
03 May 2024

AperTO - Archivio Istituzionale Open Access dell'Università di Torino

Original Citation:

Tomato plant responses induced by sparingly available inorganic and organic phosphorus forms
are modulated by strigolactones

Published version:

DOI:10.1007/s11104-022-05337-0

Terms of use:

Open Access

(Article begins on next page)

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

Availability:

This is the author's manuscript

This version is available http://hdl.handle.net/2318/1874961 since 2023-12-15T16:04:39Z



Tomato plant responses induced by sparingly available inorganic and organic 1 
phosphorus forms are modulated by strigolactones 2 

 3 
Veronica Santoro*, Michela Schiavon, Ivan Visentin, Maria Martin, Daniel Said-Pullicino, Francesca Cardinale, Luisella 4 

Celi 5 

Department of Agricultural, Forest and Food Sciences (DISAFA), University of Turin, Largo Braccini 2, Grugliasco, 6 

Italy  7 

 8 

*Corresponding author: Veronica Santoro (e-mail: veronica.santoro@unito.it; https://orcid.org/ 9 

0000-0001-7403-3786)  10 

 11 

Abstract  12 

Background and aims Phosphorus (P) is an essential nutrient for plant growth, but is also one of the least accessible in 13 

soil. Plants have evolved several strategies to cope with P deficiency and recently the role of the phytohormones 14 

strigolactones (SLs) in modulating tomato plants acclimation to P shortage has been described. How SLs regulate the use 15 

of P from sparingly accessible P sources, such as organic P or precipitated metal-P systems, is however still unknown in 16 

tomato.  17 

Methods In this study, we compared P acquisition strategies of wild-type (WT) and SL-depleted tomato plants grown 18 

hydroponically in the presence of dissolved inorganic phosphate (Pi), dissolved myo-inositol hexaphosphate (myoInsP6), 19 

or their coprecipitated form following Fe(II) oxidative precipitation.  20 

Results Irrespective of the P treatment, SL-depleted plants accumulated more P in their tissues than the WT, possibly due 21 

to the constitutively higher expression of high-affinity P transporters and activity of P-hydrolyzing enzymes. Wild-type 22 

plants were conversely more effective at acidifying their growth medium and exuding more organic compounds in the 23 

presence of dissolved myoInsP6 or coprecipitated forms of P, but this behaviour did not translate into a higher P 24 

acquisition. 25 

Conclusions The two genotypes activated different subsets of responses to bypass low P bioavailability, although the P 26 

acquisition efficiency (PAE) was not effectively increased. Strigolactone-depleted plants achieved higher PAE values 27 

than WT plants regardless of the applied P form, highlighting a central role of SLs in controlling P uptake and optimizing 28 

the cost/benefit ratio of P acquisition. 29 
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Introduction 34 

Phosphorus (P) is one of the essential mineral nutrients required by plants for their growth and balanced metabolism. 35 

However, due to its extremely low bioavailability in soil, P is often limiting for crop productivity in over 40% of arable 36 

land (Vance 2001). The slow diffusion coefficient of inorganic P (Pi) in the form of orthophosphate ion (10-12 - 10-15 m2 37 

s-1, Rausch and Bucher 2002) and its strong interaction with soil constituents result in a P concentration in soil solution 38 

ranging from 0.1 to 10 μM, which is inadequate to support plant growth, metabolism and production (Frossard et al. 2000; 39 

Raghothama 1999; Zhang et al. 2011). In particular, a variety of soil processes such as the high P adsorption on soil 40 

minerals, especially iron (Fe) and aluminium (Al) oxides, P complexation by calcium (Ca), Al or Fe to form metal-P salts 41 

(Akhtar et al. 2008; Vance et al. 2003) and oxidative coprecipitation of P with Fe(II) (Santoro et al. 2019), all contribute 42 

to making P one of the least mobile macronutrients in many natural and agricultural ecosystems. In addition, the organic 43 

P pool represents a potentially important source for plant nutrition accounting for 20-80% of the total P in soil (Hayes et 44 

al. 2000). This pool is mainly composed of phosphomonoesters, as inositol hexaphosphates, which however require 45 

enzymatic hydrolysis prior to acquisition by plants, and can undergo the same soil retention mechanisms as Pi (Celi et al. 46 

2020; Dalal 1978; Santoro et al. 2019). 47 

Increasing evidence ascertains that some plant species efficiently utilize certain sparingly accessible P sources, 48 

determining morphological, physiological and biochemical modifications of the rhizosphere (Thennegedara and 49 

Dissanayaka 2021; Wang et al. 2011; Zhang et al. 2011; Zhou et al. 2021). These include adjustments of root traits and 50 

architecture such as length, surface area, fineness, and root hair density (Rao et al. 1999), rhizosphere acidification through 51 

the release of protons (H+), root exudation of organic acid anions, upregulation of genes encoding high-affinity P 52 

transporters (PHOSPHATE TRANSPORTER, PHT), enhanced production and secretion of P-hydrolyzing enzymes, and 53 

symbiotic associations with mycorrhizal fungi (Adu-Gyamfi et al. 2009; Akhtar et al. 2008; Jin et al. 2014; Wang and 54 

Lambers 2020; Zhang et al. 2011; Zhou et al. 2021).  55 

Rhizosphere acidification that occurs when P availability is low can play an important role in the mobilization of 56 

phosphate in neutral and alkaline calcareous soils (Akhtar et al. 2008; Zhang et al. 2011), as the efflux of H+ to soil 57 

through ATPase pumps located in the plasma membrane can lead to a significant decrease in soil pH, particularly in 58 

poorly buffered soils, favouring the dissolution of sparingly soluble P phases (Akhtar et al. 2008). Furthermore, root 59 

exudation of carboxylates, which could also contribute to rhizosphere acidification, is an effective strategy to increase P 60 

availability through complexation (Akhtar et al. 2008; Zhang et al. 2011). Indeed, carboxylates may have a greater 61 

potential than phosphate to chelate cations in the soil matrix, thereby releasing P into solution (Gerke et al. 2000a, b; 62 

Jones 1998; Ryan et al. 2001). In some species, the composition and concentration of carboxylates in root exudates varies 63 

according to the P sources in the soil (Lambers et al. 2002). Finally, the release by the roots of extracellular enzymes such 64 



as phosphatases in response to P deficiency has been implicated in the improvement of plant P nutrition (Chen et al. 65 

2002). Similarly, phytases that specifically hydrolyze metal (Fe, Al, Ca) phytates can be released. Such phytate salts 66 

constitute an important fraction of the total organic P present in the soil (Turner et al. 2002). Phytases also represent a 67 

way to recycle plant internal P pools, since phytates are also a major P storage form in many plant tissues (Konietzny and 68 

Greiner 2002). Internal plant P homeostasis is systemically regulated by the conserved microRNA 399 (miR399), which 69 

acts as a long-distance signal highly responsive to low P conditions (Czarnecki et al. 2013), and is thought to be a crucial 70 

node of the P starvation response (PSR) (Pant et al. 2008). miR399 targets the transcript of PHOSPHATE2 (PHO2), 71 

encoding an ubiquitin conjugating enzyme that mediates the degradation of Phosphate Starvation-Induced (PSI) gene 72 

products, like PHO1 and PHT family member proteins (Liu et al. 2012). 73 

Recent studies have indicated a major role of strigolactones (SLs), a group of carotenoid-derived phytohormones, as 74 

signalling molecules able to trigger morphological, physiological and biochemical responses associated with plant 75 

acclimation to P deficient conditions (Czarnecki et al. 2013; Ito et al. 2015; Gamir et al. 2020; Marro et al. 2021). 76 

