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Abstract 25 

Aims: Plants deploying a phosphorus (P)-mobilising strategy via carboxylate release have 26 

relatively high leaf manganese concentrations ([Mn]). Thus, leaf [Mn] is a proxy for the 27 

amount of rhizosheath carboxylates. Whether the concentrations of other leaf 28 

micronutrient, such as iron ([Fe]), zinc ([Zn]) and copper ([Cu]), show a similar signal for 29 

rhizosheath carboxylates is unclear.  30 

Methods: We grew a large number of chickpea genotypes in two glasshouse studies with 31 

different growth media, P sources and P levels. Seven weeks after sowing, we determined 32 

concentrations of micronutrients in mature leaves, and the quantity and composition of 33 

rhizosheath carboxylates.  34 

Results: For 100 genotypes grown in river sand with low P supply, leaf [Fe] (R2=0.36) 35 

and [Zn] (R2=0.22), like leaf [Mn] (R2=0.38), were positively correlated with the total 36 

amount of rhizosheath carboxylates. For 20 genotypes grown in a soil mixture, leaf [Fe], 37 

[Zn], [Cu] and [Mn] showed positive correlations with total rhizosheath carboxylates that 38 

were stronger under moderately low P (R2=0.59, 0.59, 0.54, 0.72) than severely low P 39 

(R2=0.39, 0.28, 0.20, 0.36) or sufficient P (R2=0.36, 0.00, 0.01, 0.50) supply. Malonate 40 

was the predominant carboxylate in the rhizosheath and was significantly correlated with 41 

leaf micronutrient concentrations in both experiments. 42 

Conclusions: In addition to leaf [Mn], leaf [Fe] and [Zn] can be used as alternative and 43 

easily measurable proxies for belowground carboxylate-releasing processes in chickpea 44 

under low-P supply, particularly on moderately low-P soils. 45 

Keywords: carboxylate exudation, Cicer arietinum, leaf micronutrients, organic anions, 46 

phosphorus acquisition, phosphorus mobilisation  47 
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Introduction 48 

The release of carboxylates by plant roots into the rhizosphere mobilises sparingly-49 

available sources of inorganic and organic phosphorus (P) in soil, and is a well-known P-50 

mining strategy for improving P acquisition, especially when soil P availability is low 51 

(Jones, 1998; Dakora and Phillips 2002; Lambers et al., 2006; Shen et al., 2011). 52 

However, due to the technical difficulties and laboriousness of collecting and measuring 53 

rhizosphere carboxylates (Kidd et al., 2018; Oburger and Jones, 2018; Wang and 54 

Lambers, 2019), their characteristics and roles are frequently ignored by agronomists and 55 

plant breeders, especially under field conditions (Neumann et al., 2009; Lambers et al., 56 

2015; Oburger and Schmidt, 2016). Research under agronomically-relevant field 57 

conditions is crucial for assessing the importance of any trait considered a potential 58 

breeding target (Sadras et al. 2020). Hence, an easily measurable proxy for the 59 

assessment of belowground carboxylate-releasing processes in the field would be an 60 

invaluable tool for researchers and, potentially, crop breeders. 61 

There is ample evidence that the release of carboxylates by plant species with cluster 62 

roots into the rhizosphere mobilises not only soil inorganic and organic P, but also a 63 

range of micronutrients (e.g., Fe, Mn, Zn and Cu) (Gardner et al. 1982a, b; Dinkelaker et 64 

al. 1989; Shane and Lambers, 2005; Lambers et al., 2015; Oliveira et al., 2015; Delgado 65 

et al., 2021). For instance, Gardner et al. (1982a, b) found a positive correlation between 66 

shoot manganese concentration ([Mn]) in white lupin (Lupinus albus L.) and the dry 67 

weight of its cluster roots, the main site for the release of carboxylates and reduction of 68 

MnO2 in the rhizosphere. Similarly, Shane and Lambers (2005) reported that [Mn] and 69 

zinc concentration ([Zn]) in old leaves of Hakea prostrata increased under low P supply, 70 

and attributed this to the increased cluster-root formation and release of carboxylates. 71 

Across a coastal dune chronosequence in Jurien Bay, Western Australia, non-mycorrhizal 72 

species had greater leaf [Mn] than co-occurring mycorrhizal species which was 73 

associated with most non-mycorrhizal species on soils with very low P availability 74 

releasing relatively large amounts of rhizosheath carboxylates, expressing a typical P-75 

mining strategy (Hayes et al., 2014; Lambers et al., 2015). Similar patterns have also 76 

been reported in Brazilian campos rupestres with acidic P-impoverished soils (Oliveira et 77 
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al., 2015). By analysing a trait dataset for 727 species at 66 sites in Australia and New 78 

Zealand, Lambers et al. (2021) found that mycorrhizal plants had lower leaf [Mn] than 79 

plants with carboxylate-releasing roots. Likewise, when wheat (Triticum aestivum L.) 80 

was intercropped with white lupin, a higher leaf [Mn] was observed in wheat, implying 81 

that Mn uptake in wheat was facilitated by its cluster-rooted neighbour with greater 82 

carboxylate release (Gardner and Boundy, 1983). Overall, these findings suggest that 83 

plants that release a relatively large amount of carboxylates tend to have relatively high 84 

leaf [Mn], especially under low-P conditions.  85 

Further to the findings in plant species with cluster roots, the relationship between leaf 86 

[Mn] and belowground carboxylates has been confirmed in carboxylate-releasing species 87 

without cluster roots (Pang et al., 2018; Wen et al., 2020; Yu et al., 2020). Our recent 88 

studies revealed a positive correlation between mature leaf [Mn] and the total amount of 89 

rhizosheath carboxylates under low P supply among 100 chickpea (Cicer arietinum L.) 90 

genotypes (Pang et al., 2018), and under varying P levels among 20 genotypes (Wen et 91 

al., 2020). In 19 steppe species, Yu et al. (2020) also found that P-mobilising species, 92 

which release more carboxylates, always had greater Olsen-P concentrations in 93 

rhizosheath soil and leaf [Mn] than non-P-mobilising species. However, 1) carboxylates 94 

not only mobilise P and Mn, but also a range of other micronutrients (e.g., Fe, Zn and Cu) 95 

