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Abstract 

Although significant intraspecific variation in photosynthetic phosphorus (P) use efficiency (PPUE) has been shown in 
numerous species, we still know little about the biochemical basis for differences in PPUE among genotypes within a 
species. Here, we grew two high PPUE and two low PPUE chickpea (Cicer arietinum) genotypes with low P supply in 
a glasshouse to compare their photosynthesis-related traits, total foliar P concentration ([P]) and chemical P fractions 
(i.e. inorganic P (Pi), metabolite P, lipid P, nucleic acid P, and residual P). Foliar cell-specific nutrient concentrations 
including P were characterized using elemental X-ray microanalysis. Genotypes with high PPUE showed lower total 
foliar [P] without slower photosynthetic rates. No consistent differences in cellular [P] between the epidermis and 
mesophyll cells occurred across the four genotypes. In contrast, high PPUE was associated with lower allocation to 
Pi and metabolite P, with PPUE being negatively correlated with the percentage of these two fractions. Furthermore, 
a lower allocation to Pi and metabolite P was correlated with a greater allocation to nucleic acid P, but not to lipid P. 
Collectively, our results suggest that a different allocation to foliar P fractions, rather than preferential P allocation to 
specific leaf tissues, underlies the contrasting PPUE among chickpea genotypes.

Keywords:  Leaf elemental distribution, leaf phosphorus fractions, phosphorus allocation, photosynthetic phosphorus use 
efficiency, scanning electron microscopy, X-ray microanalysis.
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Introduction

Phosphorus (P) plays a central role in many aspects of plant 
metabolism (Plaxton and Tran, 2011; Dissanayaka et al., 2021) 
and is one of the nutrients that most frequently limits plant 
growth and productivity in both natural and agricultural 
ecosystems (Vitousek et al., 2010; Shen et al., 2011; Lambers, 
2022). Photosynthesis commonly declines under P deficiency, 
since P is involved in a series of cellular processes including 
energy conservation, metabolic regulation, and signal trans-
duction (Fredeen et al., 1990; Halsted and Lynch, 1996; Stitt 
et al., 2010; Veneklaas et al., 2012; Raven, 2013a, b; Carstensen 
et al., 2018). Plant species and even genotypes of a certain 
species differ in their ability to maintain their photosynthetic 
activity under P limitation. That is, significant interspecific 
and intraspecific variation exists for photosynthetic P use ef-
ficiency (PPUE, photosynthesis rate per unit foliar P) under 
low P stress (Halsted and Lynch, 1996; Liao and Yan, 1999; 
Lambers et al., 2012; Hayes et al., 2018, 2022; Pang et al., 2018; 
Mo et al., 2019). However, our understanding of the biochem-
ical basis for differences in PPUE among and within species is 
still in its infancy.

At the species level, two typical hypotheses have been pro-
posed to explain the biochemical basis underlying a high 
PPUE under low P supply (Lambers et al., 2012; Guilherme 
Pereira et al., 2018; Hayes et al., 2018; Lambers, 2022). First, 
as photosynthesis occurs mostly in mesophyll cells and not in 
common epidermal cells (Lim et al., 2022), it is envisaged that 
greater allocation of P to the mesophyll may allow a more ef-
ficient use of P (hypothesis 1 as shown in Fig. 1). Supporting 
this hypothesis, such a P-allocation pattern has been demon-
strated in monocots and many Proteaceae that evolved in se-
verely P-impoverished landscapes (Shane et al., 2004; Hawkins 
et al., 2008; Conn and Gilliham, 2010; Guilherme Pereira et al., 
2018; Hayes et al., 2018, 2019). Despite many Proteaceae species 
showing very low total foliar P concentrations ([P]) in their 
natural habitats (~0.2 mg g−1 dry weight; Hayes et al., 2021), far 
below the concentration considered adequate for crop growth 
(2  mg g−1 dry weight; Epstein and Bloom, 2005), they ex-
hibit relatively fast rates of photosynthesis per leaf area (e.g. ~20 
μmol m−2 s−1 in Banksia species and 15 μmol m−2 s−1 in Hakea 
species; Denton et al., 2007; Lambers et al., 2012) and excep-
tionally high PPUE (Wright et al., 2004; Denton et al., 2007; 
Lambers et al., 2012, 2015; Sulpice et al., 2014). For instance, 
Lambers et al. (2012) reported that the average PPUE value 
for six Proteaceae species was 305 μmol CO2 g−1 P s−1, well 
above the global average (103 μmol CO2 g

−1 P s−1), all meas-
ured under field conditions (Wright et al., 2004). The devel-
opment of X-ray microanalytical mapping has allowed for the 
visualization and quantification of foliar P distribution at the 
cellular level (Shane et al., 2004; Ding et al., 2018a; Guilherme 
Pereira et al., 2018; Hayes et al., 2018, 2019; Ye et al., 2021). 
Such a technique revealed that many Proteaceae from severely 
P-impoverished soils in southwestern Australia preferentially 

allocate foliar P to mesophyll cells, rather than epidermal cells 
(Shane et al., 2004; Hawkins et al., 2008; Guilherme Pereira 
et al., 2018; Hayes et al., 2018, 2019), but no such pattern was 
observed in South American species from P-richer habitats, 
as they may not have had the same evolutionary pressure to 
increase their P use efficiency (Guilherme Pereira et al., 2018; 
Hayes et al., 2018). This suggests that preferential allocation of 
P to photosynthetically active cells (i.e. mesophyll cells) is an 
important adaptive mechanism to increase PPUE, especially 
for species that evolved in extremely P-impoverished habitats 
(Shane et al., 2004; Hawkins et al., 2008; Tsujii et al., 2017; 
Guilherme Pereira et al., 2018; Hayes et al., 2018, 2019). How-
ever, while these findings highlight that differences in cell-spe-
cific P allocation contribute to high PPUE at the species level, 
whether such a cell-specific P-allocation pattern accounts for 
contrasting PPUE among genotypes within a species remains 
unexplored.

