concentration of the 

key elements. Scale bar = 25 μm. The colour scale represents wet weight % for each element, from 0% 

(black) to ≥ 10% (white). 
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Figure 2. The correlations between the concentrations of phosphorus (P) and (a) potassium (r2 = 0.90, 

p < 0.0001) and (b) sodium (Na) (r2 = 0.09, p = 0.03) within globular structures in the root cortex of 

established (7-week-old) Trifolium subterraneum plants that had experienced P addition 7 d before 

harvest (each symbol represents one globular structure) (n=46). The clear symbols are from a single 

root section where there was a significant positive correlation between the concentrations of P and Na 

(r2 = 0.77, p < 0.0001, n=15). (Experiment 1) 
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Figure 3. A scanning electron micrograph of a typical, acrolein/ether freeze-substituted transverse 

root section of a seedling of Trifolium subterraneum harvested 7 d after phosphorus addition and used 

for elemental analysis (top, left); the white arrowhead indicates cell boundaries/walls and the black 

arrowhead indicates a globular structure. The corresponding quantitative EDS maps show the 

distribution and concentration of the key elements. Scale bar = 50 μm. The colour scale represents wet 

weight % for each element, from 0% (black) to ≥3% (white) (note different scale to Figure 1). 

(Experiment 2) 
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Figure 4. Transmission electron micrographs of glutaraldehyde-fixed roots of a seedling of Trifolium 

subterraneum harvested 7 d after phosphorus addition reveal the cell ultrastructure in detail, including 

the presence of large plastids in root cortex cells. The images show each cell bounded by a cell wall 

(black arrows) (a) and containing a large vacuole (v) (a, b, c) surrounded by a thin layer of cytoplasm 

(white arrowheads) (a, b, c). Within the cytoplasm can sometimes be seen mitochondria (black 

arrowheads) (a, b, c), a nucleus (n) (b), and plastids (*) (b, c) surrounded by a double membrane. Scale 

bars = 1 μm. (Experiment 2)  
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Figure 5. Transcript expression profiles for the gene model for TSub_g9430.t1 (sodium-dependent 

phosphate transport protein) in the chromosome 3 genomic region.  

(a) The gene model that accounts for the RNA expression, and RNA expression in one seedling of 

Trifolium subterraneum harvested 4 hr after phosphorus (P) addition and in the pooled five tissue-

type transcriptome ATLAS for T. subterraneum where the plants were at the seed-set stage and soil-

grown (Kaur et al., 2017).  

(b) The expression of the gene model for the three replicate seedlings harvested before P addition and 

4 hr, 48 hr and 7 d after P addition. Read counts were normalised with the trimmed means of M-

values (TMM) method described in Robinson & Oshlack (2010). 
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