(Dinkelaker et al., 1989; Jones et al., 2003; Shane and Lambers, 2005; Suriyagoda et al. 96 

2012); 2) Fe2+, Mn2+ and Zn2+ have similar chemical properties, and share common 97 

transporters in root cells (Puig and Peñarrubia, 2009; Socha and Guerinot, 2014; 98 

Andresen et al., 2018); 3) the phloem mobility of Fe, Mn, Zn and Cu is relatively low, 99 

and hence these ions mainly accumulate in mature organs (such as old leaves) (White, 100 

2012a). Therefore, in addition to leaf [Mn], other leaf micronutrients, in particular [Fe], 101 

[Zn] and [Cu], might be proxies for rhizosheath carboxylates (Fig. 1).  102 

Increased root release of carboxylates is a typical response to P deficiency in many plant 103 

species (Shane et al., 2008; Pearse et al., 2007; Zhang et al., 2016; Zhou et al., 2016). 104 

Neumann and Römheld (1999) reported that a single genotype of chickpea increased 105 

carboxylate release under P deficiency, but this response was not observed in several later 106 

chickpea studies (Wouterlood et al. 2004a, b, 2005; Lyu et al., 2016; Wen et al., 2019). 107 
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Our recent study of 20 chickpea genotypes showed that the total amount of rhizosheath 108 

carboxylates expressed per root dry weight strongly increased with increasing soil P 109 

availability, indicating that the release of total rhizosheath carboxylates in chickpea was 110 

not enhanced by low soil P availability (Wen et al., 2020). However, we still know little 111 

about whether and how chickpea adjusts the composition of rhizosheath carboxylates in 112 

response to increasing soil P availability. Moreover, with increasing soil P availability, 113 

the effects of growth dilution of nutrient accumulation became noticeable (Jarrell and 114 

Beverly, 1981). For chickpea, given that leaf [Mn] was consistently correlated with 115 

rhizosheath carboxylates under contrasting soil P supply (Wen et al., 2020), whether leaf 116 

[Fe], [Zn] and [Cu] also show stable signals for the amount of rhizosheath carboxylates 117 

needs to be tested, as well as the relative contribution of the predominant rhizosheath 118 

carboxylates for the accumulation of leaf micronutrients.  119 

To address the above questions, we analysed leaf micronutrient concentrations (i.e. Fe, 120 

Zn and Cu) and the amount and composition of rhizosheath carboxylates in 100 chickpea 121 

genotypes grown under low P supply from the experiment undertaken by Pang et al. 122 

(2018) and 20 chickpea genotypes grown at three P levels from the experiment 123 

undertaken by Wen et al. (2020). We tested three hypotheses: (1) in addition to leaf [Mn], 124 

the concentrations of other leaf micronutrients (i.e. Fe, Zn and Cu) can provide 125 

alternative and easily-measurable proxies for the assessment of belowground 126 

carboxylate-releasing processes under low-P conditions (see Fig. 1 for a conceptual 127 

framework); (2) soil P availability mediates the composition of rhizosheath carboxylates, 128 

and the dominant components of rhizosheath carboxylates play key roles in leaf 129 

micronutrient accumulation; (3) the indicative signals provided by leaf micronutrient 130 

concentrations are modified by increasing soil P availability, due to the incremental 131 

effects of growth dilution of the micronutrients.  132 

Materials and Methods 133 

Experiment 1: River sand culture experiment 134 

We explored genotypic variation in leaf micronutrient concentrations and the potential 135 

relationship between leaf micronutrient concentrations (Fe, Zn and Cu) and the amount of 136 
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rhizosheath carboxylates (total or individual) under low P supply. A pot experiment was 137 

conducted in a controlled glasshouse with 100 chickpea genotypes grown in sterilised 138 

washed river sand with a growth-limiting P supply, 10 mg P kg−1 soil as FePO4; for a 139 

detailed description, see Pang et al. (2018). Notably, all micronutrients (Mn, Fe, Cu and 140 

Zn) were artificially supplemented: 3.90 mg Mn kg−1, as MnSO4·H2O; 4.38 mg Fe kg−1, 141 

as EDTA-FeNa and 18 mg Fe kg−1 accompanied by FePO4 addition; 2 mg Zn kg−1, as 142 

ZnSO4·7H2O; and 0.50 Cu mg kg−1, as CuSO4·5H2O. At harvest (49 days after sowing), 143 

mature (fully expanded) leaves on the main stem (including all shed leaves) were 144 

collected for leaf micronutrient analyses and the rhizosheath soil was collected for 145 

analysis of rhizosheath carboxylates (see details in ‘Measurements’ section). 146 

Experiment 2: Soil mixture culture experiment 147 

We investigated the responses of leaf micronutrient concentrations (Fe, Zn and Cu) and 148 

the amount of rhizosheath carboxylates (total or individual) to contrasting soil P 149 

availability and their potential relevance. According to the results of Experiment 1, 20 150 

chickpea genotypes with different amounts of rhizosheath carboxylates (relative to root 151 

dry weight, RDW) were selected (18–104 µmol g–1 RDW). Three P treatments were 152 

applied: (1) FeP10, 10 mg P kg–1 soil with severely growth-limiting P supply, as 153 

insoluble FePO4 (extra pure, Acros Organics, Morris Plain, NJ, USA); (2) KP10, 10 mg P 154 

kg–1 soil with moderately growth-limiting P supply, as soluble KH2PO4; and (3) KP50, 155 

50 mg P kg–1 soil with sufficient P supply, as soluble KH2PO4. Details of the experiment 156 

are included in Wen et al. (2020). Briefly, a sandy loam soil was obtained from the top 157 

layer (0-15cm) of unfertilised native grass vegetation sites located at the Future Farm of 158 

the University of Western Australia, Pingelly, Western Australia (32.51°S, 116.99°E). 159 

Soil was air-dried and then passed through a 2-mm sieve. To decrease plant-available soil 160 

P levels and to facilitate the collection of rhizosheath carboxylates and root samples 161 

(Mimmo et al. 2011), we mixed the field soil with sterilised washed river sand (w/w = 162 