In addition to differences in cell-specific P allocation, plants 
can also achieve a relatively high PPUE by adjusting foliar P 
fractions (hypothesis 2 as shown in Fig. 1) (Stitt et al., 2010; 
Veneklaas et al., 2012; Sulpice et al., 2014; Lambers et al., 2015; 
Mo et al., 2019; Hayes et al., 2022). Based on the chemical 
structure, foliar P compounds can be broadly separated into 
five distinct fractions: inorganic phosphate (Pi) and four 
P-containing organic fractions (i.e. metabolite P, lipid P, nucleic 
acid P, and residual P; Kedrowski, 1983; Hidaka and Kitayama, 
2013; Lambers, 2022; Suriyagoda et al., 2023). These P fractions 
have different functional roles in the biochemical processes of 
photosynthesis (Stitt et al., 2010; Veneklaas et al., 2012; Lambers 
et al., 2015; Suriyagoda et al., 2023). Pi maintains a relatively 
narrow concentration range in the cytosol and is required to 
export triose phosphates from chloroplasts and for photophos-
phorylation; any excess Pi is stored in the vacuole, serving as 
a buffer to maintain a stable Pi concentration in the cytosol 
(Mimura, 1995; Schachtman et al., 1998; Veneklaas et al., 2012). 
The foliar metabolite P fraction mainly comprises intermedi-
ates of carbon metabolism and various sugar phosphates, such 
as ADP, ATP, and glucose 6-phosphate, which play key roles 
in the Calvin–Benson cycle and glycolysis (Lambers, 2022). 
Lipid P comprises phospholipids, most of which are important 
components of the plasmalemma and various organelle mem-
branes (Veneklaas et al., 2012; Nakamura, 2017). Nucleic acid 
P is the largest organic P fraction in leaves (40–60% of total 
foliar organic P); over 85% of nucleic acid P is contained in 
RNA (Bieleski, 1973), especially in ribosomal RNA (rRNA), 
and a high P allocation to rRNA is associated with fast protein 
synthesis (Raven, 2013b; Lambers, 2022). Finally, the residual P 
fraction includes phosphorylated proteins and some unidenti-
fied residues that cannot be removed with extracting solutions; 
phosphorylation of proteins is involved in the regulation of 
various cellular process (Veneklaas et al., 2012; Suriyagoda et al., 
2023).

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/74/6/1974/6962290 by guest on 25 August 2024



1976 | Wen et al.

Increasing evidence shows that to achieve relatively fast rates 
of photosynthesis with high PPUE requires a delicate balance 
in investment among foliar P fractions (Stitt et al., 2010; Hidaka 
and Kitayama, 2013; Zhang et al., 2021; Hayes et al., 2022). For 
instance, some plants suffering from P deficiency can decrease 
their overall requirement for foliar P by reducing investment 
in non-metabolite P fractions (e.g. nucleic acid P and lipid P) 
to different degrees and thus buffering the direct P-restriction 
of photosynthesis (Warren, 2011; Hidaka and Kitayama, 2013; 
Mo et al., 2019; Zhang et al., 2021; Han et al., 2022). Lipid 
remodeling is an essential adaptation mechanism to cope with 
P starvation in many species (Tjellstrom et al., 2008; Nakamura 
et al., 2009; Jeong et al., 2017; Tawaraya et al., 2018). Significant 
replacement of phospholipids (lipid P) by P-free lipids (such as 
sulfolipids and galactolipids) allows plants to reduce total foliar 
[P], without compromising a relatively rapid photosynthetic 
rate (Lambers et al., 2012; Veneklaas et al., 2012; Hidaka and 
Kitayama, 2013). Overall, these findings suggest that optimized 
P allocation among foliar P fractions confers a high PPUE 
under low-P supply at the species level. However, whether and 
how variation in P allocation to foliar P fractions contributes 
to contrasting PPUE values among genotypes within a species 
remains largely unknown.

Chickpea (Cicer arietinum) is the third most widely grown 
grain legume globally, after common bean (Phaseolus vulgaris) 
and cowpea (Vigna unguiculata) (FAO, 2020). It is an important 
source of protein for millions of people and plays a crucial role 
in food security in developing countries (Jukanti et al., 2012; 
Varshney et al., 2019). Phosphorus deficiency is one of the major 
constraints for chickpea production, particularly in low-input 
agroecosystems (Srinivasarao et al., 2006). Breeding and select-
ing for chickpea genotypes with high P use efficiency (including 
high PPUE) is thus a promising strategy to sustainably increase 
chickpea productivity (Cong et al., 2020). A recent study found 
considerable genotypic variation in PPUE (170−437 μmol 
CO2 g−1 P s−1) in a large set of chickpea germplasm under 
low-P supply (Pang et al., 2018). However, the biochemical basis 
for differences in PPUE among chickpea genotypes remains 
unclear. To examine this, we studied four chickpea genotypes 
with contrasting PPUE in a controlled glasshouse experiment 
with low P supply. Foliar traits associated with photosynthetic 
capacity, P fractions and cell-specific P allocation were deter-
mined. The study aimed to explore (i) whether and how varia-
tion in foliar cell-specific P allocation contributes to contrasting 
PPUE among chickpea genotypes, and (ii) whether and how 
the allocation pattern to foliar P fractions accounts for differ-
ences in PPUE among chickpea genotypes (Fig. 1).

Materials and methods

Plant material and growing conditions
The experiment was conducted with a single-factorial randomized block 
design. Four chickpea genotypes contrasting in PPUE were selected, based 

on results of Pang et al. (2018), who reported substantial genotypic varia-
tion in PPUE under a low-P supply across 100 chickpea genotypes. The 
selected genotypes comprised two high-PPUE genotypes (ICC12037, 
ICC5613) and two low-PPUE genotypes (ICC16524, ICC6877) (see 
Supplementary Table S1 for detailed information on each genotype).

A loamy clay soil was obtained from the top 15 cm layer of a field pad-
dock at Cunderdin, Western Australia (31.64°S, 117.24°E). The soil was 
air-dried and passed through a 2-mm sieve. The field soil was mixed with 
sterilized washed river sand (1:9, soil: river sand) to decrease soil P bio-
availability. The soil mixture had a pH of 7.1 (1: 2.5, soil: 10 mM CaCl2), 
2.5 mg kg–1 resin-P (Sibbesen, 1978), 25.8 mg kg–1 total-P, 0.2 mg kg–1 
ammonium-N, 0.2 mg kg–1 nitrate-N, 47.1 mg kg–1 Colwell potassium 
(Colwell, 1965; Rayment and Higginson, 1992), and 8.7 g kg–1 organic 
carbon (Heanes, 1984). Each pot was filled with 2.4 kg of the air-dried 
soil mixture. To ensure that the supply of other nutrients was adequate 
for plant growth, the soil mixture was supplemented with basal nutrients 
at the following rates (mg kg–1): Ca(NO3)2·4H2O, 94.8; NH4Cl, 14.3; 
K2SO4, 272; EDTA-FeNa, 37.6; MnSO4·H2O, 12.3; ZnSO4·7H2O, 8.86; 
CuSO4·5H2O, 1.95; and Na2MoO4·2H2O, 1.01. Nine seeds were sown 
per pot and inoculated with ~2  g of peat-based Group N rhizobium 
(New Edge Microbials, North Albury, NSW, Australia). Seedlings were 
thinned to three plants per pot 14 d after sowing (DAS). There were four 
replicates per genotype and five pots per replicate (80 pots in total). All 
pots within each block were arranged randomly and watered daily with 
deionized water by weighing to 75% of maximum water holding capacity.

