
 

 

 

INTRODUCTION 

 

Total phosphate in agricultural soils is high but the low 

availability of soluble phosphate for plant root uptake is a 

major issue in both acidic and alkaline soils (Shen et al., 

2011). Low phosphorus (P) availability to plant roots can 

reduce the yield of crops in almost 30% of the world’s arable 

land (Vance et al., 2003; Kochian, 2012). A chemical 

fertilizer application typically distresses the soil health and 

affects the production cost approach, as chemical P fertilizer 

recovery is low in soils. In this situation, identification and 

selection of P efficient genotypes that can improve P use 

efficiency may be an effective solution (Li et al.,2010). 

Many plants adopt different strategies to survive under this 

condition such as the release of protons and carboxylates 

(citrate, malate), increase in root to shoot ratio, root hairs, and 

root surface area. These adaptive mechanisms make the plant 

a ‘P efficient plant’. However, these abilities vary within plant 

genotype and species to adopt these P efficient mechanisms 

which help to convert unavailable P to available forms 

(Sadana et al., 2002).Factors underlying the differential 

capacities of plant genotypes to access soil nutrients 

composition and concentration of root exudates (Jones et al., 

2004) results in changing the chemistry and biology of the 

rhizosphere. For example, the rhizosphere acidification is 

more prominent in P-efficient Phaseolus vulgaris genotypes 

than in P-inefficient ones, whereas, no difference in 

rhizosphere acidification between Triticum. Aestivum and 

Hordeum. vulgare genotypes with different P efficiency 

(Rengel and Marschner, 2005). This variation also occurs 

among crops due to genetic differences. Under low P, most 

plant acquires P by changing morphology and physiology of 

roots (Lambers et al., 2006; Shen et al., 2011). Such kind of 

changes may include an increased the formation of root hairs 

(Zhang et al., 2014), increase total root length, and root to 

shoot ratio (Shen et al., 2011), increased expression of Pi 

transporter, increased acid phosphatase, and organic acid 

excretion, a decrease of pH in rhizosphere (Lambers et al., 

2006). 

Release of protons, organic acids and phosphatases were 

higher in P non-sensitive genotype (JX17) as compared to P-

sensitive genotypes (ZYQ8) of rice in P stress environment 

(Ming et al., 2002). Carboxylates concentration differs 

considerably among maize genotypes. Malate, citrate and 

trans-aconitase acids account for about 80% of total 

carboxylates exuded in all genotypes (Gaume et al., 2001). 

Thus, the amount and composition of root exuded 

carboxylates varies with nutritional status, plant species, and 

cultivars (Zhao and Wu, 2014). 

Low Input Sustainable Agriculture (LISA) has increased 

attentiveness among researchers for the selection of crop 

genotypes that are easy-going to mineral stress in the soils. In 
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a low nutrient environment, the ability of plant genotype to 

absorb, use, accumulate, and translocate mineral elements is 

important. These characteristic variations among genotypes 

are accountable for failure or survival in a low nutrient 

environment (Ahmad et al., 1998). A commonly established 

goal is to develop such agricultural cultivars that yield well in 

soils with low concentrations of extractable P (Lynch, 2007). 

Developing and selection of P-efficient genotypes may be a 

conceivable way of decreasing the P demand and loss of P. 

Many studies have revealed that variances in stress tolerance 

of low P occur in genotypes within crop species (Richardson 

et al., 2011; Simpson et al., 2011; Cordell and White, 2015). 

Keeping in view these points, this study was planned with 

objective to screen P efficient wheat and maize genotypes on 

the basis of carboxylate and proton release (pH) with better P 

use efficiency under P deficiency. Difference in carboxylates 

release by maize and wheat was studied in this research. 

 

MATERIALS AND METHODS 

 

Growth conditions and planting material: The experiment 

was carried out in a glasshouse of the Institute of Soil and 

Environmental Sciences, University of Agriculture, 

Faisalabad, Pakistan. Seeds of five wheat (Kohinoor-83, B4-

5711, SARC-1, SARC-2, and SARC-3) and five maize 

(Cargel-6525, Syngenta-8711, Pioneer-33H15, Monsanto-

6525, and Pioneer-32F10) genotypes treated with sodium 

hypochlorite (1%) were used as planting material. Two P 

treatments, T1: normal P treatment (Control) received 

complete nutrients of half strength Hoagland solution and T2: 

P deficient treatment where P was omitted from the nutrient 

solution was used. In P deficient treatment, the source of P, 

KH2PO4 was replaced by KNO3 in order to maintain the 

potassium concentration in the treatment. 