1:9). The soil mixture contained: 2.5 mg kg−1 Colwell-P; 15.1 mg kg−1 DTPA-Mn; 13.1 163 

mg kg−1 DTPA-Fe; 0.68 mg kg−1 DTPA-Zn and 0.27 mg kg−1 DTPA-Cu (Lindsay and 164 

Norvell, 1978), except for an additional 18 mg Fe kg−1 , accompanied with FePO4 165 

addition, in the FeP10 treatment. Similar to Experiment 1, mature leaves on the main 166 
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stem were collected at harvest (53 days after sowing) for leaf micronutrient analyses, as 167 

well as rhizosheath soil for analysis of rhizosheath carboxylates (see detailed procedures 168 

in ‘Measurements’ section). 169 

Measurements 170 

Leaf micronutrient analyses: at harvest, shoots were separated from roots; mature 171 

leaves (fully expanded) on the main stem (including shed leaves) were collected 172 

separately. All samples were dried at 70°C for 72 h to constant weight, and ground 173 

separately to a fine powder using a Geno/Grinder 2010 (Spex SamplePrep, Metuchen, 174 

NJ, USA). Weighed subsamples, c. 100 mg, were digested using a concentrated HNO3–175 

HClO4 (v/v=3:1) mixture. The concentrations of Mn, Fe, Zn and Cu in mature leaves 176 

were determined by an inductively coupled plasma-optical emission spectrometer (ICP–177 

OES, OPTIMA 5300 DV, Perkin–Elmer, Shelton, CT, USA).  178 

Rhizosheath carboxylate analyses: at harvest, intact root systems were removed from 179 

the soil/sand and gently shaken to remove loosely adhering soil/sand (considered to be 180 

bulk soil /sand), leaving the tightly adhering soil/sand around the roots that was defined 181 

as rhizosheath soil/sand (Pang et al., 2017). Roots and rhizosheath soil were transferred to 182 

a beaker containing a known amount of 0.2 mM CaCl2 that varied depending on root 183 

volume (Pearse et al., 2007). Roots were repeatedly dunked into the solution until as 184 

much rhizosheath soil as possible was removed, taking care to minimise root damage. 185 

The rhizosheath extract was filtered through a 0.45-μm syringe filter into a 1-mL high-186 

performance liquid chromatography (HPLC) vial. The HPLC samples were acidified with 187 

a drop of concentrated phosphoric acid and frozen at –20°C until analysis. The analyses 188 

of carboxylates followed the method described by Cawthray (2003). The 11 carboxylic 189 

acid working standards included acetic, citric, cis-aconitic, fumaric, lactic, malic, 190 

malonic, maleic, shikimic, succinic and trans-aconitic acids.  191 

Data analysis 192 

In Experiment 1, to determine the genotypic variation in leaf micronutrient 193 

concentrations (i.e. [Fe], [Zn] and [Cu]) and the amount and composition of rhizosheath 194 

carboxylates in 100 chickpea genotypes, the coefficient of variation (CV) of leaf 195 
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micronutrient concentrations and the amount of rhizosheath carboxylates (including total 196 

and individual) were calculated as the ratio of the standard deviation to the mean. The 197 

relationships between leaf micronutrient concentrations and the amount of rhizosheath 198 

carboxylates (total and individual) were assessed by linear regression analysis using the R 199 

package ‘AGRICOLAE’ (de Mendiburu, 2017). Acetate was excluded from the total 200 

amount of rhizosheath carboxylates when assessing the relationship between leaf 201 

micronutrient concentrations and total amount of rhizosheath carboxylates because it is 202 

mainly produced by microbes in the rhizosheath (Saarnio et al., 2004) and, as a 203 

monocarboxylate, contributes little to mobilising soil P and micronutrients, unlike di- and 204 

tricarboxylates (Jones and Brassington, 1998). 205 

In Experiment 2, to determine how leaf micronutrient concentrations and the amount of 206 

rhizosheath carboxylates among 20 chickpea genotypes responded to contrasting soil P 207 

availability, we used a two-way analysis of variance (ANOVA) with a randomised block 208 

to examine the effects of P treatments, genotypes, and their interaction on leaf 209 

micronutrient concentrations and the composition of rhizosheath carboxylates using the R 210 

package ‘AGRICOLAE’ (de Mendiburu, 2017). Significant differences among means in 211 

each P treatment were based on Tukey’s HSD post-hoc analysis (P≤0.05). The 212 

relationships between leaf micronutrient concentrations and the amount of rhizosheath 213 

carboxylates were also assessed by linear regression analysis as described above. All 214 

statistical analyses were performed using R Version 4.0.2 (R Development Core Team, 215 

2020). 216 

Results 217 

Leaf micronutrient concentrations and the amount of rhizosheath carboxylates in a large 218 

set of chickpea genotypes under low-P condition (Experiment 1) 219 

Across 100 chickpea genotypes, we observed significant intraspecific variation in leaf 220 

micronutrient concentrations (i.e. [Fe], [Zn] and [Cu]) and the quantity and composition 221 

of rhizosheath carboxylates under low-P condition (P<0.001; Fig. 2). The predominant 222 

carboxylates in the rhizosheath were malonate, acetate, citrate and malate, which 223 

contributed to 99% of the amount of carboxylates detected in the rhizosheath (relative to 224 
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RDW; Pang et al., 2018). Among the four predominant rhizosheath carboxylates, the 225 

concentration decreased in the order: malonate > acetate > citrate > malate (Fig. 2a-d), 226 

malonate ranged from 14.1 to 83 µmol g−1 RDW (CV=33%); acetate ranged from 1.8 to 227 

16.7 µmol g−1 RDW (CV=29%); followed by citrate (2.0 to 13.3 µmol g−1 RDW, 228 

CV=33%) and malate (0.4 to 4.9 µmol g−1 RDW, CV=35%). The concentration of leaf 229 

micronutrients also varied among genotypes (Fig. 2e-g): compared with the variation of 230 

leaf [Mn] (743 to 3606 µg g−1, CV=32%; Pang et al., 2018), leaf [Fe] ranged from 540 to 231 