Strigolactone biosynthesis and exudation have been shown to increase under P starvation in many species such as rice, 77 

Arabidopsis and tomato (Niu et al. 2013). In this regard, Marro et al. (2021) recently proposed that the induced SL 78 

biosynthesis under P deficiency would modulate the expression of key P signalling and regulatory genes, and that of P 79 

transporters. In particular, SLs were proposed to act on the SPX-PHR1 complex releasing the transcriptional activator 80 

PHR1, thus inducing the increase of mature miR399 and the expression of TPSI1, a non-protein coding gene involved in 81 

miR399 sequestration (Marro et al. 2021). In turn, miR399 reduces the transcript levels of the PSR suppressor PHO2, 82 

activating the PSR pathway with the induced expression of PHT transporters-encoding genes and consequent P 83 

acquisition (Gamir et al. 2020; Marro et al. 2021). The involvement of SLs in the regulation of plant responses to P 84 

deficiency likely occurs through their crosstalk with other phytohormones, such as cytokinins, auxin and ethylene, thus 85 

highlighting a complex network of hormonal signals involved in response to P scarcity (Kapulnik et al. 2011; Villaécija-86 

Aguilar et al. 2019). Recently, we have reported that SLs partly mediate several physiological and morphological changes 87 

triggered by P deficiency (Santoro et al. 2020, 2021). We have observed that SL-depleted tomato plants differ from wild-88 

type (WT) controls at the level of root morphology, as many root traits were more severely affected at low P provision 89 

(80 µM) (Santoro et al. 2020). This condition induced many P-deficiency responses in SL-depleted plants, which WT 90 

plants only adopted under harsh P stress conditions, including extensive cell and tissue disorganization at the root tip 91 

(Santoro et al. 2020, 2021). The enhanced P uptake, expression of PHT genes and root enzymatic activity observed in 92 

SL-depleted plants compared to WT plants may be related to an altered perception of exogenous P and/or of endogenous 93 

P levels. On the other hand, some responses such as root acidification in response to low P were initially delayed and 94 

impaired in the absence of SLs (Santoro et al. 2021). The role of SLs in the ability of tomato plants to access different 95 



forms of sparingly available P sources, such as dissolved organic P or precipitated metal-P systems, is however still 96 

largely unknown.  97 

In this study, we aimed at evaluating differences in the response between WT and SL-depleted tomato plants in mining P 98 

from sparingly available organic and inorganic P forms. We hypothesized that tomato plants would react to the presence 99 

of these P forms by triggering the PSR at least in part – both within root tissues and in terms of exudate composition, and 100 

that this process may be affected by SLs.   101 

To this purpose, we assessed plant growth and elemental composition, assayed the activity of root P-related enzymes and 102 

the expression of PHT genes, and characterized root exudates of WT and SL-depleted tomato plants grown hydroponically 103 

in the presence of dissolved Pi, dissolved myo-inositol hexaphosphate (myoInsP6, or phytate) and the coprecipitated form 104 

of these two P-containing compounds following Fe(II) oxidative precipitation. 105 

 106 

Materials and methods 107 

1. Plant material and growth conditions 108 

The tomato (Solanum lycopersicum L.) SlCCD7-silenced line 6936 (SL-depleted) and its WT genotype M82 assayed in 109 

this study were kindly provided by Dr. H.J. Klee (University of Florida); in the former, the production of the major SLs 110 

is reduced by about 80-90% with respect to the latter (Vogel et al. 2010). Seeds were surface sterilized in 70% (v/v) 111 

ethanol for 30 s, then in 15% NaClO for 20 min, washed five times for 5 min with sterile water, and then germinated on 112 

wet Whatman filter paper in Petri dishes (10 cm diameter) at 25°C and in darkness for 5 days. Germinated seeds were 113 

transferred to plastic pots filled with P-free silica sand and allowed to grow for 45 days in a growth chamber with a 16/8 114 

h light/dark cycle, air temperature of 25°C and relative humidity ≥70%, with a light intensity of 100 µmol m-2 s-1. Pots 115 

were irrigated daily with a Hoagland modified nutrient solution containing the following salts: 1 mM MgSO4, 1 mM 116 

Ca(NO3)2, 250 µM KNO3, 80 µM KH2PO4, 20 µM FeNaEDTA, 9 µM H3BO3, 1.8 µM MnCl2, 0.2 µM ZnSO4, 0.2 µM 117 

Co(NO3)2, 0.2 µM NiSO4, 0.2 µM CuSO4 (pH adjusted to 6.0).  118 

2. Phosphorus nutritional conditions and collection of root exudates  119 

After 45 days of growth in sand, plants were transplanted to 250 mL flasks containing 200 mL of aerated nutrient solution. 120 

After two days of acclimation to the hydroponic growth systems with the complete nutrient solution, roots were gently 121 

rinsed with deionized water to remove traces of P. After that, four plants per genotype were kept for 15 days in a P-replete 122 

nutrient solution (Pi, 80 µM KH2PO4), in a P-free (–P, 0 µM KH2PO4) nutrient solution, or in a nutrient solution with P 123 

provided as the organic form myoInsP6, at a final P concentration of 80 µM. In addition to these conditions, four plants 124 

per genotype were supplied with sparingly available P sources in the form of Fe-P coprecipitates with Pi or myoInsP6 125 

(referred to as COP-Pi and COP-myoInsP6, respectively), synthesized as described by Santoro et al. (2019) and having 126 



the chemical properties reported in Table 1. The amount of each coprecipitate added to the nutrient solution was chosen 127 

in order to obtain a final P concentration of 80 µM. In all treatments (except Pi) KCl replaced KH2PO4 to provide plants 128 

with a steady amount of K. The solutions/suspensions were constantly aerated during the experiment and were replenished 129 

every day in order to restore the initial volume. After 15 days, root exudates were collected, filtered through 0.22 µm 130 

nylon membrane filters and stored at –20°C for further analyses. Plants were harvested, divided into shoots and roots, and 131 

the fresh biomass was recorded. Root subsamples were frozen in liquid N2 and stored at –80°C for enzymatic and 132 

molecular analyses, while the remaining root and shoot tissues were dried at +40°C, ground separately in a mortar, passed 133 

through a 0.5 mm mesh sieve and used for elemental analyses.  134 

3. Plant elemental analysis 135 

Concentration of total P in plant tissues was determined colorimetrically on dry plant material after sulfuric-perchloric 136 

digestion using the malachite green method (Ohno and Zibilske 1991). Phosphorus absorption efficiency (PAE) values 137 

were calculated as the ratio of P accumulated in tissues to P exogenously supplied during both plant growth in sand and 138 

hydroponics (Neto et al. 2016). After acidic dissolution, Fe concentration in roots was measured by atomic absorption 139 

spectrometry (PerkinElmer AAnalyst 1400, Norwalk, CT, USA). Total C and N contents were determined by dry 140 

combustion (UNICUBE, Elementar Analysensysteme GmbH, Langensenbold, Germany).  141 