The experiment was conducted from May to July 2019 in a natu-
rally lit glasshouse at The University of Western Australia, Perth, Australia 
(31.95°S, 115.78°E). The average daily temperature was 22/15 °C (day/
night), and the average relative humidity was 65%.

Photosynthesis measurement
Prior to the final harvest (48 DAS), net photosynthetic rates (Pn) were 
measured on young fully expanded leaves on primary branches using 
portable photosynthesis equipment with a red/blue LED light source 
(LI-6400XT, Li-Cor Biosciences, Lincoln, NE, USA). Photosynthetic 
photon flux density at the leaf surface was 1500 μmol m−2 s−1, ambient 
CO2 concentration of the incoming gas was 400 μmol mol−1, flow rate 
was 500 μmol s−1, block temperature was 25 °C, and relative humidity was 
maintained at 50−70%. The leaves used for photosynthesis measurements 
were sampled, with the projected leaf area measured at 300 dpi using 
a flatbed scanner (Epson Perfection v850 pro, Tokyo, Japan) and anal-
ysed using WinRhizo 2009 software (Regent Instruments Inc., Quebec, 
Canada), followed by drying at 70 °C for 72 h to constant weight. Leaf 
mass per area (LMA) of the leaves used for photosynthesis measurement 
was calculated as the ratio of leaf dry weight (DW) to leaf area. Mass-
based photosynthetic rate (Amass, nmol CO2 g

−1 s−1) was calculated from 
the area-based photosynthetic rate (Aarea, μmol CO2 m

−2 s−1) divided by 
LMA. Photosynthetic phosphorus use efficiency (PPUE, μmol CO2 g

−1 
P s−1) was calculated as the ratio of Amass to the corresponding foliar [P] 
(DW basis).

Plant harvest and leaf sampling for cell-specific element analysis 
and P fractionation
Plants were harvested after Pn measurement (49 DAS). For cellular ele-
ment analyses, subsamples of young fully expanded leaves similar to those 
used for Pn measurement were collected, following the method described 
by Hayes et al. (2018) and Ye et al. (2021). In brief, small leaf sections 
(~2 × 3 mm) were cut from either side of the mid-rib, at the middle of 
the half-leaflet, avoiding any large secondary veins. Each section was then 
quickly mounted onto an aluminum pin with an optimal cutting tem-
perature compound (Tissue-Tek, Torrance, CA, USA) and plunged into 
liquid nitrogen. Three sections were collected from two to three leaflets 
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for each plant. All samples were taken back to the laboratory and stored 
in a dewar filled with liquid nitrogen until cellular element analysis using 
cryo-scanning electron microscopy. This freezing method is suitable for 
elemental analysis and quantification of biological samples, because it rap-
idly immobilizes and preserves elements of interest at the cellular level 
(McCully et al., 2010; Hayes et al., 2018; Ding et al., 2018a; Ye et al., 2021).

For foliar [P] and P fraction analyses, another subsample of young fully 
expanded leaves similar to those used for Pn measurement was collected. 
Leaves from five pots of each replicate were combined into one sample 
for P fractionation. All leaves were washed with deionized water and 
quickly wrapped in aluminum foil, and immediately frozen in liquid ni-
trogen. The samples were kept at −80 °C until freeze-drying for P-frac-
tion analyses.

Cell-specific element analysis by X-ray microanalytical mapping
Frozen specimens were transferred under liquid nitrogen to a cryo-
microtome (Leica Ultracut EM UC6 microtome equipped with FC6 
cryo-chamber, Leica Microsystem GmbH, Vienna, Austria). To obtain 
flat and transverse surfaces of frozen leaf samples, leaves were progres-
sively sectioned flat with a microtome, initially on a glass knife in 1 
μm, 750  nm, and 500  nm steps, and then finally with fine precision 
on another glass knife in 250 and 100 nm steps. Specimens were then 
mounted on a custom-made substage and transferred to a modular 
high-vacuum coating system (Leica EM MED020) and sputter-coated 
with 20 nm high purity chromium, without sublimation. After coating, 
specimens were transferred under vacuum to a field emission scanning 
electron microscope (Zeiss Supra 55, Oberkochen, Germany), equipped 
with a Leica VCT100 cryostage and an Oxford X-Max80 SDD X-ray 
detector interfaced to AZtec software (Oxford Instruments, Abingdon, 
UK).

Samples were analysed in high-current mode at −150 °C, 15 kV, and 
2.0 nA beam current (measured with a Faraday cup). Prior to each map 

acquisition, the instrument was calibrated using a pure copper standard. 
Elemental maps were acquired at a resolution of 512 pixels, for >3000 
frames with a dwell time of 10 μs per pixel. Drift correction and pulse-
pile-up correction were activated. After mapping, measured scanning 
electron microscopy and energy dispersive spectroscopy data were evalu-
ated using AZtec software. Specifically, quantitative numerical data were 
extracted from regions of interest (i.e. individual cells) drawn on the el-
ement maps. Individual spectra from each pixel within the region of in-
terest were processed and summed to yield concentration data. Details 
of operations and principles are described elsewhere (Hayes et al., 2018; 
Ding et al., 2018a).

The chickpea genotypes had very similar leaf anatomy and cell types, 
including upper epidermis, palisade mesophyll, spongy mesophyll, lower 
epidermis, bundle sheath, and veins. To contrast cell-specific P allocation 
between photosynthetic cells and non-photosynthetic cells, the concen-
trations of P and calcium (Ca) in upper epidermal, palisade mesophyll, 
spongy mesophyll, and lower epidermal cells were measured by selecting 
these cells as regions of interest in the elemental maps and quantifying the 
resulting summed spectra.

Foliar nutrient concentrations and phosphorus fractionation
After harvest, samples of young fully expanded leaves were freeze-dried 
for 7 d (VirTis Benchtop ‘K’, New York, USA) before being ground 
to a fine powder in a vertical ball-mill grinder using plastic vials and 
ceramic beads (Geno/Grinder 2010; Spex SamplePrep, Metuchen, 
NJ, USA). Each sample was divided into four subsamples. One sub-
sample (~20 mg) was used to determine total [N] using an elemental 
analyser (Vario EL III; Elementar, Langenselbold, Germany). A second 
subsample (~50 mg) was used to measure total [P]; after digestion in 
a concentrated HNO3–HClO4 (3:1 v/v) mixture, the P concentra-
tions were determined using the malachite green colorimetric method 
(Motomizu et al., 1983).