2982 µg g−1 (CV=43%); leaf [Zn] ranged from 145 to 468 µg g−1 (CV= 23%); leaf [Cu] 232 

ranged from 8.2 to 25.7 µg g−1 (CV=22%). The mean values of leaf [Mn], [Fe] and [Zn] 233 

were up to 37-fold, 13-fold and 14-fold greater than that considered adequate for crop 234 

growth, respectively (Fig. 2; Epstein and Bloom, 2005), while leaf [Cu] was only 2.6-fold 235 

greater than the critical level (Fig. 2). 236 

Linking leaf micronutrient concentrations with belowground carboxylate-releasing 237 

processes, similar to leaf [Mn] (R2=0.38; Pang et al., 2018), leaf [Fe] and [Zn] had 238 

positive correlations with the total amount of rhizosheath carboxylates ([Fe]: R2=0.36, 239 

P<0.001; [Zn]: R2=0.22, P<0.001; Fig. 3); whereas no correlation was observed for leaf 240 

[Cu] and total rhizosheath carboxylates (P>0.05; Fig. 3). Analogously, leaf [Fe] 241 

(R2=0.45) and [Zn] (R2=0.28), like leaf [Mn] (R2=0.48; Pang et al., 2018) were positively 242 

correlated with the amount of rhizosheath malonate (Fig. 3); conversely, leaf [Fe] and 243 

[Zn] had negative correlations with the amount of citrate and malate (Figs S1, S2), and no 244 

correlation was found between leaf [Cu] and the amount of individual carboxylates in the 245 

rhizosheath (Figs 3, S1, S2). 246 

Leaf micronutrient concentrations in 20 chickpea genotypes with different amounts of 247 

rhizosheath carboxylates under contrasting soil P availability (Experiment 2) 248 

Rhizosheath carboxylates showed substantial genotypic variability in response to 249 

contrasting soil P availability among 20 chickpea genotypes (Fig. 4, Table S1). Similar to 250 

the observation in Experiment 1, four main carboxylates comprising malonate, acetate, 251 

citrate and malate, accounted for 99% of the amount of carboxylates detected in the 252 

rhizosheath in each P treatment (Fig. S3); all four predominant rhizosheath carboxylates 253 

showed significant genotypic variation in the amount and percentage in each P treatment 254 
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(Figs 4, S3; Table S1). With increasing soil P availability, the amount of malonate, citrate 255 

and malate increased significantly (P≤0.05, Fig. 4), while the amount of acetate 256 

decreased (Fig. 4b). The percentage of malonate and malate also increased with 257 

increasing soil P availability, while that of acetate and citrate showed a significant 258 

decrease or was relatively stable, respectively (Fig. S3).  259 

 The concentrations of leaf micronutrients also expressed large intraspecific variability in 260 

the three P treatments (Fig. 5, Table S1). Across 20 genotypes, the average value of leaf 261 

micronutrient concentration decreased in the order: leaf [Mn] > [Fe] > [Zn] > [Cu] in 262 

each P treatment (Fig. 5). With increasing soil P availability, leaf [Mn] and [Fe] showed a 263 

significant increase (P≤0.05, Fig. 5a, b), while leaf [Zn] and [Cu] increased from FeP10 264 

to KP10 initially, and then decreased in KP50 (Fig. 5c, d). In contrast, the mean values of 265 

leaf [Mn], [Fe] and [Zn] in each P treatment were greater than the adequate levels (except 266 

for leaf [Fe] in FeP10), whereas the mean value of leaf [Cu] was lower than the adequate 267 

level in each P treatment (Fig. 5; Epstein and Bloom, 2005).  268 

The correlations between the concentrations of leaf micronutrients and the amount of 269 

rhizosheath carboxylates (total and individual) were analysed for each P treatment (Figs 270 

6, 7, S4, S5). For FeP10 and KP10, leaf [Fe], [Zn] and [Cu] (R2=0.28-0.64), like leaf 271 

[Mn] (R2=0.36-0.72; Wen et al., 2020), were positively correlated with the total amount 272 

of rhizosheath carboxylates or that of malonate (all P≤0.01, Figs 6, 7). In KP50, only leaf 273 

[Fe] (R2=0.36, P<0.01) and leaf [Mn] (R2=0.50, P<0.01; Wen et al., 2020) were 274 

correlated with the total rhizosheath carboxylates or malonate, while leaf [Zn] and [Cu] 275 

had no correlation (all P>0.05, Figs 6, 7). In contrast, the correlations between leaf 276 

micronutrient concentrations and total rhizosheath carboxylates or malonate in KP10 277 

(e.g., total carboxylates: R2=0.54-0.59) was consistently stronger than that in FeP10 (e.g., 278 

total carboxylates: R2=0.28-0.39) and KP50 (e.g., total carboxylates: R2=0-0.36; Figs 6, 279 

7). Regardless of P treatment, the concentrations of all four leaf micronutrients (i.e. [Mn], 280 

[Fe], [Zn] and [Cu]) had no correlation with the amount of rhizosheath citrate or malate 281 

(Figs S4, S5).  282 
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Discussion 283 

Leaf micronutrient concentrations provide proxies for rhizosheath carboxylates in 284 

chickpea under low-P conditions 285 

Carboxylates released from plant roots not only mobilise insoluble soil P, but also 286 

solubilise a range of micronutrients in the rhizosphere, and subsequently increase the 287 

uptake of micronutrients by plants, especially that of Mn (Gardner et al., 1982a, b; 288 

Dinkelaker et al., 1989, 1995; Shane and Lambers, 2005; Oliveira et al., 2015). 289 

Consistent with this effect, under low-P conditions, we found that not only leaf [Mn], but 290 

also leaf [Fe] and [Zn] provided proxies for the assessment of belowground carboxylate-291 

releasing processes in chickpea. Specifically, similar to leaf [Mn] (Pang et al., 2018; Wen 292 

et al., 2020), leaf [Fe] and [Zn] showed a positive correlation with the total amount of 293 

rhizosheath carboxylates (relative to RDW) in both experiments under low P supply; 294 

conversely, the correlation for leaf [Cu] was not consistent, and only found in Experiment 295 