4. Exudate analysis  142 

Root exudates were analyzed for dissolved organic C (DOC), protons, organic acid anions, total P, and Fe content. DOC 143 

was determined using Pt-catalyzed, high-temperature combustion (850°C) followed by infrared detection of CO2 144 

(VarioTOC, Elementar, Hanau, Germany), after removing inorganic C by acidifying to pH 2 and purging with CO2-free 145 

synthetic air. A blank to correct for C derived from EDTA in the nutrient solution was performed. In addition, UV 146 

absorption at λ = 254 nm was measured (Helios Gamma Spectrophotometer, Thermo Electron, Waltham, MA). The 147 

specific UV absorbance (SUVA) values, calculated by normalizing measured absorbance values to the concentration of 148 

DOC, were used as an estimate of the aromatic content of exudates samples (Weishaar et al. 2003).  149 

The concentration of protons in the nutrient solutions was monitored using a pH-sensitive electrode (inoLab pH 7110, 150 

WTW GmbH, Weilheim, Germany) and was expressed as the mmoles of released H+ ions per grams of root DW. Organic 151 

acid anions were analyzed by Dionex DX-500 Ion Chromatography system (Sunnyvale, CA, USA) equipped with a 152 

dimensional-exclusion column (Ion PAC ICE-AS6) and an electrochemical detector (Dionex ED40). The concentration 153 

of P in the nutrient solution was determined colorimetrically as described above, while Fe concentration in the solution 154 

was measured by atomic absorption spectrometry (PerkinElmer AAnalyst 1400, Norwalk, CT, USA).  155 



Dissolved organic C and organic acid anions data were expressed as mg C g-1 plant DW to evaluate the exudates in terms 156 

of C investment by the plant. 157 

5. Enzymatic activity 158 

Phosphatase and phytase activities were determined as described in Hayes et al. (1999). Root material was ground in 15 159 

mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 5.5) containing 0.5 mM CaCl2·H2O and 1 mM EDTA. The 160 

extract was centrifuged at 13,800 g x 15 min at 4°C and the supernatant gel-filtered at 4°C on Sephadex G-25 columns. 161 

To assay total acid phosphatase activity, the enzyme extract was incubated at 26°C in 15 mM MES buffer (pH 5.5) with 162 

1 mM EDTA, 5 mM cysteine and 10 mM p-nitrophenyl phosphate (pNPP). The reaction was stopped after 30 min by 163 

addition of 0.25 M NaOH. The concentration of p-nitrophenol (pNP) was determined by measuring the absorbance at 412 164 

nm against standard solutions. Phytase activity was measured on the same root extracts and under the same conditions 165 

described above, except that pNPP was replaced with 2 mM potassium myoInsP6. The reaction was stopped after 60 min 166 

by addition of ice-cold 10% trichloroacetic acid (TCA), and Pi concentration was determined by the malachite green 167 

method (Ohno and Zibilske 1991). 168 

6. Gene transcript quantification 169 

To quantify PHO2 and PHT gene transcripts, RNA was extracted from individual root samples of WT and SL-depleted 170 

plants grown in hydroponics according to the conditions described above. Total RNA was extracted by using Spectrum™ 171 

Plant Total RNA Kit (Sigma-Aldrich), and treated with DNase I (ThermoScientific) at 37°C for 30 min to remove residual 172 

genomic DNA. First-strand cDNA was synthesized from 500 ng of purified total RNA using the High-Capacity cDNA 173 

Reverse-Transcription Kit (Applied Biosystems, Monza, Italy) according to the manufacturer's instructions. The specific 174 

primer pairs are the same as reported in Santoro et al. (2021). The quantitative reverse-transcriptase PCR (qRT-PCR) 175 

reactions were carried out in a StepOnePlus system (Applied Biosystems) using the SYBR Green (Applied Biosystems) 176 

method. Transcript concentrations were normalized on SlEF-1α transcripts as endogenous controls and quantified through 177 

the 2-ΔΔCt method. Four independent biological replicates were analyzed, and each qRT-PCR reaction was run in technical 178 

triplicates. 179 

7. Statistics 180 

For all determinations, the analysis of variance (one-way ANOVA) was performed using the SPSS software version 27.0 181 

(SPSS, Chicago, IL, USA), and was followed by pair-wise post-hoc analyses (Student-Newman-Keuls test) to determine 182 

which means differed significantly at p < 0.05. The different P treatments were firstly compared for each genotype 183 

separately, then a pairwise comparison of the two genotypes subjected to the same P treatment was carried out. In addition, 184 

to evaluate the effect of plant genotype, P treatment and the combination of the two on the measured parameters, we used 185 



a linear mixed-effect ANOVA model performed with the statistical programming language R (R Core Team 2020). 186 

Figures were created using SigmaPlot ver. 12.5 software (Systat, San Jose, CA, USA) showing means presented with 187 

standard errors. 188 

Results  189 

1. Plant growth parameters and elemental composition 190 

Strigolactone-depleted genotypes typically displayed increased shoot branching in comparison to WT plants (not shown). 191 

The root biomass was highly dependent on the P treatment (p < 0.001), the plant genotype (p < 0.01) and the combination 192 

of the two (p < 0.05). In particular, both genotypes achieved the maximal and comparable dry root biomass under the Pi 193 

condition (Table 2). Similarly, the root biomass did not differ between genotypes when they were starved for P. Minimum 194 

values of root biomass were associated with plants grown on coprecipitates, even though the roots of SL-depleted plants 195 

were generally more developed compared to the WT, especially when they received COP-Pi (Table 2).  196 

Similar to the roots, shoot growth was strongly influenced by the P treatment (p < 0.001), the plant genotype (p < 0.001) 197 

and the combination of the two (p < 0.001). The highest shoot biomass was attained by SL-depleted plants under Pi and 198 

myoInsP6 conditions (Table 2). Also, under –P and in the presence of COP-Pi SL-depleted plants was higher than that of 199 

the WT. For both genotypes, the lowest shoot biomass was observed in the presence of COP-myoInsP6 (Table 2). 200 

The R/S ratios of SL-depleted plants were lower than in the WT genotype when P was supplied as myoInsP6 or under –201 

P conditions, due to the higher shoot biomass (Table 2). The R/S ratio of WT plants was generally lower in the presence 202 

of coprecipitates with respect to the dissolved forms, while the opposite was observed for SL-depleted plants. Also in this 203 

case, both P treatment (p < 0.01) and the plant genotype (p < 0.05), as well as the combination of the two (p < 0.001), 204 

concurred to influence the R/S ratio. The P uptake in roots and shoots is reported in Fig. 1a, while the total P uptake per 205 

plant is reported in Fig. 1b. Total P uptake was generally higher in both genotypes treated with dissolved P forms with 206 

respect to insoluble forms (Fig. 1b). In all cases, the shoot P content was higher in SL-depleted plants than in the WT 207 

(Fig. 1a), reflecting the greater shoot biomass production by the mutants. In roots, P contents followed the same trend as 208 

in the shoots in response to the different treatments, but they were almost comparable between the two genotypes (Fig. 209 