Fig. 1. Conceptual diagram illustrating two potential mechanisms underlying high photosynthetic phosphorus (P) use efficiency (PPUE) in plants. 
Hypothesis 1 (H1): in response to low P supply, plant species and/or genotypes with high PPUE preferentially allocate the scarcely available P to their 
mesophyll cells where P is used to sustain photosynthesis, rather than to epidermal cells. Hypothesis 2 (H2): to maintain a relatively high photosynthetic 
capacity, plant species and/or genotypes with high PPUE show an optimized allocation of foliar P to different chemical fractions. Leaf cell types: LE, lower 
epidermis; PM, palisade mesophyll; SM, spongy mesophyll; UE, upper epidermis. Foliar P fractions: LP, lipid P; MP, metabolite P; NP, nucleic acid P; Pi, 
inorganic phosphate; RP, residual P. G-6-P, glucose-6-phosphate. The leaf cross section shown in H1 represents typical leaf anatomy of some dicots, 
including chickpea. Figure adapted from images created with BioRender.com.
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Foliar P was partitioned into inorganic phosphate (Pi) and organic P 
(lipid P, metabolite P, nucleic acid P, and residual P). A detailed descrip-
tion of the P fractionation procedures is available in previous studies (Yan 
et al., 2019; Hayes et al., 2022). In brief, a third subsample (~20 mg) was 
used to measure Pi. The Pi fraction was extracted using acetic acid (modi-
fied from Hurley et al., 2010). This subsample was treated with 1 ml of 1% 
(v/v) cold glacial acetic acid by mechanical shaking (Precellys 24 Tissue 
Homogenizer; Bertin Instruments, Montigny-le-Bretonneux, France). 
Then, the homogenate was centrifuged at 4 °C for 15 min at 14 000 g to 
remove debris. The final clear supernatant was transferred to a new tube 
to determine P concentrations using the malachite green colorimetric 
method (Motomizu et al., 1983).

Organic P fractions were sequentially extracted following the method 
adapted from Hidaka and Kitayama (2013). A fourth subsample (~25 mg) 
was weighed into a 2-ml tube and then extracted three times with 1 ml 
cold 12:6:1 chloroform: methanol: formic acid (CMF, v/v/v), followed 
by extraction, three times, with 1.26 ml cold 1:2:0.8 chloroform: meth-
anol: water (CMW; v/v/v). Supernatants from these extractions were 
transferred and combined into a 10-ml tube, and then 1.9 ml of chloro-
form-washed water was added, resulting in a biphasic solution with a hy-
drophilic upper layer (white/transparent) and a hydrophobic lower layer 
(green), separated by a thin semi-solid interfacial protein layer. The upper 
aqueous layer and the lower lipid layer were extracted and transferred to 
two new 25-ml flasks, labeled metabolic P and lipid P, respectively. The 
lipid P was ready for acid digestion after drying. The remaining interfacial 
layer was transferred to the metabolic P flask.

The CMF/CMW extracted pellet was dried under vacuum and then 
extracted with 1 ml of 85% methanol (v/v) to remove dissolved chlo-
roform and methanol. The supernatant was transferred to the metabolic 
P flask and the pellet dried under vacuum again. Then, this dried pellet 
was extracted twice with 1 ml cold 5% trichloroacetic acid (TCA, v/v), 
with horizontal shaking for 1 h at 4 °C. The supernatant was transferred 
to the metabolic P flask. The metabolic P was ready for acid digestion 
after drying. Metabolic P represented the sum of the metabolite P and 
Pi fractions; thus, we subtracted Pi from the sum to obtain the metab-
olite P.

Finally, the pellet was further extracted three times with 1 ml of 2.5% 
TCA (v/v) in a heating block at 95 °C for 1 h. The resulting supernatants 
were transferred to another 25-ml flask for nucleic acid P analysis. The 
remaining pellet was washed with 2.5% TCA and the washing solution 
was transferred to another 25-ml flask for residual P analysis.

The flasks containing the four P fractions were evaporated gently in a 
fume-hood at 50 °C; the determination method of the dried residue of 
the four P fractions was the same as that of total foliar P. To avoid con-
version of P fractions during extraction, all samples were kept on ice, 
unless otherwise specified. All foliar P fractions are expressed on a dry 
mass basis. The percentage of each P fraction was calculated from the P 
fraction concentration and total foliar [P], determined separately by acid 
digestion. The recovery of the sum of P in the fractions was always >95% 
of the total [P] measured directly from freeze-dried leaves (Supplemen-
tary Table S2).

Data analyses
To determine how genotypes with contrasting PPUE expressed their 
foliar traits and P fractions at a low P supply, a one-way ANOVA with 
a randomized block design was performed to examine the genotypic 
effects on foliar traits, photosynthetic traits, and the concentrations of 
total foliar nutrients and P fractions using the R package ‘AGRICO-
LAE’ (de Mendiburu, 2017). Differences in nutrient concentrations (in-
cluding P and Ca) among cell types were tested using general linear 
mixed-effect models, with individual plants included as the random 
effect (Pinheiro and Bates, 2000). The residuals of each model were 
visually inspected for heteroscedasticity. In presence of heteroscedastic-

ity, appropriate variance structures were specified if they significantly 
improved the model based on the Akaike information criterion (Pin-
heiro and Bates, 2000). Significant differences among genotypes and/
or cell types within each genotype were based on Tukey’s HSD post-
hoc analysis (P≤0.05). Correlations between PPUE and total foliar [P] 
and P fractions were assessed by linear regression analysis using the R 
package ‘AGRICOLAE’ (de Mendiburu 2017). All statistical analyses 
were performed using R software Version 4.0.2 (R Development Core 
Team, 2022).

Results

Foliar photosynthetic capacity and total foliar nutrient 
concentrations

As expected, we observed significant variation in photosyn-
thetic PPUE among the four chickpea genotypes (P<0.01, 
Fig. 2A). Two genotypes, ICC12037 and ICC5613, showed 
greater PPUE (341 and 335 μmol CO2 g

−1 P s−1) than the 
other two, ICC16524 and ICC6877 (248 and 238 μmol CO2 
g−1 P s−1). The four genotypes had similar area-based and mass-
based photosynthetic rates (Aarea and Amass; Fig. 2B, C), except 
that ICC16524 had significantly lower Aarea than the others 
(P<0.01, Fig. 2B). The LMA ranged from 34.3 to 37.6 g m−2; 
ICC16524 had significantly lower LMA than ICC12037 and 
ICC6877 (P<0.01, Fig. 2D). The two high-PPUE genotypes 
(ICC12037 and ICC5613) had lower foliar [P] than one of the 
low-PPUE genotypes (ICC6877) and similar foliar [P] to the 
other low-PPUE genotype (ICC16524) (Fig. 2E). All geno-
types showed similar leaf [N] (P>0.05, Fig. 2F). The leaf N:P 
ratio ranged from 20.7 to 29.8, with ICC6877 (20.7) signifi-
cantly lower than the other three genotypes (P<0.01, Fig. 2G).