2 (under FeP10 and KP10 treatments). Thus, our first hypothesis (Fig. 1) was partly 296 

supported. Remarkably, we noted that the signals provided by different leaf 297 

micronutrients (i.e. Mn, Fe, Zn and Cu) were not uniform, as further discussed below.  298 

The strong correlation of leaf [Fe] with the total amount of rhizosheath carboxylates 299 

across a wide range of leaf [Fe] was unexpected, because plant Fe uptake is generally 300 

considered to be more tightly controlled than that of Mn and Zn, and thus Fe toxicity is 301 

avoided in most plant species (Baxter et al., 2008; Thomine and Vert, 2013; Jeeyon et al., 302 

2017). In the present study, we found that a large quantity of both Mn and Fe 303 

accumulated in mature chickpea leaves (similar concentration ranges) and that their 304 

concentrations were strongly correlated with the total amount of rhizosheath 305 

carboxylates. In contrast, leaf [Mn] in Hakea prostrata was tightly correlated with 306 

biomass investment in cluster roots, while leaf [Fe] was relatively stable (Shane and 307 

Lambers, 2005). In white lupin, Dinkelaker et al. (1989) showed that low P significantly 308 

increased the availability of soil micronutrients around the cluster root zones, i.e. DTPA-309 

Fe, DTPA-Mn, and DTPA-Zn. Manganese mainly accumulated in shoots of white lupin 310 

(shoot [Mn]: 720 μg g−1, root [Mn]: 160 μg g−1), while Fe was intercepted in roots (shoot 311 

[Fe]: 62 μg g−1; root [Fe]: 2167 μg g−1), particularly in intercellular spaces (i.e. in the 312 
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apoplast) of the epidermis and outer cortex (Gardner et al. 1983; Dinkelaker et al. 1989). 313 

The divergences in Fe allocation between chickpea and white lupin suggest that different 314 

mechanisms operate in the two species. Accumulation of Fe in the apoplast of lupin roots 315 

may trigger the formation of cluster roots (Zhou et al., 2020). Interestingly, chickpea 316 

synthesises and exudes a large amount of carboxylates from its leaves, stems and pods 317 

(Koundal and Sinha, 1983; Stevenson et al., 2010; Devi et al., 2014). This unusual 318 

characteristic may help chickpea to detoxify and tolerate high Fe concentrations in 319 

mature leaves, as there is considerable evidence showing that carboxylates play a key role 320 

in the complexation of metal ions in leaves (Sun et al., 2006; Tian et al., 2011; 321 

Leitenmaier and Küpper, 2013). To date, the mechanisms underlying the contrasting 322 

patterns in distribution of micronutrients (e.g., Mn and Fe) between shoots and roots are 323 

not fully understood, and these merit further study through consideration of more species. 324 

The concentration ranges of four micronutrients (Mn, Fe, Zn and Cu) in chickpea leaves 325 

differed significantly, with leaf [Mn] and [Fe] remarkably higher in magnitude than leaf 326 

[Zn] and [Cu] in both experiments, indicating that the signals provided by leaf [Mn] and 327 

[Fe] were stronger than those of leaf [Zn] and [Cu]. Similar results were obtained for 328 

other species, especially when plants were cultivated on acid soils rich in available Mn 329 

and Fe, e.g., durum wheat (Triticum turgidum L. var. durum, Karagiannidis and 330 

Hadjisavva-Zinoviadi, 1998), upland rice (Oryza sativa L., Fageria et al., 2002), and 12 331 

forage species (Lindström et al., 2013). This reflects inherent differences in the demand 332 

or tolerance of leaf micronutrients (Mn, Fe, Zn and Cu) among plant species. Compared 333 

with the average concentrations of leaf micronutrients considered adequate for crop 334 

growth (Epstein and Bloom, 2005), leaf [Mn], [Fe] and [Zn] were significantly higher 335 

than these adequate levels ([Mn]>50 µg g−1; [Fe]>100 µg g−1; [Zn]>20 µg g−1), leaf [Cu] 336 

in Experiment 1 was slightly higher than the critical level ([Cu]> 6 µg g−1), but lower in 337 

Experiment 2. These contrasting variation ranges in leaf [Cu] may account for the 338 

different correlations between leaf [Cu] and the total amount of rhizosheath carboxylates 339 

observed in the two experiments. Contrary to the other three leaf micronutrients ([Mn], 340 

[Fe] and [Zn]), we surmise that leaf [Cu] is only correlated with rhizosheath carboxylates 341 

when leaf [Cu] is below sufficiency level in Experiment 2 (< 6 µg g−1; Fig. 5c), and 342 

hence there is no correlation when leaf [Cu] is adequate for plant growth in Experiment 1 343 
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(> 6 µg g−1; Fig. 2g). Overall, the narrow range and unstable signals of leaf [Cu] discount 344 

it as a proxy for the assessment of belowground carboxylate-releasing processes under 345 

low-P conditions.  346 

Responses of leaf micronutrient concentrations to rhizosheath carboxylates in chickpea 347 

under contrasting soil P availability 348 

As shown in Wen et al. (2020), chickpea strongly increases the total amount of 349 

rhizosheath carboxylates with increasing soil P availability, suggesting carboxylate 350 

exudation may be a mechanism to dispose of excess carbon in chickpea (Prescott et al., 351 

2020). In this study, we found that malonate, acetate, citrate and malate comprised the 352 

main carboxylates in the rhizosheath of chickpea, in accordance with previous studies, 353 

which reported malonate, citrate and malate as the predominant rhizosheath carboxylates 354 

(Veneklaas et al., 2003; Wouterlood et al. 2004a, b, 2005). Acetate (possibly as a 355 

microbial product in the rhizosheath; Saarnio et al., 2004) also accounted for a moderate 356 

proportion of carboxylates detected in both experiments, but as a monocarboxylate, it will 357 

contribute little to the mobilisation of soil P and micronutrients (Jones and Brassington, 358 