1a). For both genotypes, the minimum accumulation of P in the plant was observed in the presence of COP-myoInsP6, 210 

with a higher value in SL-depleted plants, which was however comparable to –P conditions (Fig. 1b), consistently with 211 

differences in P content at the shoot level (Fig. 1a). Root P content was influenced mainly by the P treatment (p < 0.001) 212 

and to a lesser extent by the plant genotype (p < 0.05), which conversely played a more significant role in the accumulation 213 

of P in the shoots (p < 0.001), along with the combination of the two parameters (p < 0.001). The greater P uptake by SL-214 

depleted plants led to generally higher P-acquisition efficiency (PAE) than the WT, for the same amount and form of P 215 

provided (Fig. 1c). The maximal PAE value was shown by SL-depleted plants under Pi conditions. Similarly, when 216 



supplied with the coprecipitates and dissolved myoInsP6, SL-depleted plants displayed higher PAE than the WT (Fig. 217 

1c). In general, PAE values were more strongly influenced by the plant genotype (p < 0.001) than by the P treatment (p 218 

< 0.05), and plants grown in the presence of the two coprecipitates displayed the lowest PAE among all P treatments (Fig. 219 

1c).  220 

The contents of C, N and Fe in plants are reported in Table 3. In general, SL-depleted plants displayed higher C contents 221 

than the WT, especially when grown with myoInsP6 or COP-Pi. The lowest C and N contents were found in plants 222 

supplied with COP-myoInsP6, irrespective of the genotype (Table 3). Nitrogen values differed among treatments, with 223 

SL-depleted plants generally accumulating more N than WT plants. N/P ratios showed a clear increase when Pi and 224 

myoInsP6 were provided as coprecipitates or plants were grown without P (Table 3). Both C and N contents in plants 225 

were significantly influenced by the P treatment (p < 0.001) and the plant genotype (p < 0.001), but not by their combined 226 

effect. 227 

The highest Fe content in root tissues was found in plants provided with either COP-Pi or COP-myoInsP6, without 228 

statistical differences between genotypes (Table 3). The lowest Fe accumulation was recorded under Pi, with WT plants 229 

displaying significantly lower values than SL-depleted plants, and myoInsP6 conditions (Table 3). Iron accumulation in 230 

roots was significantly influenced by the P treatment (p < 0.001) and less by the plant genotype (p < 0.05). In contrast, it 231 

was not affected by the combined effect of the P treatment and the plant genotype. 232 

2. Root enzymatic activity 233 

Phosphatase activity was maximal in WT and SL-depleted plants grown in the presence of COP-myoInsP6 or COP-Pi, 234 

without statistical differences between genotypes, while minimum in Pi and –P plants (Fig. 2a). The provision of P in the 235 

form of dissolved myoInsP6 increased the activity of phosphatases compared to Pi condition in both genotypes (Fig. 2a). 236 

The trend of phytase activity was similar to that described for phosphatase, with a significantly higher activity in SL-237 

depleted plants under Pi, myoInsP6 or COP-Pi conditions (Fig. 2b). Both enzyme activities were significantly influenced 238 

by the P treatment (p < 0.0001) and, to a lesser extent, by the plant genotype (p < 0.05). 239 

3. Expression of genes encoding high-affinity P transporters 240 

The gene encoding PHOSPHATE TRANSPORTER 1 (LePT1) was up-regulated in SL-depleted plants compared to the 241 

WT, regardless of the P treatment applied (Fig. 3a). In the WT, LePT1 showed similar transcript concentration in plants 242 

supplied with dissolved or sparingly available P sources, but higher in plants under –P than in Pi. LePT2 was most 243 

expressed under –P condition in both genotypes, with the maximum reported for SL-depleted plants (Fig. 3b). Its lowest 244 

transcript concentration was found in plants under Pi and plants subjected to the COP-Pi treatment. The trend of LePT4 245 

in the WT genotype was similar to that of LePT2, while it was the highest in SL-depleted plants in the presence of COP-246 

Pi (Fig. 3c). Finally, in our experiment, PHO2 expression in WT plants was highest when supplied with readily available 247 



Pi (Fig. 3d). In SL-depleted plants, PHO2 was abundantly expressed when P was provided as coprecipitate (COP-Pi or 248 

COP-myoInsP6) or myoInsP6, while a lower expression than in the WT was evident in plants under Pi (confirming the 249 

findings in Santoro et al. 2021). 250 

4. Exudate analysis 251 

At the end of the 15 days of the experiment, no dissolved P or Fe were detected in the solutions of either WT or SL-252 

depleted plants under any P treatment, while part of the coprecipitate was still present in the nutrient solutions of plants 253 

treated with COP-Pi and COP-myoInsP6. 254 

4.1 Dissolved organic C exudation 255 

The amount of C exuded tended to be higher in WT than in SL-depleted plants, and the treatment with COP-myoInsP6 256 

was the most effective in triggering the exudation in both genotypes (Fig. 4). Furthermore, C exudation was greater in 257 

plants grown under P starvation compared to Pi plants, although differences were only significant for WT plants. When 258 

P was provided as dissolved myoInsP6 or COP-Pi, C exudation was comparable within genotypes. The lowest C exudation 259 

was recorded for SL-depleted plants with Pi or COP-Pi (Fig. 4).  260 

The high C exudation by plants grown with COP-myoInsP6 was also accompanied by relatively high SUVA values 261 

(circles in Fig. 4), while fairly high SUVA values were additionally observed when P was provided as dissolved myoInsP6. 262 

The lowest SUVA levels were determined in root exudates of SL-depleted plants grown on COP-Pi, Pi and under –P 263 

conditions. Finally, the statistical analysis revealed that C exudation was significantly influenced by both the P treatment 264 

(p < 0.001) and the plant genotype (p < 0.001), while the aromaticity of the exuded compounds was only affected by the 265 

P treatment (p < 0.001).  266 

4.2. Proton exudation 267 

Proton release by WT and SL-depleted plants was significantly dependent on the P treatment only (p < 0.001). The highest 268 

amount of exuded protons was observed in WT plants grown in the presence of myoInsP6, while the lowest proton release 269 

was observed in plants grown under –P, Pi, and COP-Pi conditions (Fig. 5). Slightly larger amounts of protons were 270 

instead exuded by both genotypes in the presence of COP-myoInsP6 (Fig. 5).  271 

4.3 Organic acid anion exudation 272 

Quantitative analysis of organic anions revealed variable amounts of oxalic, succinic, tartaric, and citric acid anions, while 273 

others were only detectable in traces. Oxalate was the dominant organic anion in root exudates, and its concentration 274 

increased in –P plants (Fig. 6a). In the presence of COP-Pi and COP-myoInsP6, oxalate exudation from WT plants showed 275 

an increasing, although not significant, trend when compared to the relative soluble form, while it slightly decreased in 276 