Foliar cell-specific nutrient concentrations

Foliar cellular nutrient concentrations differed among cell 
types (Figs 3, 4; Supplementary Figs S1, S2). Under low P 
supply, all genotypes showed very low [P] in all cell types, 
averaging below 10 μmol g−1 (Fig. 3A). No consistent dif-
ference in cellular [P] occurred between mesophyll and ep-
idermal cells within each genotype (Fig. 3A), indicating no 
preferential P allocation to leaf photosynthetic cells among 
genotypes with contrasting PPUE. Interestingly, most Ca was 
located in the mesophyll cells (both palisade and spongy mes-
ophyll) for all genotypes. The cellular [Ca] of each genotype 
following the order: palisade mesophyll cells>spongy meso-
phyll cells>upper epidermal cells>lower epidermal cells (Fig. 
3B). Similarly, all genotypes tended to allocate more sulfur to 
mesophyll cells than to epidermal cells (Supplementary Fig. 
S1). In contrast, most potassium and magnesium was located 
in both upper and lower epidermal cells (Supplementary Figs 
S1, S2). The allocation pattern of chlorine (Cl) tended to be 
similar among different cell types, with only slight differences 
in [Cl] between epidermal and mesophyll cells (Supplemen-
tary Figs S1, S2).
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Foliar P fraction concentrations and allocation

The major foliar P fractions of chickpea were inorganic phos-
phate (Pi), metabolite P, lipid P and nucleic acid P, compris-
ing 99% of the total foliar [P] (Fig. 5), with residual P only a 
minor component (below 0.01 mg g−1) in all genotypes (Fig. 
5E). Similar to total foliar [P], the two high-PPUE genotypes 
(ICC12037 and ICC5613) had lower [Pi], metabolite [P], and 
lipid [P] than one of the low-PPUE genotypes (ICC6877) 
(P<0.01), but no significant differences from the other low-
PPUE genotype (ICC16524) (P>0.05; Fig. 5A–C). In con-
trast, no significant differences in nucleic acid [P] occurred 
between the high-PPUE and low-PPUE genotypes, except 
ICC6877 had a greater concentration than ICC16524 (Fig. 
5D). The concentrations of four major P fractions were pos-
itively correlated with total foliar [P] (all R2>0.5, P<0.001; 
Supplementary Fig. S3).

P allocation was expressed as a percentage of total foliar P 
allocated to each P fraction (Fig. 5). The percentage of each 

foliar P fraction in each genotype followed the order of nu-
cleic acid P>metabolite P>Pi=lipid P (Fig. 5F–I). Across the 
four genotypes, nucleic acid P accounted for 39–47% of total 
foliar [P], metabolite P for 21–25%, Pi for 15–18%, and lipid 
P for 16–18% (Fig. 5F–I). No significant differences in the 
percentages of Pi, metabolite P, and lipid P occurred between 
genotypes; however, the high-PPUE genotypes (ICC12037 
and ICC5613) tended to have a greater percentage of nu-
cleic acid P than the low-PPUE genotypes (ICC16524 and 
ICC6877) (P<0.01; Fig. 5F–I).

Relationships between foliar P fractions and PPUE 
across chickpea genotypes

Across the four chickpea genotypes, Amass and Aarea were pos-
itively correlated with total foliar [P] and nucleic acid [P] (all 
P<0.05), but not with the other three major foliar P frac-
tions (all P>0.05; Supplementary Table S3). No significant 

Fig. 2. Bar plots showin photosynthetic phosphorus use efficiency (PPUE)g (A), area-based (B) and mass-based (C) photosynthetic rates (Aarea and 
Amass), leaf mass per unit leaf area (LMA; D), leaf phosphorus (P) concentration ([P], E), leaf nitrogen (N) concentration ([N]; F), and leaf N:P ratio (G) for 
four chickpea genotypes grown in soil with a low P supply. Values are means ±SE (n=4). Different letters indicate significant differences among genotypes 
within each panel, based on Tukey’s post-hoc analysis (P<0.05).
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correlation was found between PPUE and the concentrations 
of the major foliar P fractions (all P>0.05; Fig. 6A–D). In 
contrast, the allocation pattern of foliar P fractions affected 
PPUE differently (Fig. 6E–H), with PPUE being positively 
correlated with the percentage of nucleic acid [P] (R2=0.56, 
P<0.001), and negatively with the percentages of [Pi] and 
metabolite [P] (R2=0.27, 0.39, respectively), and no correla-
tion with lipid [P] (P>0.05; Fig. 6E–H).

To explore the linkages between nucleic acid P and other 
P fractions, we determined the correlation of the concen-
trations and percentages of nucleic acid P with those of 

other P fractions (Fig. 7). Across the four genotypes, nucleic 
acid [P] was positively correlated with [Pi], metabolite [P], 
and lipid [P] (all P<0.05; Fig. 7A–C), while the percent-
ages of nucleic acid [P] was negatively correlated with the 
percentages of [Pi] and metabolite [P] (all P<0.001; Fig. 7D, 
E), but not with the percentage of lipid [P] (P>0.05; Fig. 
7F). As a result, PPUE was positively correlated with the 
ratios of nucleic acid P to Pi (R2=0.40, P<0.01), the ratio 
of nucleic acid P to metabolite P (R2=0.51, P<0.01), and 
the ratio of nucleic acid P to lipid P (R2=0.37, P<0.05) 
(Fig. 7C).

Fig. 3. Box plots showing foliar cell-specific phosphorus (P) concentrations ([P]) (A) and calcium (Ca) concentrations ([Ca]) (B) for four chickpea 
genotypes grown in soil with a low P supply. The box plots show the medians, 25th, and 75th percentiles, and the whiskers extend to 1.5 times the 
interquartile range. Data presented beyond whiskers represent outliers. Different letters indicate significant differences among cell types within each panel, 
based on Tukey’s post-hoc analysis (P<0.05). Leaf cell types: LE, lower epidermis; PM, palisade mesophyll; SM, spongy mesophyll; UE, upper epidermis. 
High_PPUE: genotype with high photosynthetic phosphorus use efficiency (PPUE); Low_PPUE: genotype with low PPUE.
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Discussion

We found significant intraspecific variation in PPUE at low soil 
P availability among chickpea genotypes, confirming our pre-
vious study (Pang et al., 2018). Compared with the low-PPUE 
genotype ICC6877, those with high PPUE exhibited lower 
total foliar [P] while maintaining relatively rapid photosynthetic 
rates, indicating a more economic P use strategy in their leaves. 
Towards an improved understanding of the biochemical basis of 
how chickpea exhibited contrasting PPUE at the genotype level, 
we tested two possible pathways, i.e. optimized P allocation to 
specific leaf tissues and/or to foliar P fractions, contributing to a 
greater PPUE among chickpea genotypes (Fig. 1).