Nursery raising, transplantation, and treatment application: 

Seeds of selected genotypes were sown in polyethylene 

coated iron trays with 2-inch washed sand layer. For seed 

germination and seedling establishment, moisture was 

sustained with distilled water. Fifteen days old seedlings were 

shifted to (6 liters for maize and 3 liters for wheat) foam 

plugged holes in polystyrene sheets floating over ½ strength 

Hoagland’s solution (Hoagland and Arnon, 1950) in plastic 

tubs with 3 replications. Plastic tubs were aerated using 

aeration pumps for about 8 h every day. Solution pH was daily 

maintained at 6-6.5 using NaOH and HCl. The solution was 

changed every week. After growing plants for 7 days in 

normal ½ strength Hoagland solution according to lower 

demand of plant for P and slow initiation of deficiency 

responses by plant, described by Nagy et al. (2006), the P 

deficiency period was set to 15 days. 

Sampling and measurements:  

Root exudates collection: Root exudates were collected after 

fifteen days of treatment application. Two hours after the 

onset of the light period, plants were transferred to 250 ml 

vials containing 0.2 mM CaCl2, in which root exudates were 

collected for 6 h. Immediately after the root exudates 

collection in 250 ml vial, the pH of this extract was measured. 

This extract was used for carboxylate determination on High 

performance liquid chromatography (HPLC). For plant dry 

biomass measurement, plants were harvested dried in an oven 

at 65 ± 5 ◦C and measured by analytical balance 

Analysis of carboxylates 

Mobile phase preparation: For mobile phase preparation 

(0.1% Phosphoric acid), 1ml of HPLC grade phosphoric acid 

was taken and mixed into 999 ml of double deionized water 

and this was then filtered through syringe membrane filter 

assembly. 

Sample preparation: For the determination of carboxylates 

on HPLC, samples were prepared by using mobile. For this 

purpose, 1ml of root exudate extract was taken in centrifuge 

tubes and then 7 ml of mobile phase was added in this 

centrifuge tube. These samples were centrifuged at 1600 rpm 

for 25 minutes at 20 ºC temperature. After centrifugation, the 

supernatant was taken and filtered through a 0.2 µm syringe 

filter in 1ml cryo vials for HPLC analysis. 

Analysis on HPLC: The carboxylates in the rhizosphere 

extracts were analyzed by HPLC (LC-10AT pump, plus 

manual sampler and UV-VIS-SPD-10AV detector, 

Shimadzu, Japan) using Shim-Pack CLC-ODS (C-18) 

reverse-phase column (Cawthray, 2003) with flow rate 

1mL/min at room temperature. The working standards 

included malic, citric and oxalic acids. These organic acid 

standards were purchased from Merck. Firstly, working 

standards were run on HPLC and their retention times were 

determined by chromatogram. Then samples were run on 

HPLC. 

Qualitative Analysis: Qualitative determinations of 

carboxylates were done by comparing the retention times of 

the samples on chromatogram against retention times of the 

standards. When retention times corresponded with those of 

carboxylate standards, the identity was confirmed by 

paralleling the absorption spectra of the samples at 215 nm 

with the spectra of the corresponding carboxylates. 

Quantitative Analysis: Quantitative determination in each 

sample was done by comparing peak heights of standards with 

the peak heights of samples. Carboxylates were expressed per 

unit root dry mass. 

Phosphorus determination: Dried samples were ground with 

a mechanical grinder to powder form and stored in plastic 

bags. Dried, finely ground root and shoot were separately 

digested.  

P determination in plants was based upon the light absorbance 

at wavelength 880 nm by standard or sample placed in the 

light path. 

Phosphorus use efficiency (PUE): For determining P use 

efficiency, shoot/root dry matter was divided by shoot/root P 

concentration (Siddiqi and Glass, 1981).  
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Statistical analysis: Data were compared between the groups 

with normal and deficient P applications. The statistical 

analysis of the data was performed with software Package 

SPSS Statistics 19.0 (Hussain et al., 2018). The data were 

accomplished by the standard analysis of variance (TWO 

WAY ANOVA) (Steel et al., 1997) and mean values were 

compared by Duncan’s least significant difference (LSD) at 

5, 1 and 0.1% level of significance (Duncan,1955). Excel 

2010 was used for graphical presentation. Multiple 

comparison tests (descriptive) were used to compare the 

genotypes. 