SL-depleted plants grown on COP-Pi. On the contrary, succinate exudation was not triggered by the presence of COP-Pi, 277 



while it barely increased in both genotypes under COP-myoInsP6 with respect to dissolved myoInsP6, and under –P 278 

conditions in WT plants only (Fig. 6b). The exudation of tartrate by WT plants was maximal under Pi conditions and not 279 

detectable when plants were grown with myoInsP6 or COP-myoInsP6 (Fig. 6c). In SL-depleted plants, while again 280 

undetectable on myoInsP6 and COP-myoInsP6, tartrate in the exudates accumulated more under P-deficiency and low P 281 

bioavailability. Conversely, and in contrast with WT plants, it was low in the presence of Pi (Fig. 7c). Citrate exudation 282 

by both genotypes significantly increased when plants received COP-Pi or were P starved, reaching significantly higher 283 

values in WT than SL-depleted plants under –P conditions, while it was not detected in the presence of dissolved or 284 

coprecipitated myoInsP6, for either genotype (Fig. 6d). 285 

Discussion 286 

1. Plant growth and P acquisition by different P forms are mediated by SLs 287 

So far, neither the ability of tomato plants to absorb various P pools with different availability, nor the role of SLs in the 288 

underlying processes have been reported in the literature. Our data indicated that both the WT and SL-depleted genotypes 289 

are able to use P from myoInsP6 when provided as a dissolved molecule, but less so when coprecipitated with Fe. 290 

Furthermore, P acquisition by plants grown with COP-myoInsP6 is lower compared to plants supplied with COP-Pi. 291 

Consistent with these findings, Findenegg and Nelemans (1993) have found that Zea mays plants grown in quartz sand 292 

can use myoInsP6 as a source of P for nutrition, but their growth is severely reduced when myoInsP6 is added to a soil 293 

with high P-retaining capacity. Similarly, myoInsP6 has been reported to be equivalent to Pi as a P source for Lupinus 294 

spp. in sand, but represents a poorer P source in soil (Adams and Pate 1992). Martin et al. (2004) also observed limited 295 

availability of myoInsP6 to Lolium perenne L. when adsorbed on goethite. It should be noted, however, that not all plants 296 

are able to use myoInsP6 as a source of P. Hayes et al. (2000), for instance, reported that six pasture species could obtain 297 

little P from soluble myoInsP6 when grown in sterile media, even when myoInsP6 was supplied at high concentrations 298 

(up to 40 times the level of Pi supply required for plants to reach 90% of their maximum attainable shoot dry weight). 299 

Species-dependent differences in P acquisition from myoInsP6 could be due to a diverse root phytase activity associated 300 

with PSRs. In support of this hypothesis, tomato plants, especially when SL-depleted, produced significantly more 301 

phytases in the presence of myoInsP6 than under Pi conditions, which could explain the elevated P acquisition from 302 

dissolved myoInsP6. High phytase activity was also determined in WT and SL-depleted plants supplied with COP-303 

myoInsP6, albeit with little effect on P acquisition. Indeed, it has been previously reported that phytase activity is inhibited 304 

when myoInsP6 is retained by soil surfaces (George et al. 2007). In addition, Giaveno et al. (2010) have pointed out that 305 

phytases are not able to hydrolyze this organic P compound when adsorbed on various iron oxides. Thus, we can infer 306 

that also Fe(II) oxidative coprecipitation could hamper myoInsP6 hydrolysis by phytases and limit P acquisition by plants.  307 



Irrespective of the P treatment applied, SL-depleted plants produced a greater shoot biomass and accumulated more P 308 

than the WT, confirming the different phenotypic traits between these two genotypes reported by Santoro et al. (2021). 309 

Together with the greater activity of P-hydrolyzing enzymes, the higher P uptake by SL-depleted plants could be the 310 

result of an increased expression of high-affinity P transporters at the Pi values used in this work. With respect to PHT 311 

genes expression, our results only in part confirm those reported by Gamir et al. (2020) and Marro et al. (2021). 312 

Discrepancy in some outcomes (e.g., expression of LePT2) could be due to the different P concentrations applied to plants: 313 

80 vs 800-1300 µM Pi for P-sufficient conditions, and 0 vs 200-300 µM Pi for the P depleted conditions in our work and 314 

in those of Gamir et al. (2020) and Marro et al. (2021), respectively. We adopted the 80 µM Pi concentration to mimic 315 

the range plants are likely subjected to in the field (Hinsinger 2001). This concentration revealed sufficient for the WT 316 

but could uncover a defect in SL-depleted plants, likely due to altered perception and/or production of internal P stocks: 317 

it would be worth investigating whether this defect may be directly linked to the production or perception of the signalling 318 

molecule InsP8, the inositol pyrophosphate that is directly perceived by the endogenous sensing system, switching the 319 

PSR off (Riemer et al. 2021). Alternatively, or in parallel, SL-defective plants may be less efficient in P utilization, which 320 

may keep feedback repression of PSR responses off; the miR399-PHO module is indeed dysregulated in SL-deficient 321 

plants at 80 μM Pi (Santoro et al. 2021). It is thus possible that this defective trait is conditional to sub-limiting Pi 322 

availability, and as such is not apparent at higher Pi concentrations as reported earlier (Gamir et al. 2020; Marro et al. 323 

2021), where a less intense PSR was registered in SL-deficient plants. On the contrary, in our experiments, the 324 

transcription of LePT1, LePT2, and LePT4 was higher in SL-depleted roots under –P and/or Pi conditions with respect to 325 

the WT. PHO2 transcripts were instead decreased under Pi conditions in these plants, in line with the typical P starvation 326 

response (Bari et al. 2006; Santoro et al. 2021). PHO2 is in fact an ubiquitin-conjugating E2-ligase that in Arabidopsis is 327 

needed to degrade the PHO1 protein (Liu et al. 2012). A close homologue has been identified in tomato (Zhao et al. 2019). 328 

PHO1 in turn is critical to P translocation to shoots; unsurprisingly, PHO2 expression is decreased during the P starvation 329 

response so that pho2 mutants over-accumulate P in the shoot, while pho1 mutants do so in the roots (Delhaize and 330 

Randall 1995; Hamburger et al. 2002; Zhao et al. 2019). When different P forms than Pi were supplied to WT and SL-331 

depleted plants, the picture was however more nuanced and depended on the PHT gene. LePT1 transcripts were higher in 332 

SL-depleted plants irrespective of the P supply form, and for LePT2 in the absence of P or with Pi, but not so for the other 333 

conditions. The enhanced PHT transcription, together with phytase activity, may justify why SL-depleted plants tended 334 

to be more effective (higher PAE values) at accessing not only Pi and myoInsP6 but also sparingly soluble P (COP-Pi or 335 

COP-myoInsP6) than WT plants. It is interesting to note that PHO2 transcripts correlated inversely with P uptake and 336 

especially shoot P content of WT and SL-depleted plants under Pi and –P conditions (see also Santoro et al. 2021), but 337 

that such correlation was lost when P is supplied in other forms than Pi. A comparison with shoot P contents suggests that 338 



the transcriptional regulation of PHO2 may not be a key factor in the translocation of P when supplied in different forms 339 

than Pi, both in WT and SL-depleted plants. It would be worth to investigate the pattern of P allocation in PHO1-edited 340 

plants (Zhao et al. 2019) fed with myoInsP6 or coprecipitates, in order to evaluate whether the P over-accumulation in the 341 

shoot of SL-depleted plants is lost in the absence of PHO1 gene functions. To our knowledge indeed, despite all the 342 

information gathered so far, the role of the PHO2-PHO1 module in P translocation when P is supplied under different 343 

forms than Pi is not known, in any plant species. 344 

The treatment of plants with soluble myoInsP6 was associated to a high N uptake in both genotypes. We hypothesize that 345 

the higher N accumulation, together with the negative correlation between P and N concentration in plants (ρ= –0.821, p 346 