Does foliar cell-specific P allocation account for 
contrasting PPUE among chickpea genotypes?

As photosynthesis occurs in mesophyll cells and not in common 
epidermal cells (Lim et al., 2022), we hypothesized that pref-

erential allocation of P to the mesophyll would contribute to 
a high PPUE in chickpea genotypes (H1, as shown in Fig. 1). 
However, no consistent differences in cellular [P] occurred be-
tween mesophyll and epidermal cells across the four chickpea 
genotypes with contrasting PPUE; thus, we rejected our first 
hypothesis (H1).

Greater relative allocation of P to mesophyll cells is reported 
for many monocots (Hodson and Sangster, 1988; Leigh and 
Tomos, 1993; Williams et al., 1993; Fricke et al., 1994; Karley 
et al., 2000a, b) and some extremely P-efficient species that 
evolved in severely P-impoverished habitats (Shane et al., 2004; 
Hawkins et al., 2008; Guilherme Pereira et al., 2018; Hayes et al., 
2018, 2019). According to the conceptual model for foliar P dis-
tribution in eudicots proposed by Conn and Gilliham (2010), 
these species typically allocate P to the epidermis, rather than 
to mesophyll cells. This model is supported by observations on 
faba bean (Vicia faba; Outlaw et al., 1984), several Lupinus spe-
cies (Treeby et al., 1987; Ding et al., 2018a, b) and rough lemon 

Fig. 4. Representative anatomical schematics and qualitative element maps for four chickpea genotypes grown in soil with a low phosphorus (P) supply. 
Maps show oxygen (O) and calcium (Ca) distribution in transverse sections of young fully expanded leaves. Element maps were processed to remove 
background and correct for peak overlaps. The element maps for P are not shown due to a lack of contrast among cell types resulting from very low 
concentrations. Scale bars: 50 μm.
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(Citrus jambhiri; Storey and Leigh, 2004) at the species level. 
Remarkably, this was not the case for chickpea studied here, as 
all genotypes showed similar [P] across four leaf cell types. Such 
a P-allocation pattern in chickpea agrees with the findings on 
some Proteaceae species from South America that evolved in rel-
ative P-rich soils (Hayes et al., 2018), but is inconsistent with 
results on Proteaceae from southwestern Australia that evolved in 
extremely P-impoverished soils (Shane et al., 2004; Guilherme 
Pereira et al., 2018; Hayes et al., 2018). Thus, our study provides 
further evidence that preferential allocation of P to mesophyll is 
not common in eudicots, and, to date, is only expressed in some 
P-efficient eudicot species that evolved in extremely P-impov-

erished landscapes (Guilherme Pereira et al., 2018; Hayes et al., 
2018; Lambers, 2022). Furthermore, the lack of a clear P-alloca-
tion pattern among leaf cells of chickpea may be due to low soil 
P availability. Many studies reporting differential cellular [P] in 
eudicot crops were grown under sufficient/excess P conditions; 
under such conditions, these crops may tend to accumulate 
‘surplus P’ in epidermal cells, showing a preferential allocation 
of P to epidermal cells (Outlaw et al., 1984; Conn and Gilliham 
2010; Ding et al., 2018a, b). This assumption can be explored by 
studying cellular P allocation in the leaves of chickpea supplied 
with varying P levels (including deficient, sufficient, and ex-
cess P). Combined with the results of P-allocation patterns in a 

Fig. 5. Bar plots showing the concentrations of foliar phosphorus (P) fractions (A–E) and percentage of each P fraction of the total foliar P concentration 
(F–J) for four chickpea genotypes grown in soil with a low P supply. Values are means ±SE (n=4). Different letters indicate significant differences among 
genotypes within each panel, based on Tukey’s post-hoc analysis (P<0.05). Pi, inorganic phosphate. High_PPUE: genotype with high photosynthetic 
phosphorus use efficiency (PPUE); Low_PPUE: genotype with low PPUE.
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range of other eudicot species (Outlaw et al., 1984; Storey and 
Leigh, 2004; Ding et al., 2018a, b; Guilherme Pereira et al., 2018; 
Hayes et al., 2018, 2019), we suggest that eudicots show dif-
ferent allocation patterns of foliar P depending on species iden-
tity, specific evolutionary context, and P availability in growing 
environments, rather than following a single general pattern 
(Conn and Gilliham, 2010).

The accumulation of P has frequently been studied in 
conjunction with that of Ca, because the allocation of large 
amounts of both elements to the same cells would cause pre-
cipitation of calcium phosphate and result in both nutrients 
being unavailable (Leigh and Tomos, 1993; Williams et al., 
1993; McLaughlin and Wimmer, 1999; Karley et al., 2000a; 
White and Broadley, 2003; Storey and Leigh, 2004; Hawkins 
et al., 2008; Conn and Gilliham, 2010; Lambers, 2022). Allo-
cation of P and Ca to distinct cell types has been reported 
in monocots and eudicots (Outlaw et al., 1984; Treeby et al., 
1987; Leigh and Tomos, 1993; Williams et al., 1993; Fricke 
et al., 1994; Karley et al., 2000a; Storey and Leigh, 2004; 
Conn and Gilliham, 2010). Generally, eudicots accumulate 
more Ca in mesophyll cells and P in epidermal cells (Outlaw 

et al., 1984; Treeby et al., 1987; Conn and Gilliham, 2010; 
Ding et al., 2018a). Our results partly support this view, as 
all chickpea genotypes showed high [Ca] in their mesophyll, 
while [P] tended to be equal in mesophyll and epidermis. 
This implies that P co-existed with high [Ca] in mesophyll 
cells of chickpea. How could chickpea maintain such dis-
tribution patterns without incurring P and Ca deficiencies? 
There are two possible explanations. First, the cellular [P] 
in the mesophyll was probably too low to cause precipita-
tion of Ca and P, due to the low soil P supply in the present 
study. Cellular [P] in the mesophyll is influenced by external 
P supply (Treeby et al., 1987; Ding et al., 2018b), with plants 
usually showing constitutive P- and Ca-allocation patterns 
at the species level (Guilherme Pereira et al., 2018). Thus, it 
would be interesting to explore whether and how chickpea 
sustains the co-existence of P and Ca in mesophyll cells at 
a higher soil P availability. Second, despite P and high [Ca] 
being co-located in mesophyll cells, these elements likely 
occur in different subcellular compartments. Most of the P 
was present in various organic compounds (e.g. nucleic acids 
and phospholipids; Veneklaas et al., 2012; Lambers, 2022). In 