 

RESULTS  

 

Wheat genotypes 

Phosphorus concentrations and phosphorus use efficiency: 

Root has direct contact with soil and plays a key role in 

mineral uptake. Phosphorus concentration in root was 

significantly different within all wheat genotypes (Table 1). 

In this experiment, in P deficient treatment, reduction in root 

P was recorded in all genotypes compared to normal P 

treatment. SARC-2 showed the highest percent of reduction 

(11.1%) in shoot P concentration while the minimum 

reduction (2.5%) in root P concentration was detected in 

SARC-1 as compared to its P concentration in P normal 

treatment. 

The variation among genotypes for shoot P uptake was 

observed among different wheat genotypes (Table 1). The 

response of P application on shoot P concentration was 

significantly different in all wheat genotypes except 

Kohinoor-83 and SARC-1. Under P deficiency, all genotypes 

exhibited a reduction in shoot P concentration and their P 

concentration was different from each other. Shoot P 

concentration was decreased and the maximum decrease 

(15.9%) in shoot P concentration was recorded in SARC-1 

with respect to the P concentration of SARC-1 in P normal 

treatment. Reduction of 10.2% was shown by Kohinoor-83 

which was the minimum among genotypes while B4-5711 

(12.9%), SARC-2 (11.6%) and SARC-3 (12.5%) also showed 

a reduction in P concentration as compared to normal P 

treatment, respectively. 

Phosphorus use efficiency showed a significant difference in 

wheat genotypes and it was non-significant between normal 

and deficient P (Table 1). In normal P treatment, the 

difference in PUE was observed by different genotypes. 

Phosphorus use efficiency was higher for B4-5711 and the 

lowest PUE was shown by SARC-3. In P deficient treatment, 

B4-5711, SARC-1, and SARC-2 showed an increase in their 

PUE while Kohinoor-83 and SARC-3 showed reduced PUE 

comparative to normal P treatment. The increase in PUE by 

SARC-1 was 16.7% presenting the highest increase among all 

genotypes. The lowest increase was given by B4-5711 

(7.5%). Kohinoor-83 and SARC-3 showed a reduction of 

0.24% and 21.3%, respectively compared to PUE of these 

genotypes in normal P treatment. 

pH in various wheat genotypes: In this study, all genotypes 

showed variation in their proton release in the root system 

(Table 2). Under P normal application, the SARC-1, and 

SARC-3, and Kohinoor, B4-5711 and SARC-2 showed the 

non-significant difference in root medium pH. Phosphorus 

deficiency activates the carboxylate release in the root system 

to create homeostasis in a plant system. These carboxylates 

caused an increase in the release of protons than normal P 

condition. In P deficient treatment, SARC-3 showed 

significantly variable results than rest genotypes. More 

protons release reduced pH due to P deficiency. The 

maximum and the minimum reduction in pH were recorded 

in SARC-1 (11.2%) and Kohinoor (2.7%) relative to normal 

P. Other wheat genotypes, B4-5711, SARC-2, and SARC-3 

decreased the pH by 4.2%, 6.5%, and 5.4%, respectively, 

compared with normal P. 

Carboxylate release in various wheat genotypes: All the 

wheat genotypes showed significantly different responses in 

the release of citrate in P normal and deficient conditions 

Table 1. Shoot P, Root P and Phosphorus use efficiency (PUE) of Wheat genotypes 

Genotypes Shoot P (%) Root P(%) PUE (g2 RDW/mg P) 

 P(N)                       P(D) P(N)                 P(D) P(N)                      P(D) 

Kohinoor-83 0.21±0.001c 0.19±0.003e 0.16±0.001d 0.15±0.002e 0.32±0.013b 0.32±0.035b 

B4-5711 0.18±0.002f 0.16±0.002g 0.19±0.003b 0.18±0.003c 0.38±0.018a 0.40±0.019a 

SARC-1 0.22±0.001bc 0.18±0.002f 0.20±0.003a 0.20±0.005ab 0.20±0.003dc 0.23±0.015cd 

SARC-2 0.23±0.005a 0.20±0.002d 0.18±0.002c 0.16±0.001d 0.25±0.002d 0.27±0.015c 

SARC-3 0.22±0.002b 0.19±0.002e 0.14±0.003f 0.13±0.002g 0.14±0.004e 0.11±0.020e 

Phosphorus S (0.1 %) S (0.1 %) NS 

Genotypes S (0.1 %) S (0.1 %) S (0.1 %) 

Interaction NS NS NS 
Data refers to mean ± SE (n = 3). Values having same letters are not different significantly (p ≤ 0.05) by LSD test with multiple 

comparisons. F-values of the Two-way ANOVAs of Genotypes, P levels, and their interaction is signposted: ns, not significant; S(0.1 

%) significant at p≤ 0.001; S (1 %) significant at p ≤ 0.01; S(5 %)significant at p ≤ 0.05. P(N) represents normal P and P(D) represents 

deficient P. 