< 0.001) and in line with previous results reported by Santoro et al. (2021), could be related to the larger synthesis of 347 

exoenzymes that operate P mineralization (Marklein and Houlton 2012). In fact, although N concentration in plants 348 

usually decreases with increasing P limitation (de Groot et al. 2003), several studies have shown that adding N to P-349 

starved plants enhances phosphatase activity, which in turn indicates that plants use N to mobilize and acquire P from 350 

organic sources and to increase the internal recycling of P, reduce the short-term P deficits and therefore delay the onset 351 

of P limitation symptoms (Heuck et al. 2018; Marklein and Houlton, 2021; Schleuss et al. 2020; Widdig et al. 2019). The 352 

content of N in both genotypes grown on coprecipitates or under –P was however lower than in the presence of Pi or 353 

soluble myoInsP6. Nevertheless, as pointed out by Koerselman and Meuleman (1996), the ratio between N and P provides 354 

a better indication of whether N or P limit plant growth, rather than the absolute content of these nutrients in plant tissue. 355 

Thus, the nature of nutrient limitation can be directly established from the N/P ratio in plant tissues, with ratios higher 356 

than 16 indicating P limitation, whereas ratios lower than 14 suggest N limitation (Koerselman and Meuleman 1996). 357 

Under our experimental conditions, the N/P ratios of both WT and SL-depleted plants were higher than 16 regardless of 358 

the P source applied. However, the N/P ratios significantly decreased with Pi and myoInsP6 if compared to the –P 359 

treatment, suggesting that P limitation was alleviated. On the contrary, plants grown on COP-Pi and COP-myoInsP6 360 

displayed higher N/P ratios, despite the lower N content in tissues, as –P control plants. Furthermore, the N/P ratio under 361 

these treatments (COP-Pi, COP-myoInsP6, –P) was lower in SL-depleted than WT plants. These ratios could result from 362 

the higher P acquisition by SL-depleted plants and the generally higher expression of PHT transporters and activity of P-363 

hydrolyzing enzymes when SL biosynthesis is reduced.  364 

The sparingly available forms of P disfavoured the allocation of dry matter to the roots in WT plants, resulting in R/S 365 

ratios even lower than those observed under Pi conditions, while the same ratio remained unchanged in SL-depleted 366 

plants. It is known that some plant species allocate more C to the root system in P-deficient soils resulting in increased 367 

R/S ratio and greater exploration of the surface soil, where sparingly available P forms are mainly accumulated (Rao et 368 

al. 2016; Vance et al. 2003). However, Edayilam et al. (2018) have observed that Andropogon virginicus grown in the 369 



presence of FePO4 or Ca3(PO4)2 relies more on physiological modifications for P foraging rather than on root morphology 370 

alterations, while other plant species experiencing P deficiency, such as Lupinus albus, L. cosentinii and Cicer arietinum, 371 

are reported to depend on both mechanisms, by enhancing P acquisition through increased root exudation following the 372 

formation of cluster-roots (Pearse et al. 2007). We have recently observed (Santoro et al. 2020) that when WT tomato 373 

plants are grown under low P conditions (10 µM Pi) their total root length and tip number are increased compared to 374 

plants supplied with higher P levels (80 µM Pi) showing that this species relies on both physiological and morphological 375 

acclimation mechanisms. We have also demonstrated that SLs take part in the orchestration of this multifaceted response, 376 

since SL-depleted plants show no variations and even a reduction of these same root parameters when moved from low 377 

P to no P supply. In the current study, when the low P availability was due to the application of coprecipitates to plants, 378 

the physiological responses probably dominated over the morphological changes and this could explain why we did not 379 

observe any significant increase in the R/S ratio.   380 

2. Root exudation in response to different P forms is modulated by SLs 381 

Regardless of the applied P treatment, tomato plants tended to acidify their growth medium. The amount of protons in 382 

root exudates negatively correlated with the plant biomass (ρ= –0.621, p < 0.05) and P content in the plant (ρ= –0.668, p 383 

< 0.05), indicating that high levels of protons in the exudates were likely due to an increased need for P uptake. In both 384 

genotypes, the addition of myoInsP6 triggered a sharp increase in proton release by roots, but a moderate increase when 385 

provided as coprecipitate. Possibly, both genotypes increased the release of protons to favour the hydrolysis of myoInsP6 386 

by phytases, that show an optimal pH close to 5 (Giaveno et al. 2010). In addition, the same hydrolytic reaction can 387 

produce protons, therefore contributing to the solution acidification and justifying the high acidity of the exudates. 388 

When SL-depleted plants were supplied with myoInsP6 their growth was substantially the same as with Pi, while in the 389 

case of WT plants we noticed a decrease in biomass in spite of (and possibly, to some extent, because of) the more protons 390 

and DOC exuded. These findings suggest that SLs might be involved in limiting P uptake from organic soluble forms 391 

such as myoInsP6 in order to optimize the cost/benefit ratio of P acquisition. Interestingly, we observed a net decline in 392 

biomass production and P accumulation when plants of both genotypes were supplied with myoInsP6 coprecipitated with 393 

Fe. We postulate that the significant increase in proton exudation triggered in the presence of COP-myoInsP6 may have 394 

caused a remarkable oxide dissolution, thus increasing the concentration of both P and Fe in the solution. This might 395 

explain the high Fe concentration in the roots of WT and SL-depleted plants treated with COP-myoInsP6. Nevertheless, 396 

we cannot exclude that the increase of Fe uptake is a consequence of P starvation (Rouached et al. 2010). Also, given the 397 

negative correlation of root Fe concentration with the root biomass (ρ= –0.662, p < 0.05), root growth inhibition may be 398 

caused by Fe toxicity at the root tip (Rouached et al. 2010; Ward et al. 2008) due to a high level of reactive oxygen 399 

species, resulting in increased callose deposition in cell walls and plasmodesmata (Müller et al. 2015). The enhanced 400 



callose deposition, probably triggered by redox signalling started by the ferroxidase LPR1 (LOW PHOSPHATE ROOT1), 401 

might interfere with the intercellular movement of the SHORT ROOT protein, finally impairing root growth. Therefore, 402 

the accumulation of Fe to toxic levels in the roots of plants treated with COP-myoInsP6 or COP-Pi plants could be a 403 

possible cause of their limited growth, also considering that their biomass and capacity to accumulate P were lower 404 

compared to –P plants.  405 

With respect to plants under Pi and –P conditions, those supplied with COP-Pi did not differ in the amount of protons 406 

exuded per gram of root, suggesting that proton extrusion was not the principal strategy activated to retrieve P from Fe-407 

P coprecipitates. The amount of DOC exuded from plants fed with COP-Pi was higher than from Pi-treated plants, 408 

consistently with a greater exudation of some organic acid anions. This was particularly evident for WT plants, whereas 409 

exudation of C increased only slightly in SL-depleted plants treated with COP-Pi.  410 