1998). Among the four main rhizosheath carboxylates, the amount and percentage of 359 

malonate and malate increased with increasing soil P availability, while the percentage of 360 

acetate and citrate showed a significant decrease or was relatively stable. These results 361 

validate our second hypothesis that soil P availability mediates the composition of 362 

rhizosheath carboxylates. Furthermore, our results show that only malonate was tightly 363 

and positively correlated with both total rhizosheath carboxylates and the concentrations 364 

of leaf micronutrients (i.e. Mn and Fe in both experiments), implying that malonate as the 365 

predominant carboxylate in the rhizosheath of chickpea, plays the key role in the 366 

accumulation of leaf micronutrients. Therefore, our second hypothesis was fully 367 

supported.  368 

With increasing soil P availability, the greater amount of total rhizosheath carboxylates 369 

under KP10 and KP50, relative to the FeP10 treatment, was also reflected in increased 370 

[Mn] and [Fe] in mature leaves. Similar results have been reported by Huang et al. 371 

(2017), who found that the seedlings of Western Australian peppermint tree (Agonis 372 

flexuosa L.) showed an increase in the total amount of rhizosheath carboxylates and leaf 373 
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[Mn] concurrently in response to increasing soil P availability. In the present study, leaf 374 

[Zn] and [Cu] in chickpea responded differently from that of leaf [Mn] and [Fe] to 375 

increasing soil P availability: leaf [Zn] and [Cu] initially increased when supplied with 10 376 

mg P kg‒1 as KH2PO4, then decreased when supplied with 50 mg P kg‒1 as KH2PO4, 377 

suggesting that the signals of leaf [Zn] and [Cu] are modified by increasing soil P 378 

availability (hypothesis 3). There are three possible explanations. First, this may result 379 

from a balance between the dilution by growth (Jarrell and Beverly, 1981) and the 380 

mobilisation effect of carboxylates: under KP50, total rhizosheath carboxylates increased 381 

relative to those in KP10, but leaf [Zn] and [Cu] decreased, indicating that the biomass 382 

dilution effect was greater than the mobilisation effect of carboxylates; moreover, the 383 

concentrations of both Zn and Cu in soil and leaves were inherently lower in magnitude 384 

than those of Mn and Fe, thus, the signals provided by leaf [Zn] and [Cu] were more 385 

affected by biomass dilution than those by leaf [Mn] and [Fe]. Second, a decrease in leaf 386 

[Zn] and [Cu] may be related to the interactions between P and micronutrients (Tsai and 387 

Schmidt 2017). A high soil P supply inhibited plant Zn and Cu uptake, as have been well 388 

documented (Touchton et al. 1980; Haldar and Mandal 1981; Zhang et al. 2017, 2020). 389 

We have no explanation for the mechanism of chickpea selectively maintaining 390 

substantial Mn and Fe uptake under KP50, but note that similar results have been 391 

reported for other species (Huang et al. 2017; Zhang et al. 2020). Third, antagonistic 392 

interactions between micronutrients may also contribute to a decrease in leaf [Zn] and 393 

[Cu] under KP50. Competition for root uptake between ions carrying the same charge has 394 

been shown in most experimental conditions (White 2012b; He et al., 2017; Andresen et 395 

al., 2018); thus, we assume that the enhanced absorption of Mn and Fe under KP50 may 396 

decrease Zn and Cu uptake in chickpea plants. 397 

Remarkably, we found that the correlations between leaf micronutrient concentrations 398 

(i.e. leaf [Mn], [Fe] and [Zn]) and rhizosheath carboxylates in KP10 (R2 >0.5) were 399 

consistently stronger than those in FeP10 and KP50 (R2 <0.5; Figs 6, 7), suggesting the 400 

proxies work best under moderate soil P availability. This can also be explained by soil P 401 

availability affecting the balance between the dilution effect through growth (Jarrell and 402 

Beverly, 1981) and the mobilisation effect of carboxylates as discussed above. Under 403 

severely low soil P availability (FeP10), the lower amount of rhizosheath carboxylates 404 
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may be the key factor limiting soil micronutrient mobilisation (Fig. 4). In contrast, under 405 

sufficient P supply (KP50), while total rhizosheath carboxylates increased, the shoot 406 

biomass increased much faster (Wen et al. 2020), and thus the effect of biomass dilution 407 

presumably dominated over the signals provided by leaf micronutrients. Therefore, the 408 

correlations under moderately low-P supply remained consistently tighter than those 409 

under either severely low- or sufficient soil P availability.  410 

Conclusions and Perspectives 411 

We demonstrated that, in addition to leaf [Mn], leaf [Fe] and [Zn] can be used as easily 412 

measurable proxies for the amount of rhizosheath carboxylates in a range of chickpea 413 

genotypes under low-P supply, especially on moderately low-P soils. Furthermore, the 414 

composition of rhizosheath carboxylates was affected by soil P availability. Malonate, as 415 

the predominant carboxylate in the rhizosheath of chickpea, consistently played a key 416 

role in the accumulation of leaf micronutrients. Finally, our results show that the signals 417 

provided by leaf [Mn] and [Fe] were stronger than those of leaf [Zn] and [Cu], and less 418 

influenced by high soil P availability.  419 

To date, the accurate quantification of carboxylates in soil, particularly a real-time 420 

monitoring, is still a major technical challenge, as carboxylates are easily absorbed by 421 

soil particles and decomposed by soil microbes. Though the correlation coefficient 422 

between leaf micronutrient concentrations and the amount of rhizosheath carboxylates is 423 

not extremely high in our study, as carboxylates could be affected by many factor 424 

including soil properties, plant characteristics and the interplay between the uptake of 425 

micronutrients and macronutrients in plants. Our study has obviously opened a possibility 426 

of using easily-measurable aboveground indices to indicate a belowground carboxylate-427 

releasing P-acquisition strategy. The significant correlation between the concentration of 428 

leaf micronutrients (especially leaf [Mn] and [Fe]) and the amount of rhizosheath 429 

carboxylates observed in chickpea may also be applicable to other crops, especially grain 430 

legumes, providing a valuable screening tool for rapidly identifying genotypes with high 431 

P-acquisition efficiency on low-P soils. To take advantage of our findings further, we 432 

propose to explore the correlation between leaf micronutrients and rhizosheath 433 

carboxyaltes in a wider range of crop species under different growth conditions. 434 
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Figure legends (Seven figures) 702 