Fig. 6. Correlations between photosynthetic phosphorus use efficiency (PPUE) and concentration of each foliar phosphorus (P) fraction (A–D) or 
percentage of each foliar P fraction to total foliar P concentration ([P]) (E–H). Data are for four chickpea genotypes grown in soil with a low P supply; 
data points represent individual replicates (n=16). The regression analysis does not include the fraction of residual P, which showed extremely low 
concentrations and percentages compared with the other foliar P fractions. The shaded areas indicate the 95% confidence range derived from the 
models. NS, not significant; Pi, inorganic phosphate.
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contrast, foliar Pi is maintained at 20–30 mM within the cy-
tosol (Mimura, 1995; Mimura et al., 1996), whereas free Ca2+ 
is maintained in the cytosol in the submicromolar range due 
to its signaling roles (as secondary messenger), with varia-

tion above this range generally being toxic to cytosolic pro-
cesses (Kirkby and Pilbeam, 1984; White and Broadley, 2003; 
McAinsh and Pittman, 2009; Conn and Gilliham, 2010). 
Most Ca is stored in the vacuole (up to 80 mM), acting as an 

Fig. 7. Correlations between the nucleic acid phosphorus (P) and inorganic phosphate ([Pi]), metabolite P or lipid P expressed as concentrations (A–C) 
and percentages (D–F); and correlations between photosynthetic P use efficiency (PPUE) and the ratio of nucleic acid P to the other three foliar P 
fractions (G–I). Data are for four chickpea genotypes grown in soil with a low P supply; data points represent individual replicates (n=16). The regression 
analysis does not include the fraction of residual P, which showed extremely low concentrations and percentages compared with the other foliar P 
fractions. The shaded areas indicate the 95% confidence range derived from the models. NS, not significant.
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important counter-cation for various inorganic and organic 
anions (Conn and Gilliham, 2010). Overall, the mechanisms 
for the coexistence of Ca and P in the mesophyll remain 
unknown, but the high [Ca] in the mesophyll may partly 
explain why chickpea does not allocate more P to the meso-
phyll as we hypothesized (H1).

In summary, our results show that foliar cell-specific P al-
location does not underlie the differences in PPUE among 
chickpea genotypes. Such knowledge extends our under-
standing of the linkage between the allocation patterns of fo-
liar nutrients (P and Ca) and their physiological functions in 
eudicots. Further investigation of the subcellular distribution 
of P and Ca may yield exciting details on how these elements 
coexist and interact at the cellular level of vascular plants.

Does the allocation of foliar P fractions explain 
contrasting PPUE among chickpea genotypes?

As Pi and P-containing metabolites are required for various 
processes in photosynthesis (Veneklaas et al., 2012; Dissanayaka 
et al., 2021; Lambers, 2022), we hypothesized that optimized P 
allocation among foliar P fractions contribute to high PPUE 
in chickpea genotypes (H2, as shown in Fig. 1). In support 
of this hypothesis, we found that genotypes with high PPUE 
had lower total foliar [P] without compromising rapid photo-
synthetic rates, and the PPUE was tightly and negatively cor-
related with the percentages of Pi and metabolite P, indicating 
that a reduced relative allocation to Pi and metabolite P may 
confer high PPUE in chickpea genotypes. Remarkably, we also 
observed that reduced P allocation to Pi and metabolite P was 
associated with greater allocation to nucleic acid P, but not to 
lipid P. The association of a high PPUE with such a P-alloca-
tion pattern is explored below.

Maintaining a stable [Pi] and/or a large relative invest-
ment in metabolite P contributes to high PPUE at the spe-
cies level (Hidaka and Kitayama, 2013; Sulpice et al., 2014; 
Mo et al., 2019; Zhang et al., 2021). Inconsistent with these 
observations, we found that PPUE was negatively correlated 
with the percentage of Pi and metabolite P across the four 
chickpea genotypes. A similar negative correlation of PPUE 
with metabolite P has been found in rice (Oryza sativa; Hayes 
et al., 2022). This divergence may be explained by a com-
pensatory effect between a decrease in substrate concentra-
tion and an increase in catalytic efficiency. More specifically, 
Pi and P-containing metabolites are substrates for enzymes 
in a range of photosynthetic processes such as photophos-
phorylation and the Calvin–Benson cycle; a decrease in 
substrate concentration may curtail the activity of these reac-
tions (Veneklaas et al., 2012; Dissanayaka et al., 2021; Lambers, 
2022). To cope with decreased substrate concentrations and 
maintain a rapid metabolic flux, some plants may invest more 
in enzymes (i.e. enzyme concentrations), sustained by greater 
investment in nucleic acids (mainly rRNA) (Lambers, 2022). 
Supporting this contention, our results show that a lower rela-

tive investment in Pi and metabolite P was strongly associated 
with increased allocation of P to nucleic acids (Fig. 7). Similar 
trade-offs between the relative investments in metabolite P 
and nucleic acid P have been observed in subtropical forest 
species (Zhang et al., 2018) and some native species from 
P-impoverished habitats in Mediterranean shrublands (Sul-
pice et al., 2014; Yan et al., 2019). For instance, despite these 
native species exhibiting low total foliar [P], the Proteaceae 
(e.g. Hakea prostrata) show low nucleic acid [P] and relatively 
high metabolite [P], whereas Fabaceae (e.g. Acacia rostellifera) 
show the opposite (Yan et al., 2019). This suggests that even 
co-occurring species have evolved contrasting strategies for 
allocating leaf P fractions to cope with the evolutionary pres-
sures of low soil P availability. Overall, to sustain high PPUE 
in chickpea, reduced P allocation to Pi and/or metabolite P 
(decreased substrate concentrations) may be compensated by 
a greater abundance of enzymes (indicated by increased in-
vestment to nucleic acid P, primarily rRNA). This provides 
novel insights into our understanding of how plants optimize 
P allocation to foliar P fractions for achieving a high PPUE at 
the genotype level. To capture the details of the interactions 
of nucleic acid P and metabolite P, further work is warranted 
to explore which metabolites and processes are affected and 
to what extent of the low allocation to Pi and/or metabo-
lite P (i.e. a safe range in operation) could be compensated 
by increased investment in nucleic acid P/rRNA (increased 
synthesis of related enzymes).