In agreement with previous results (Santoro et al. 2021), SL-depleted plants exuded the lowest amount of C when grown 411 

with Pi, while under –P conditions their C exudation increased. The profile of organic anions confirmed that the majority 412 

of C exuded consisted of oxalate, while other anions such as succinate, tartrate, and citrate contributed less. For most 413 

organic anions, the exudation was triggered more by the absence of P than by the presence of a sparingly available P form 414 

compared to the plants supplied with dissolved P. The addition of myoInsP6 to plants led to higher levels of C exudation 415 

if compared to Pi, especially by WT plants. According to the SUVA values, the C-bearing compounds in the exudates 416 

from SL-depleted plants treated with COP-myoInsP6 were the most aromatic, so they possibly included molecules, such 417 

as polyphenols, that could promote the release of P by reductive dissolution of the oxide to which it is bound (Juszczuk 418 

et al. 2004). Thus, considering the highest values of DOC exudation and SUVA index found for plants grown with COP-419 

myoInsP6, we could infer that this coprecipitate may have been subjected to a greater dissolution by aromatic molecules 420 

in addition to the action of P-hydrolyzing enzymes in the SL-depleted genotype. 421 

In general, the two genotypes preferentially activated different subsets of responses to bypass P shortage or low P 422 

bioavailability. Although these strategies did not lead to higher PAE than Pi-supplied plants, they did allow SL-depleted 423 

plants to achieve higher PAE values than WT plants when fed with coprecipitates. In general, SL-depleted plants tended 424 

to express PHT genes more than the WT under comparable conditions, with a few exceptions. Despite the relatively acidic 425 

pH, the elevated amount of DOC exuded and the enhanced activity of P-hydrolyzing enzymes in roots, neither genotypes 426 

were able to acquire P from coprecipitates, resulting in growth traits that were substantially comparable to those observed 427 

in P-deprived plants. One possible reason is that these strategies may have negatively affected each other. Proton release 428 

into a poorly buffered nutrient solution could lower the pH, shifting the carboxylic acid/carboxylate ratio towards the acid 429 

form, and therefore reducing their efficacy in displacing P from the coprecipitate or dissolving the oxide, at least in the 430 

case of COP-myoInsP6 (Pearse et al. 2007). In addition, Zhao and Wu (2014) have reported that the maximum P-431 



extracting capability from a calcareous soil by four plant species (two woody Moraceae and two herbaceous cruciferous 432 

plants) occurred after 40 days of observation, concurrently with the maximal C losses, and Edayilam et al. (2018) observed 433 

differences in P uptake from poorly available forms of P (Ca3(PO4)2 and FePO4) after 16 weeks of growth. It is thus 434 

possible that the duration of the experiment in our study did not allow for an efficient activation of mechanisms that 435 

scavenge the nutrient from coprecipitates. Furthermore, it should be noted that the properties of the sparingly available P 436 

sources play a pivotal role in determining the extent of P absorption by plants. The coprecipitates used in this experiment 437 

had similar mesopore volume, but quite different surface charge (+2 mV COP-Pi vs -38 mV COP-myoInsP6). The elevated 438 

and negative surface charge of COP-myoInsP6 could have prevented organic acid anions to approach the coprecipitate 439 

surface due to electrostatic repulsion, resulting in decreased efficiency of ligand-exchange/dissolution mechanisms. 440 

Conversely, COP-Pi surface is positively charged and more enriched in P than COP-myoInsP6, allowing organic acids to 441 

compete with P for retention sites. 442 

 443 

Conclusions 444 

In this study, SL-depleted plants produced more shoot biomass and accumulated more P than the WT, regardless of the P 445 

form applied. This was likely justified by the increased expression of P transporters and activity of P-hydrolyzing 446 

enzymes, which appear to be constitutive traits of the SL-depleted genotype, possibly resulting from the altered perception 447 

and/or metabolism of internal P stocks. Both genotypes could use P from dissolved myoInsP6, due to the greater activity 448 

of P-hydrolyzing enzymes and proton exudation, but were less efficient in using P from myoInsP6 when it was 449 

coprecipitated with Fe, perhaps because of the enzymatic inhibition stemmed from the retention of the molecule by a 450 

solid phase. However, the C-bearing compounds in the exudates of SL-depleted plants treated with COP-myoInsP6 were 451 

the most aromatic, so they conceivably included molecules, such as polyphenols, that could potentially promote the 452 

release of P by reductive dissolution of the oxide. In plants supplied with COP-Pi, C exudation rather than proton extrusion 453 

was the main strategy activated to retrieve P. As a general conclusion, we can state that although the different strategies 454 

activated by the two genotypes in the presence of sparingly accessible P forms did not lead to higher PAE than Pi plants, 455 

they did allow SL-depleted plants to achieve higher PAE values than WT plants, confirming the central role of SLs in 456 

controlling P uptake and balancing resource costs for P acquisition (as summarized in Fig. 7). Further studies could better 457 

focus on the molecular and biochemical mechanisms that underline the differences in P acquisition from different 458 

sparingly available P forms and in its translocation within the plants using more available mutants of the model species 459 

A. thaliana. 460 
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Tables 652 

 653 
Table 1: Specific surface area (SSA), total mesopore volume, 𝜁 potential and elemental composition of the Pi- and myoInsP6-654 
coprecipitated systems, as reported in Santoro et al. (2019) 655 
 656 

 657 

Table 2: Effect of P treatments on root and shoot dry matter production (DW, dry weight) and root/shoot ratio (R/S) of wild-type (WT) 658 
and SL-depleted (SL–) tomato plants after 15 days of hydroponic growth without P (–P) or with different P forms (Pi, myoInsP6, COP-659 
Pi, COP-myoInsP6) 660 
 661 

 Root DW (g) Shoot DW (g) R/S 

WT –P 0.55 ± 0.07 b 0.38 ± 0.01 bc 1.44 ± 0.12 a * 

WT Pi 0.76 ± 0.01 a 0.54 ± 0.01 a 1.28 ± 0.12 a 

WT myoInsP6 0.54 ± 0.02 b 0.40 ± 0.02 bc 1.34 ± 0.05 a * 

WT COP-Pi 0.39 ± 0.03 c 0.45 ± 0.01 b 0.92 ± 0.04 b 

WT COP-myoInsP6 0.24 ± 0.01 d 0.35 ± 0.04 c 0.75 ± 0.05 c 

SL– –P 0.52 ± 0.12 ab 0.49 ± 0.02 b * 1.03 ± 0.10  

SL– Pi 0.73 ± 0.09 a 0.73 ± 0.06 a * 1.00 ± 0.09 

SL– myoInsP6 0.63 ± 0.03 a * 0.71 ± 0.03 a * 0.84 ± 0.04 

SL– COP-Pi 0.62 ± 0.07 a * 0.54 ± 0.04 b * 1.07 ± 0.04 * 

SL– COP-myoInsP6 0.37 ± 0.06 b 0.38 ± 0.02 c 0.95 ± 0.13 

Each value represents the mean of four biological replicates (± SE). Different letters indicate significant differences (p < 0.05) when 662 
all treatments were compared for each genotype separately, while asterisks indicate significant differences resulting from the pairwise 663 
comparison of the two genotypes subjected to the same P treatment (p < 0.05)  664 

Sample 
SSA 

(m2 g-1) 

Mesopore 
volume 

(mm3 g-1) 

ζ potential 
(mV) 