Fig. 1. Conceptual diagram illustrating how the concentration of specific leaf 703 
micronutrients can be used as an easily-measurable proxy for belowground carboxylate-704 
releasing processes in chickpea (Hypothesis 1). Arrow 1: Carboxylates in the rhizosheath 705 
not only mobilise insoluble soil phosphorus (P), but also a range of micronutrients (e.g., 706 
Mn, Fe, Zn, Cu) adsorbed onto soil particles; arrow 2: increased root uptake of mobilised 707 
micronutrients in the rhizosheath; arrow 3: increased concentration of micronutrients in 708 
mature leaves. 709 

Fig. 2. Boxplots showing the amount of four main rhizosheath carboxylates: (a) 710 
malonate, (b) acetate, (c) citrate and (d) malate; and the concentration of three 711 
micronutrients in mature leaves on the main stems: (e) iron ([Fe]), (f) zinc ([Zn]) and (g) 712 
copper ([Cu]) in Experiment 1. Data are for 100 chickpea genotypes grown in sterilised 713 
washed river sand with a growth-limiting supply of phosphorus (P), 10 mg P kg ̶ 1 dry soil 714 
as FePO4. The dashed line represents the average concentration of corresponding leaf 715 
micronutrient that generally considered adequate for crop growth (Epstein and Bloom, 716 
2005). The boxplots show the median, and 25th and 75th percentiles. The whiskers 717 
extend to 1.5 times the interquartile range. Data presented beyond whiskers are outliers. 718 
Please note the different scales of the y-axes. RDW: root dry weight. 719 

Fig. 3. Correlation between the concentration of iron ([Fe]), copper ([Cu]) and zinc ([Zn]) 720 
in mature leaves on the main stem and total amount of rhizosheath carboxylates 721 
(excluding acetate) (a, c, e) or malonate only (b, d, f) in Experiment 1. Data are for 100 722 
chickpea genotypes grown for seven weeks in sterilised washed river sand with a growth-723 
limiting supply of phosphorus (P), 10 mg P kg ̶ 1 dry soil as FePO4. The shaded areas 724 
indicate the 95% confidence range, derived from the models. Total carboxylates (or 725 
malonate): the total amount of rhizosheath carboxylates (or malonate only) relative to 726 
root dry weight (RDW). 727 

Fig. 4. Boxplots showing the amount of four main rhizosheath carboxylates relative to 728 
root dry weight (RDW) of 20 chickpea genotypes with contrasting amounts of 729 
rhizosheath carboxylates in response to three phosphorus (P) treatments (Experiment 2). 730 
FeP10: 10 mg P kg−1 soil as FePO4; KP10 and KP50: 10 and 50 mg P kg−1 soil as 731 
KH2PO4, respectively. The boxplots show the median, and 25th and 75th percentiles. 732 
The whiskers extend to 1.5 times the interquartile range. Data presented beyond whiskers 733 
are outliers. Different upper letters denote significant differences among P treatments 734 
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(based on Tukey’s post-hoc analysis, P≤0.05). Please note the different scales of the y-735 
axes. 736 

Fig. 5. Boxplots showing the concentration of (a) manganese ([Mn]), (b) iron ([Fe]), (c) 737 
zinc ([Zn]) and (d) copper ([Cu]) in mature leaves on the main stem of 20 chickpea 738 
genotypes with contrasting amounts of rhizosheath carboxylates in response to three 739 
phosphorus (P) treatments (Experiment 2). FeP10: 10 mg P kg−1 soil as FePO4; KP10 and 740 
KP50: 10 and 50 mg P kg−1 soil as KH2PO4, respectively. The dashed line represents the 741 
average concentration of corresponding leaf micronutrient that generally considered 742 
adequate for crop growth (Epstein and Bloom, 2005). The boxplots show the median, and 743 
25th and 75th percentiles. The whiskers extend to 1.5 times the interquartile range. Data 744 
presented beyond whiskers are outliers. Different upper letters denote significant 745 
differences among P treatments (based on Tukey’s post-hoc analysis, P≤0.05). Please 746 
note the different scales of the y-axes. 747 

Fig. 6. Correlations between the concentration of (a) iron ([Fe]), (b) zinc ([Zn]) and (c) 748 
copper ([Cu]) in mature leaves on the main stem and the total amount of rhizosheath 749 
carboxylates (exclude acetate) for 20 chickpea genotypes under three phosphorus (P) 750 
treatments (n=20) in Experiment 2. FeP10: 10 mg P kg−1 soil as FePO4; KP10 and KP50: 751 
10 and 50 mg P kg−1 soil as KH2PO4, respectively. The shaded areas indicate the 95% 752 
confidence range, derived from the models. Total carboxylates: total amount of 753 
rhizosheath di- and tricarboxylates relative to root dry weight (RDW). 754 

Fig. 7. Correlation between the concentration of (a) manganese ([Mn]), (b) iron ([Fe]), 755 
(c) zinc ([Zn]) and (d) copper ([Cu]) in mature leaves on the main stem and the amount of 756 
rhizosheath malonate for 20 chickpea genotypes under three phosphorus (P) treatments in 757 
Experiment 2 (n=20). FeP10: 10 mg P kg−1 soil as FePO4; KP10 and KP50: 10 or 50 mg 758 
P kg−1 soil as KH2PO4, respectively. The shaded areas indicate the 95% confidence 759 
range, derived from the models. Malonate: amount of malonate in the rhizosheath relative 760 
to root dry weight (RDW). 761 

762 
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Fig. 1. Conceptual diagram illustrating how the concentration of specific leaf micronutrients can 763 
be used as an easily-measurable proxy for belowground carboxylate-releasing processes in 764 
chickpea (Hypothesis 1). Arrow 1: Carboxylates in the rhizosheath not only mobilise insoluble 765 
soil phosphorus (P), but also a range of micronutrients (e.g., Mn, Fe, Zn, Cu) adsorbed onto soil 766 
particles; arrow 2: increased root uptake of mobilised micronutrients in the rhizosheath; arrow 3: 767 
increased concentration of micronutrients in mature leaves.  768 
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 783 