 



Iqbal, Akhtar, Saqib & Ahmad 

 668 

(Table 2). All wheat genotypes showed the ability to release 

citrate in both P normal and deficient treatment. In contrast 

with normal P treatment, the deficient P gave a positive 

response to citrate release in root especially in Kohinoor-83, 

B4-5711, SARC-1, and SARC-3. In deficient P condition, the 

release of citrate by these genotypes was increased except in 

B4-5711 and this behavior revealed the P tolerance potential 

of genotypes towards low P. The highest increase in citrate 

concentration was noticed in SARC-1 (101%) under deficient 

P condition than normal P.  

Genotypic difference in the release of oxalate is evident from 

the data in both P normal and deficient treatment (Table 2). In 

treatment where normal P was applied, oxalate concentration 

in wheat genotypes was ranged from 39 to 164 µM g-1 root 

DW. All the genotypes showed a release of oxalate in control 

treatment. The maximum oxalate release capacity was shown 

by B4-5711 while the minimum oxalate concentration was 

noticed in SARC-3. In a treatment where P was deficient, 

genotypes of wheat showed an increase in oxalate release with 

respect to the release of oxalate in normal P treatment except 

B4-5711 in which oxalate was not detectable. Among the 

other four genotypes, SARC-1 proved better as it exhibited an 

increase of 290% in oxalate concentration with respect to 

oxalate released in normal P treatment while genotype SARC-

3 showed the minimum potential (34%) to release oxalate in 

P deficient condition as compared to control. 

Malate exudation was significantly affected by genotype, P 

treatments and their interaction (Table 2). Among wheat 

genotypes, SARC-2 showed a significantly higher result for 

the release of malate in normal P treatment. Although all 

genotypes released malate in normal P treatment except 

SARC-3 genotype, in which release of malate by root was not 

in the detectable range. Results have shown that all genotypes 

had significantly variable potential to release malate in 

response to P deficiency. In a P deficient treatment, different 

genotypes responded to P deficiency by enhancing malate 

exudation. Out of five, three genotypes showed that behavior. 

Kohinoor-83 (105.2%), B4-5711 (119%) and SARC-1 

(104.4%) released more malate in P deficient treatment 

compared to normal P treatment. Malate concentration was 

not detectable in SARC-3 in P deficient treatment. 

Maize genotypes 

Phosphorus concentrations and phosphorus use efficiency: 

Genotypes and P treatment affected root P concentration 

Table 2. Carboxylate release and rhizosphere pH of Wheat genotypes  

Genotypes Citrate (µM/g RDW) Oxalate (µM/g RDW) Malate (µM/g RDW) pH 

 P(N)               P(D) P(N)              P(D) P(N)               P(D) P(N)             P(D) 

Kohinoor-83 103±13.90i 199±0.76f 84±1.41e 283±1.31b 121±1.76f 249±2.13c 6.23±0.07d 6.07±0.03d 

B4-5711 463±2.64d 593±3.86c 164±2.57df 0.00±0.00j 13.99±1.83h 181±1.49d 6.40±0.06b-d 6.13±0.03d 

SARC-1 759±2.26b 1532±3.22a 74±2.71 287±2.40a 173±1.79e 353±0.68a 7.13±0.23a 6.33±0.07cd 

SARC-2 238±0.65e 191±5.05g 62±2.91g 201±1.71c 283±2.49b 19±1.07g 6.63±0.19bc 6.20±0.06d 

SARC-3 105±8.74j 162±0.60h 39±2.59i 53±2.77h NDi NDi 7.10±0.12a 6.71±0.01b 

Phosphorus S (0.1 %) S (0.1 %) S (0.1 %) S (0.1 %) 

Genotypes S (0.1 %) S (0.1 %) S (0.1 %) S (0.1 %) 

Interaction S (0.1 %) S (0.1 %) S (0.1 %) NS 
*ND: Not detectable; Data refers to mean ± SE (n = 3). Values having same letters are not different significantly (p ≤ 0.05) by LSD test 

with multiple comparisons. F-values of the Two-way ANOVAs of Genotypes, P levels, and their interaction is signposted: ns, not 

significant; S(0.1 %) significant at p ≤ 0.001; S (1 %) significant at p ≤ 0.01; S(5 %) significant at p ≤ 0.05. P(N) represents normal P 

and P(D) represents deficient P. 