Nucleic acids are the largest organic P fraction in leaves, 
and rRNA comprises the major component of this fraction, 
which is involved in protein synthesis (Dyer and Osborne, 
1971; Veneklaas et al., 2012; Raven, 2013b). We found that the 
high-PPUE chickpea genotypes tended to have a higher per-
centage of nucleic acid P (presumably mainly rRNA) than the 
low-PPUE genotypes. Similarly, Hayes et al. (2022) reported 
a positive correlation between PPUE and the percentage of 
nucleic acid P across five rice genotypes. However, this result 
differs from the observations on six Proteaceae species, showing 
that these species exhibited exceptionally high PPUE, while 
exhibiting low rRNA abundance in their mature leaves (Sul-
pice et al., 2014). The mechanisms underlying contrasting P 
allocation patterns to nucleic acids in mature leaves among 
species or genotypes remain largely unknown (Han et al., 2021; 
Hayes et al., 2022; Lambers, 2022). Given that mature leaves 
have stopped growing, we surmise that the contrasting pat-
terns in P allocation to nucleic acids are associated with dis-
tinct turnover rates of protein in these leaves among species 
or genotypes. Some species (e.g. chickpea in this study and 
rice in Hayes et al. (2022), which usually show relatively fast 
growth rates and shorter lifespans) tend to invest more P in nu-
cleic acids (rRNA) in mature leaves, and this might allow those 
leaves to quickly replace damaged proteins by producing more 
abundant P-rich ribosomes and to respond rapidly to chang-
ing environments (Raven, 2013b; Nelson and Millar, 2015; 
Salih et al., 2020; Lambers, 2022). In contrast, some  species (e.g. 
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 Proteaceae, which usually show relatively slow growth rates and 
longer lifespans) tend to exhibit low P investment in nucleic 
acids (rRNA) in their mature leaves. This allows them to de-
crease foliar P demand and use P in a more economical way, 
but it may also slow down the overall protein synthesis rate 
and restrict their response to changing environments (Sulpice 
et al., 2014; Lambers, 2022). Therefore, there may be a trade-
off between P use efficiency and leaf plasticity, when plants 
allocate more P to the nucleic acid fraction in mature leaves. 
Collectively, increased P allocation to nucleic acids (rRNA) 
in chickpea leaves may be associated with fast protein syn-
thesis and turnover, e.g. the production of Rubisco and various 
Calvin–Benson cycle enzymes, and the replacement of dam-
aged photosystem proteins (Nelson and Millar, 2015; Lambers, 
2022), to sustain a rapid photosynthetic rate under low P con-
ditions.

Reduced P investment in the lipid P fraction through lipid 
remodeling and/or replacement by lipids that do not con-
tain P has been demonstrated as an important adaptation 
mechanism for plants to decrease overall foliar P demand, 
without compromising a relatively rapid photosynthetic rate 
at the species level (Lambers et al., 2012; Hidaka and Kita-
yama, 2013) and genotype level (Jeong et al., 2017; Han et al., 
2022; Hayes et al., 2022). Inconsistent with this pattern, we 
found little difference in the concentration and percentage of 
lipid P among chickpea genotypes with contrasting PPUE, 
suggesting intraspecific variation in lipid P investment may 
not play a key role in determining PPUE among chickpea 
genotypes. Two possible explanations account for such di-
vergence. First, phospholipids are important components of 
the endoplasmic reticulum and Golgi apparatus (e.g. endo-
plasmic reticulum accounts for >60% of the phospholipid 
mass in various cell types) (Lagace and Ridgway, 2013), all 
of which are needed for protein processing or modification 
(Hawes, 2005; Sun et al., 2021). Considering that rapid syn-
thesis of photosynthetic enzymes may occur in high-PPUE 
genotypes (as discussed above), these genotypes may maintain 
a greater amount of endoplasmic reticulum and Golgi ap-
paratus to support rapid ribosomal protein synthesis rather 
than exhibit reduced investment. Second, low P allocation 
to phospholipids seems to be a species-specific response for 
plants to alleviate low-P stress. For instance, Mo et al. (2019) 
found that, in response to low P supply, plants showed distinct 
P-allocation patterns among foliar P fractions, including an 
increase, a decrease, or a slight change in lipid P allocation for 
different species.

Conclusions

This study explored the biochemical basis for high PPUE in 
chickpea genotypes under low soil P availability. We found that 
chickpea genotypes with high PPUE exhibited lower total 
foliar [P] without exhibiting slower photosynthetic rates. No 

consistent differences in cellular [P] occurred between pho-
tosynthetically active and inactive cells (i.e. mesophyll and 
epidermis), indicating foliar cell-specific P allocation did not 
account for differences in PPUE among chickpea genotypes. 
Furthermore, high PPUE was associated with reduced allo-
cation to inorganic P and metabolite P, with PPUE being 
strongly and negatively correlated with the percentage of these 
two fractions. Finally, we demonstrated that reduced allocation 
to inorganic P and metabolite P was correlated with increased 
allocation to nucleic acid P, but not to lipid P. Overall, our 
findings suggest that optimized allocation to foliar P fractions, 
rather than preferential cell-specific P allocation, underlies 
high PPUE among chickpea genotypes. Greater P allocation 
to nucleic acids may be associated with faster protein synthesis 
and turnover to sustain a rapid photosynthetic rate under low 
P supply. This study enhances our fundamental understanding 
of how crop genotypes achieve a high PPUE under low P 
availability, and suggests fine-tuning of foliar P fractions as a 
promising strategy for chickpea breeding programs for simulta-
neously improving P efficiency and sustaining photosynthetic 
capacity.
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The following supplementary data are available at JXB online.
Fig. S1. The concentrations of foliar cell-specific potassium, 

magnesium, sulfur, and chlorine for four chickpea genotypes 
grown in soil with a low phosphorus supply.

Fig. S2. Representative anatomical schematics, secondary 
electron images, and qualitative element maps for four chickpea 
genotypes grown in soil with a low phosphorus supply.

Fig. S3. Correlations between the concentration of each fo-
liar phosphorus (P) fraction and total foliar P concentration 
across four chickpea genotypes.

Table S1. Detailed information on four chickpea genotypes 
used in the experiment.

Table S2. Concentrations and percentages of each foliar 
phosphorus fraction for four chickpea genotypes grown in soil 
with a low phosphorus supply.

Table S3. Correlations between leaf photosynthetic rate and 
the concentrations of total leaf phosphorus (P) and each P frac-
tion among four chickpea genotypes grown in soil with a low 
P supply.
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