P content 
(mmol/mg 
substrate) 

Fe content 
(mmol/mg 
substrate) 

Chemical 
P/Fe ratio 

Surface 
P/Fe ratio 
(from XPS) 

COP-Pi 194 850 2 0.0031 0.0065 0.47 1.15 
COP-myoInsP6 193 882 ‒38 0.0022 0.0046 0.48 0.92 



Table 3: Carbon (C) and nitrogen (N) content, N/P ratios and root iron (Feroot) content in wild-type (WT) and SL-depleted (SL–) tomato 665 
plants after 15 days of hydroponic growth without P (–P) or with different P forms (Pi, myoInsP6, COP-Pi, COP-myoInsP6) 666 

Each value represents the mean of four replicates (± SE). Different letters indicate significant differences (p < 0.05) when all treatments 667 
were compared for each genotype separately, while asterisks indicate significant differences resulting from the pairwise comparison of 668 
the two genotypes subjected to the same P treatment (p < 0.05)   669 

 C (g plant-1) N (g plant-1) N/P ratio Feroot (mg/g) 

WT –P 0.36±0.02 b 0.028±0.003 ab 38.3±0.9 b * 1.02±0.06 a 

WT Pi 0.48±0.03 a 0.028±0.003 ab 21.3±0.7 d 0.72±0.03 b 

WT myoInsP6 0.35±0.01 b 0.033±0.001 a 29.4±0.4 c 0.82±0.02 b 

WT COP-Pi 0.32±0.01 b 0.025±0.002 ab 39.9±0.9 b * 1.10±0.02 a 

WT COP-myoInsP6 0.19±0.01 c 0.022±0.002 b 43.8±0.7 a * 1.11±0.05 a 

SL– –P 0.43±0.03 a 0.030±0.004 b 33.3±0.8 b 1.04±0.01 ab 

SL– Pi 0.57±0.06 a 0.035±0.003 ab 18.5±0.9 d 0.88±0.04 b * 

SL– myoInsP6 0.51±0.01 a * 0.045±0.003 a * 28.5±0.9 c 0.91±0.02 b 

SL– COP-Pi 0.46±0.04 a * 0.035±0.003 ab * 33.6±0.8 b 1.11±0.05 a 

SL– COP-myoInsP6 0.26±0.03 b  0.025±0.003 b 37.0±0.5 a 1.11±0.04 a 



Figures caption 670 

Fig. 1 a) Root and shoot P content, b) total plant P content and c) P-acquisition efficiency (PAE) of wild-type (WT) and 671 
SL-depleted (SL–) tomato plants after 15 days of hydroponic culture without P (–P) or with different P forms (Pi, 672 
myoInsP6, COP-Pi, COP-myoInsP6). Each value represents the mean of four biological replicates (± SE). Different letters 673 
above bars indicate significant differences (p < 0.05) when all treatments were compared for each genotype separately. 674 
Asterisks indicate significant differences resulting from the pairwise comparison of the two genotypes subjected to the 675 
same P treatment (p < 0.05) 676 

Fig. 2 a) Phosphatase and b) phytase activity in roots of wild-type (WT) and SL-depleted (SL–) tomato plants after 15 677 
days of hydroponic growth without P (–P) or with different P forms (Pi, myoInsP6, COP-Pi, COP-myoInsP6). Each value 678 
represents the mean of four biological replicates (± SE). Different letters above bars indicate significant differences (p < 679 
0.05) when all treatments were compared for each genotype separately. Asterisks indicate significant differences resulting 680 
from the pairwise comparison of the two genotypes subjected to the same P treatment (p < 0.05) 681 

Fig. 3 Relative transcript concentrations of the phosphate transporter-encoding genes a) LePT1, b) LePT2, c) LePT4, and 682 
of d) SlPHO2 in roots of wild-type (WT) and SL-depleted (SL–) tomato plants after 15 days of hydroponic growth without 683 
P (–P) or with different P forms (Pi, myoInsP6, COP-Pi, COP-myoInsP6). Each value represents the mean of four 684 
biological replicates (± SE) normalized over SlEF-1α transcripts and quantified through the 2-ΔΔCt method. Different letters 685 
above bars indicate significant differences (p < 0.05) when all treatments were compared for each genotype separately. 686 
Asterisks indicate significant differences resulting from the pairwise comparison of the two genotypes subjected to the 687 
same P treatment (p < 0.05) 688 

Fig. 4 Dissolved organic C (DOC, bars) content and respective SUVA values (white circles) in the exudates of wild-type 689 
(WT) and SL-depleted (SL–) tomato plants after 15 days of hydroponic growth without P (–P) or with different P forms 690 
(Pi, myoInsP6, COP-Pi, COP-myoInsP6). Each value represents the mean of four replicates (± SE) expressed as mg of C 691 
per gram of plant dry weight. Different letters above (DOC) or within bars (SUVA) indicate significant differences (p < 692 
0.05) when all treatments were compared for each genotype separately. Asterisks indicate significant differences resulting 693 
from the pairwise comparison of the two genotypes subjected to the same P treatment (p < 0.05) 694 

Fig. 5 H+ content of exudates of wild-type (WT) and SL-depleted (SL–) tomato plants after 15 days of hydroponic growth 695 
without P (–P) or with different P forms (Pi, myoInsP6, COP-Pi, COP-myoInsP6). Each value represents the mean of four 696 
biological replicates (± SE) expressed as mmoles of H+ per gram of root dry weight. Different letters above bars indicate 697 
significant differences (p < 0.05) when all treatments were compared for each genotype separately. Asterisks indicate 698 
significant differences resulting from the pairwise comparison of the two genotypes subjected to the same P treatment (p 699 
< 0.05) 700 

Fig. 6 Average concentration of identified organic acid anions in the root exudates of wild-type (WT) and SL-depleted 701 
(SL–) tomato plants after 15 days of hydroponic growth without Pi (–P) or with different Pi forms (Pi, myoInsP6, COP-702 
Pi, COP-myoInsP6). Each value represents the mean of four biological replicates (± SE) expressed as mg of C per gram 703 
of plant dry weight. Different letters above bars indicate significant differences (p < 0.05) when all treatments were 704 
compared for each genotype separately. Asterisks indicate significant differences resulting from the pairwise comparison 705 
of the two genotypes subjected to the same P treatment (p < 0.05) 706 

Fig. 7 Conclusive conceptual summary. 1) Both wild-type (WT) and SL-depleted (SL–) plants could use P from soluble 707 
myoInsP6, while 2) they were not able to retrieve P from coprecipitates. 3a) OA anion exudation was triggered by P 708 
deficiency rather than the presence of COP-Pi, possibly because of a delayed activation of responses to sparingly available 709 
P. 3b) Both myoInsP6 forms induced similar responses in the two genotypes, indicating a prevailing influence of the P 710 
form over SL control of the PSR, apart from the constitutively higher expression of P transporters in SL– plants. 4) 711 
However, under either P condition, P uptake and accumulation was higher in SL– plants, highlighting the central role of 712 
these hormones in optimal P management. Abbreviations: SL, strigolactone; COP, coprecipitate; DOC, dissolved organic 713 
C; myoInsP6, myo-inositol hexaphosphate; OA, organic acid; PSR, phosphate-starvation response. 714 

 
 