 

Table 3. Shoot P, Root P and Phosphorus use efficiency (PUE) of Maize genotypes 

Genotypes Shoot P (%) Root P(%) PUE (g2 RDW/mgP) 

 P(N)                    P(D) P(N)               P(D) P(N)                   P(D) 

Cargel-6525 0.25±0.004a 0.13±0.012cd 0.25±0.003bc 0.18±0.007ef 0.53±0.010de 0.61±0.016bc 

Syngenta-8711 0.25±0.002a 0.14±0.002c 0.21±0.004de  0.18±0.007ef 0.48±0.001ef 0.63±0.007bc 

Pioneer-33H15 0.22±0.005b 0.12±0.004d 0.28±0.005a 0.26±0.033ab 0.67±0.011d 0.81±0.042a 

Monsanto-6525 0.26±0.002a 0.14±0.004c 0.20±0.009de 0.14±0.004f 0.44±0.004f 0.57±0.011bc 

Pioneer-32F10 0.25±0.004a 0.13±0.002cd 0.22±0.004b-d 0.22±0.003cd 0.33±0.002g 0.58±0.027bc 

Phosphorus S (0.1 %) S (0.1 %) S (0.1 %) 

Genotype S (0.1 %) S (0.1 %) S (0.1 %) 

Interaction NS NS S (5 %) 
Data refers to mean ± SE (n = 3). Values having same letters are not different significantly (p ≤ 0.05) by LSD test with multiple 

comparisons. F-values of the Two-way ANOVAs of Genotypes, P levels, and their interaction is signposted: ns, not significant; S (0.1 

%) significant at p ≤ 0.001; S (1 %) significant at p ≤ 0.01; S(5 %) significant at p≤ 0.05. P(N) represents normal P and P(D) represents 

deficient P. 
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significantly and the interaction effect was not significant 

(Table 3). At the deficient P, genotypes exhibited a reduction 

in root P concentration. The maximum decrease in root P 

concentration was recorded in Monsanto-6525 and that a 

decrease in root P concentration was 29% with respect to its 

root P concentration in P normal treatment. A reduction of 

2.82% was shown by Pioneer-32F10 which was the minimum 

among genotypes while Cargel-6525 (28.9%), Syngenta-

8711(14.15%) and Pioneer-33H15 (9.59%) showed a 

decrease in root P concentration as compared to normal P 

treatment. 

Shoot P concentration was affected significantly by genotype 

and P treatments while the interaction effect was not 

significant (Table 3). At P deficient treatment, shoot P 

concentration decreased overall compared to normal P 

treatment. However, the percent decrease was different in all 

genotypes. Pioneer-32F10 showed the highest percent (49%) 

of reduction in shoot P concentration and the minimum 

reduction in P concentration was noticed in Syngenta-

8711(45.6%) as compared to its P concentration in normal P 

treatment. 

Phosphorus use efficiency for all genotypes in P deficient and 

normal P treatment is presented in Table 3. Treatment, 

genotypic and interaction effect was significant. Pioneer-

33H15 was more efficient in using P as compared to other 

genotypes. Phosphorus use efficiency demoed by Pioneer-

32F10 was less than other genotypes. In P deficient treatment, 

all the genotypes used P efficiently and depicted a sharp 

increase in PUE compared to their efficiencies in normal P 

treatment. The maximum PUE was calculated in Pioneer-

33H15 and the minimum was in Monsanto-6525. 

pH in various maize genotypes: Root medium pH was 

significantly affected by genotypes except in genotypes 

Syngenta-8711 and Pioneer-33H15 that shared the same letter 

and were not statistically different. The effect of P treatments 

and interaction was highly significant (Table 4). In normal P 

treatment, pH was not variable among genotypes. While in P 

deficient condition, results differed significantly among 

genotypes. All genotypes showed a reduction in pH in P 

deficient treatment as compared to normal P treatment. In P 

deficient condition, reduction in pH was higher in Pioneer-

32F10 (19.7%) while the minimum reduction was observed 

by Cargel-6525 (1.5%) as compared pH of the same 

genotypes in normal P treatment. Reduction in pH of 10.1%, 

7.9%, and 11.4% were noticed by Syngenta-8711, Pioneer-

33H15, and Monsanto-6525, respectively as compared to pH 

for these genotypes in normal P treatment. 