Fig. 2. Boxplots showing the amount of four main rhizosheath carboxylates: (a) malonate, (b) 784 
acetate, (c) citrate and (d) malate; and the concentration of three micronutrients in mature leaves 785 
on the main stems: (e) iron ([Fe]), (f) zinc ([Zn]) and (g) copper ([Cu]) in Experiment 1. Data are 786 
for 100 chickpea genotypes grown in sterilised washed river sand with a growth-limiting supply 787 
of phosphorus (P), 10 mg P kg ̶ 1 dry soil as FePO4. The dashed line represents the average 788 
concentration of corresponding leaf micronutrient that generally considered adequate for crop 789 
growth (Epstein and Bloom, 2005). The boxplots show the median, and 25th and 75th percentiles. 790 
The whiskers extend to 1.5 times the interquartile range. Data presented beyond whiskers are 791 
outliers. Please note the different scales of the y-axes. RDW: root dry weight.   792 
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Fig. 3. Correlations between the concentration of iron ([Fe]), copper ([Cu]) and zinc ([Zn]) in 813 
mature leaves on the main stem and total amount of rhizosheath carboxylates (excluding acetate) 814 
(a, c, e) or malonate only (b, d, f) in Experiment 1. Data are for 100 chickpea genotypes grown 815 
for seven weeks in sterilised washed river sand with a growth-limiting supply of phosphorus (P), 816 
10 mg P kg ̶ 1 dry soil as FePO4. The shaded areas indicate the 95% confidence range, derived 817 
from the models. Total carboxylates (or malonate): the total amount of rhizosheath carboxylates 818 
(or malonate only) relative to root dry weight (RDW).   819 
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Fig. 4. Boxplots showing the amount of four main rhizosheath carboxylates relative to root dry 835 
weight (RDW) of 20 chickpea genotypes with contrasting amounts of rhizosheath carboxylates in 836 
response to three phosphorus (P) treatments (Experiment 2). FeP10: 10 mg P kg−1 soil as FePO4; 837 
KP10 and KP50: 10 and 50 mg P kg−1 soil as KH2PO4, respectively. The boxplots show the 838 
median, and 25th and 75th percentiles. The whiskers extend to 1.5 times the interquartile range. 839 
Data presented beyond whiskers are outliers. Different upper letters denote significant differences 840 
among P treatments (based on Tukey’s post-hoc analysis, P≤0.05). Please note the different 841 
scales of the y-axes. 842 
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Fig. 5. Boxplots showing the concentration of (a) manganese ([Mn]), (b) iron ([Fe]), (c) zinc 843 
([Zn]) and (d) copper ([Cu]) in mature leaves on the main stem of 20 chickpea genotypes with 844 
contrasting amounts of rhizosheath carboxylates in response to three phosphorus (P) treatments 845 
(Experiment 2). FeP10: 10 mg P kg−1 soil as FePO4; KP10 and KP50: 10 and 50 mg P kg−1 soil as 846 
KH2PO4, respectively. The dashed line represents the average concentration of corresponding 847 
leaf micronutrient that generally considered adequate for crop growth (Epstein and Bloom, 848 
2005). The boxplots show the median, and 25th and 75th percentiles. The whiskers extend to 1.5 849 
times the interquartile range. Data presented beyond whiskers are outliers. Different upper letters 850 
denote significant differences among P treatments (based on Tukey’s post-hoc analysis, P≤0.05). 851 
Please note the different scales of the y-axes.  852 
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Fig. 6. Correlations between the concentration of (a) iron ([Fe]), (b) zinc ([Zn]) and (c) copper 870 
([Cu]) in mature leaves on the main stem and the total amount of rhizosheath carboxylates 871 
(exclude acetate) for 20 chickpea genotypes under three phosphorus (P) treatments in Experiment 872 
2 (n=20). FeP10: 10 mg P kg−1 soil as FePO4; KP10 and KP50: 10 and 50 mg P kg−1 soil as 873 
KH2PO4, respectively. The shaded areas indicate the 95% confidence range, derived from the 874 
models. Total carboxylates: total amount of rhizosheath di- and tricarboxylates relative to root dry 875 
weight (RDW).  876 
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Fig. 7. Correlations between the concentration of (a) manganese ([Mn]), (b) iron ([Fe]), (c) zinc 899 
([Zn]) and (d) copper ([Cu]) in mature leaves on the main stem and the amount of rhizosheath 900 
malonate for 20 chickpea genotypes under three phosphorus (P) treatments in Experiment 2 901 
(n=20). FeP10: 10 mg P kg−1 soil as FePO4; KP10 and KP50: 10 or 50 mg P kg−1 soil as 902 
KH2PO4, respectively. The shaded areas indicate the 95% confidence range, derived from the 903 
models. Malonate: amount of malonate in the rhizosheath relative to root dry weight (RDW).  904 
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Supplementary data (one table and five figures) 905 

Table S1. Two-way analysis of variance (ANOVA) for the effects of phosphorus (P) 906 
treatments, genotypes, and their interaction on 12 plant traits associated with rhizosheath 907 
carboxylates and leaf micronutrient concentrations among 20 chickpea genotypes with 908 
contrasting amounts of rhizosheath carboxylates in Experiment 2. 909 

Fig. S1. Correlation between the concentration of leaf micronutrients and the amount of 910 
rhizosheath citrate across 100 chickpea genotypes under low-P condition in Experiment 911 
1.  912 

Fig. S2. Correlation between the concentration of leaf micronutrients and the amount of 913 
rhizosheath malate across 100 chickpea genotypes under low-P condition in Experiment 914 
1.  915 

Fig. S3.  Boxplots showing the percentage of a particular carboxylate (i.e. malonate, 916 
acetate, citrate and malate) of the amount of carboxylates detected in the rhizosheath 917 
(Experiment 2). 918 

Fig. S4. Correlation between the concentration of leaf micronutrients and the amount of 919 
rhizosheath citrate for 20 chickpea genotypes grown in three phosphorus treatments 920 
(Experiment 2). 921 

Fig. S5. Correlation between the concentration of leaf micronutrients and the amount of 922 
rhizosheath malate for 20 chickpea genotypes grown in three phosphorus treatments 923 
(Experiment 2). 924 
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