Carboxylate release in various maize genotypes: Phosphorus 

treatment and genotype, as well as their interaction, showed a 

significant effect on citrate release (Table 4). In normal P 

treatment, all genotypes released citrate, though their 

potential to release citrate was variable. In normal P 

treatment, the highest citrate release was noticed in Pioneer-

33H15. Pioneer-32F10 released the minimum amount of 

citrate among all genotypes. In P deficient treatment, an 

increase in citrate release was recorded by Cargel-6525 

(5.45%), Syngenta-8711 (127.4 %) and Pioneer-32F10 

(2771%) and the maximum release of citrate was recorded by 

Pioneer-32F10 as compared to normal P treatment. Pioneer-

33H15 and Monsanto-6525 reduced citrate release by 62% 

and 4%, respectively when exposed to P deficiency. 

Monsanto-6525 revealed the lowest potential to release citrate 

in P deficient condition. 

The effect of P treatment and genotypes on oxalate release by 

plant root was significant (Table 4). Among all maize 

genotypes, only two genotypes Monsanto-6525 and Pioneer-

32F10 revealed their potential of oxalate exudation at both 

normal P as well as P deficient treatment. The other three 

genotypes Cargel-6525, Syngenta-8711, and Pioneer-33H15 

were not efficient enough to exude oxalate in normal P as well 

as P deficient treatments. Under P deficiency, Monsanto-6525 

and Pioneer-32F10 both showed an increase in their 

exudation of oxalate. Monsanto-6525 showed 16.54% and 

Pioneer-32F10 showed 32.20% more oxalate released in P 

deficient treatment comparative to normal P treatment that 

represents the potential of these genotypes to cope to low P 

environment. 

Table 4. Carboxylate releaseand rhizosphere pH of Maize genotypes 

Genotypes Citrate(µM/g RDW) Oxalate(µM/gRDW) Malate(µM/g RDW) pH 

 P(N) P(D) P(N) P(D) P(N) P(D) P(N) P(D) 
Cargel-6525 0.56±0.02cd 0.59±0.02cd NDe NDe 105±8.74j 162±0.60h 6.47±0.03ab 6.43±0.04a-c 

Syngenta-8711 2.52±0.02c 5.73±0.03b NDe NDe 103±13.09i 198±0.76f 6.58±0.06a 5.92±0.01d 

Pioneer-33H15 6.39±0.02b 2.41±0.03cd NDe NDe 462±2.64d 593±3.86c 6.58±0.01a 6.06±0.08d 

Monsanto-6525 0.49±0.02cd 0.47±0.03cd 58.88±0.79d 68.62±3.47c 238±0.65e 190±5.05g 6.36±0.03bc 5.63±0.09e 

Pioneer-32F10 0.38±0.01d 10.91±0.07a 86.81±5.46b 116.5±3.44a 759±2.26b 1532±3.22a 6.27±0.07c 5.03±0.12f 

Phosphorus S (0.1 %) S (0.1 %) S (0.1 %) S (0.1 %) 

Genotypes S (0.1 %) S (0.1 %) S (0.1 %) S (0.1 %) 

Interaction S (0.1 %) S (0.1 %) S (0.1 %) S (0.1 %) 
*ND: Not detectable; Data refers to mean ± SE (n = 3). Values having same letters are not different significantly (p ≤ 0.05) by LSD test 

with multiple comparisons. F-values of the Two-way ANOVAs of Genotypes, P levels, and their interaction is signposted: ns, not 

significant; S(0.1 %) significant at p ≤ 0.001; S (1 %) significant at p ≤ 0.01; S(5 %) significant at p ≤ 0.05. P(N) represents normal P 

and P(D) represents deficient P. 
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Maize genotypes showed different responses in the release of 

malate in P deficient treatment as well as in P normal 

treatment (Table 4). From the statisticalresults, it was 

evaluated that treatment effect and genotypic response to P 

deficiency for the release of malate was significant. In P 

normal treatment, Pioneer-32F10 showed a significantly 

higher malate release compared to all other genotypes. In P 

deficient treatment, malate release by Pioneer-32F10 was the 

highest among all genotypes. An increase in malate release by 

Pioneer-32F10 was the highest (101.8%) in P deficient 

condition as compared to normal P among genotypes. 

Syngenta-8711, Pioneer-33H15, Pioneer-32F10 and Cargel-

6525 increased malate release 93.45%, 28.15%, 101.8% and 

54.26%, respectively in P deficient treatment that depicted 

adoption of these genotypes to low P condition. However, 

Monsanto-6525 gave a decrease of 20.02% in malate release 

by roots in P deficient treatment as compared to normal P. 

 

DISCUSSION 

 

Shoot P concentration at deficient P was lower as compared 

to P normal in all genotypes. These differences varied from 

one genotype to another genotype. This indicates that wheat 

genotypes that accumulated more P in their shoots from a 

deficient growth medium were more tolerant to P deficiency 

(Yaseen and Malhi, 2009). The reason for this behavior is that 

under low P condition, plants start using internal P sources to 

overcome the P deficiency which may reduce the plant P 

contents. Haynes et al. (1991) also observed similar 

responses. He reported that higher shoot P concentration in P 

efficient genotypes was related to improved P uptake 

efficiency in terms of higher R/S ratio at low P relative to P 

sensitive genotypes (Balemi and Schenk, 2009). 

In this experiment, P deficiency showed a decrease in root P 

in all genotypes. This decrease in root P was significantly 

different in maize genotypes. Phosphorus efficient genotypes 

normally gave the minimum reduction in its root P 

concentration. These P efficient genotypes also maintain 

relatively higher P content in root as compared to shoot so that 

the root system can be improved. So, these improved root 

systems can efficiently uptake nutrients (Akhtar et al., 2008; 

Yi-Kai et al., 2013).  

Phosphorus use efficiency increased in almost all wheat and 

maize genotypes under P deficient treatment. An important 

factor that caused an increase in PUE might be due to the 

intrinsic characteristics of different genotypes. Marked 

differences in the P utilization efficiency among genotypes of 

both wheat and maize were noticed. Significant variation in 

the ability of wheat and maize genotypes to take up and utilize 

P under low P conditions was observed. Similarly, Osborne 

and Rangel (2002); Chen et al. (2009); Do Vale and Fritsche-

Neto (2013) also reported variation in maize and wheat 

genotypes in the P use efficiency in the nutrient solution. 

The most important response of plants to P deficient condition 

is the release of carboxylates by roots in this study. A 

significant variation in P deficient as well as in normal P was 

observed in the root released carboxylates among genotypes 

of both maize and wheat. In some genotypes, carboxylate 

release was not in detectable range, while some genotypes 

respond to P deficient condition by the release of 

carboxylates. Genotypes that respond to P deficiency by the 

release of carboxylates are considered efficient genotypes 

under P deficiency. The reason behind this increased 

carboxylate exudation is the change in tri-carboxylic acid 

cycle (TCA). The TCA cycle in P efficient plants proceeds 

very differently from the TCA cycle in P-deficient plants. 

Enhanced synthesis of citrate occurred but conversion of 

citrate to iso-citrate is inhibited due to decreasing activity of 

the enzyme involved in this conversion. This results in an 

increased accumulation of citrate in the cell, that is then 

released into the rhizosphere (Neumann and Martinoia, 2002; 

Kihara et al., 2003). Our results are also in line with the 

findings of Shen et al. (2002) who reported increased 

secretion of carboxylates by roots in P efficient common bean 

genotypes that resulted in enhanced P uptake as compared to 

the P inefficient genotypes of less P solubilizing activity. 

Similar findings were reported by Ming et al. (2002). They 

reported that carboxylate release was higher in P non-

sensitive genotype (JX17) as compared to P-sensitive 

genotypes (ZYQ8) of rice in a P stress environment.  

In this study, it was found that the concentration of 

carboxylates release varies within species and genotypes 

(Fig. 1, Table 5) (Zhao and Wu, 2014). Genotypic variation 

in the carboxylate release was observed in soybean genotypes. 

Phosphorus efficient soybean genotypes exuded more malic 

acid, which ultimately caused improvement in P nutrition of 

plant (Liao et al., 2006). Genotypic variation in carboxylates 

exudation by roots of green gram and maize genotypes were 

Table 5. Classification of wheat and maize genotypes on the basis of % increase in total carboxylate in deficient P 

compared to normal P 

Wheat Genotypes Total carboxylate 

increase (%) 

Classification Maize Genotypes Total carboxylate 

increase (%) 

Classification 

Kohinoor-83 80.72 2 Cargel-6525 54.00 3 

B4- 5711 20.81 4 Syngenta-8711 94.29 2 

SARC-1 116.02 1 Pioneer-33H15 26.92 4 

SARC-2 -29.37 5 Monsanto-6525 -12.76 5 

SARC-3 48.99 3 Pioneer-32F10 96.05 1 
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noted in nutrient solution culture with P concentrations 

ranged from 0-100 μM (Singh and Pandy, 2003). An 

increased carboxylate exudation with a decreasing supply of 

P was noticed, indicating that P deprivation had roused 

carboxylate release (Abrahao et al., 2014). 

 
Figure 1. Fractions of Citrate, Malate and Oxalate in 

Wheat and Maize under deficient P. 

 

In this study, the amount and composition of carboxylate 

exudation were different in wheat genotypes compared with 

maize genotypes. The percent increase in carboxylates release 

in maize genotypes was more as compared to wheat 

genotypes in deficient P compared to normal P (Table 5). This 

difference might occur due to the difference in plant 

metabolism. If all the factors that can influence root exudation 

like root architecture, type of collection medium, mechanical 

impedance, plant sterility, and age are not considered as the 

reason for exudation, (Aulakh et al., 2001; Skene, 2003; Tu 

et al., 2004; Johansson et al., 2009; Toyama et al., 2011) C4 

plants may release a high amount of total organic carbon per 

unit mass of plant roots compared to C3 plant (Yoshitomi and 

Shann, 2001; Baudoin et al., 2003). Maize released more 

fraction of malate and wheat exuded more citrate fraction 

(Fig. 1). C4 and C3 metabolism caused changes in the 

composition of carboxylates. Maize, as a C4 crop produce and 

accumulate more malate while in C3 metabolism, the TCA 

cycle proceeds directly and in P deficiency more citrate is 

produced due to the downregulation of enzymes responsible 

for conversion of citrate to iso-citrate. Our results are 

supported by many researchers previously (Haase et al., 2007; 

Johansson et al., 2009; Hajlaoui et al., 2010; Nabais et al., 

2011) as they reported that C4 (maize) showed more 

carboxylate release than C3 (wheat). Wheat, being a C3 crop, 

released fewer carboxylates as compared to maize that has C4 

metabolism. 

The total release of carboxylates was associated with PUE 

(Fig. 2). An increase in total carboxylate in P deficient 

treatment compared to P normal treatment is directly related 

to the increase in PUE in maize genotypes. However, in 

wheat, it was not correlated to that degree as in maize (Fig. 2).  

Both wheat and maize genotypes showed a reduction in pH in 

deficient P treatment as compared to normal P treatment. 

Genotypes that showed more reduction in pH can be 

considered P efficient genotypes. This lowering of pH might 

be due to the increased proton release by the roots of P 

efficient genotypes.  

 
Figure 2. Increase in Total Carboxylates (TC) release in 

relation to Change in PUE. 

 

This proton release occurs due to the release of carboxylates 

to maintain charge neutrality. When carboxylates are released 

by roots, protons help to maintain charge neutrality inside the 
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plant (Hinsinger et al., 2003). Our results are supported by 

Keerthisinghe et al. (1998) and Neumann et al. (1999), who 

reported that acidification of the rhizosphere, might be due to 

the release of organic acids from roots, resulting in increased 

proton release. On the basis of percent increase in total 

carboxylates in P deficient condition compared to normal P, 

we categorized the tolerance approach of wheat and maize 

(Table 5) genotypes against deficient P as wheat genotypes 

SARC-1 > Kohinoor-83 > SARC-3 > B4-5711 > SARC-2 and 

maize genotypes, Pioneer-32F10 > Syngenta-8711 > Cargel-

6525 > Pioneer-33H15 > Monsanto-6525. 

 

Conclusion: In this hydroponic study, plant physiological 

responses, carboxylate release, proton release, and P use 

efficiency were significantly enhanced under P deficient 

condition compared to normal P. However, genotypes differ 

in their response to deficient P condition. Species variation 

was also observed as maize plant roots released more malate 

and protons compared to wheat. From all the above results 

evaluation and discussion, it is concluded wheat genotype 

SARC-1 and maize genotypes Pioneer-32F10 showed better 

adaptability and are efficient and responsive to the deficient P 

environment. This useful genetic difference that exists among 

wheat and maize genotypes can be well used for the 

identification and selection of high yielding P efficient 

genotypes for P deficient soils through the breeding process 

in the future. 
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