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Abstract 
 
Influence of different phosphorus concentrations was studied in four rice varieties (Akhanphou, MTU1010, RP BIO 226, 
and Swarna) differing in their tolerance to low phosphorus. There was an increase in shoot and root dry mass with the 
increase in phosphorus concentration. At the low phosphorus concentration at both tillering and reproductive stages, 
Swarna, followed by Akhanphou, recorded maximum biomass for both roots and shoots, while the minimum was observed 
in RP BIO 226. Reduction in photosynthetic rate, stomatal conductance, transpiration rate, and internal CO2 concentration 
at low phosphorus concentrations were observed at both tillering and reproductive stages in all the genotypes. In low 
phosphorus, maximum photosynthetic rate was found in Swarna followed by Akhanphou. Phosphorus deficiency did not 
alter the maximum efficiency of PSII photochemistry, however, there was a reduction in effective PSII quantum yield, 
electron transport rate, and coefficient of photochemical quenching, while the coefficient of nonphotochemical quenching 
was higher in the low phosphorus-treated plants. Prolonged exposure to excessive energy and failure to utilize the energy 
in carbon-reduction cycle induced the generation of reactive oxygen species, which affected PSII as indicated by the 
fluorescence traits. The reduction was less severe in case of Swarna and Akhanphou. The activities of superoxide 
dismutase, peroxidase, and catalase increased in roots under low phosphorus concentration indicating that photoprotective 
mechanisms have been initiated in rice plants in response to phosphorus deficiency. Comparatively, Swarna and 
Akhanphou exhibited a higher biomass, higher photosynthetic rate, and better reactive oxygen species-scavenging ability 
which conferred tolerance under low phosphorus conditions. 
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Introduction 
 
Rice (Oryza sativa L.) is the most important cereal crop in 
the world and is the staple food for more than 50% of the 
population. Global food security is at stake since the 
demand for rice is exceeding its production. The rapid 
population growth and economic development have been 
posing a growing pressure for increased rice production. 
Main limiting factor considered for the low crop yields 
across the world is lack of certain macronutrients or their 
imbalanced use (Sanchez 2000). Phosphorus (P) is 
essential for plants and all other forms of life as it is an 

important constituent of molecules such as RNA, DNA, 
and cell membranes (Elser 2012). Among the macro-
nutrients, phosphorus is one of the essential inputs for rice 
production. Plant function and productivity are dependent 
on availability of P (Hell and Hillebrand 2001, Epstein and 
Bloom 2005). Phosphorus deficiency is a major abiotic 
stress and the most important nutritional constraints to rice 
growth across the globe (Ismail et al. 2007). Soils 
generally contain suboptimal concentrations of nutrients 
(Marschner 1995). P deficiency arises either in soils where 
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there is low absolute P content or where P is strongly 
bound to soil particles forming insoluble complexes 
resulting in its lesser mobility. 

Phosphorus deficiency in plants strongly limits a tiller 
number, yield, biomass accumulation, reduces plant leaf 
area, induces photoinhibition and damage to PSII, and 
alters the biochemical metabolic pathways (Chaudhary et 
al. 2008). It also affects carbon metabolism and various 
aspects of photosynthesis (Xu et al.2007), hence 
decreasing the photosynthetic efficiency. Partitioning and 
transport of photosynthates are also inhibited. Rice is a C3 
plant and reports revealed that the growth of C3 species 
was more affected by inorganic phosphorus (Pi) supply 
and the photosynthetic rates are affected by the concen-
trations of Pi in the leaf (Stitt and Quick 1989). Low Pi 
concentration in the cytosol has a negative effect on the 
Calvin cycle (Heldt et al. 1977). Reports revealed that P 
deficiency reduced the photosynthetic efficiency in soy-
bean (Lauer et al. 1989), barley, and spinach (Foyer and 
Spencer 1986) as well as in wheat (Rodríguez et al. 1998). 

Phosphate deficiency was shown to decrease photo-
synthetic oxygen evolution by leaves, the efficiency of 
PSII photochemistry and quantum efficiency of PSII, and 
electron transport. Reactive oxygen species (ROS) are 

released from normal physiological processes and are 
important in regulation of signal transduction pathways by 
modulating ion channel activity (Pei et al. 2000, Mustilli 
et al. 2002, Neill et al. 2002). But when the plants are 
exposed to P deficiency, there is an increased ROS 
production, i.e., O2, O2–, H2O2, and OH–, which are 
cytotoxic and seriously disrupt normal metabolism 
through oxidative damage of lipids, proteins, and nucleic 
acids (McKersie and Leshem 1994) leading to oxidative 
stress. In order to eliminate effectively stress-induced 
accumulation of toxic reactive oxygen intermediates, 
plants employ antioxidant defence systems (Gill and 
Tuteja 2010) consisting of low-molecular-mass 
antioxidants (ascorbate, carotenoids, α-tocopherol, and 
flavonoids) and protective enzymes [superoxide dismutase 
(SOD), peroxidase (POD), and catalase (CAT)]. In the root 
tissues, the activities of scavenging enzymes, i.e., SOD, 
POD, and CAT were found to be affected by phosphate 
deficiency (Juszczuk et al. 2001). 

The present investigation was conducted to investigate 
the influence of low phosphorus concentrations on the leaf 
photosynthetic characteristics and antioxidant response of 
selected rice varieties differing in their tolerance to 
suboptimal contents of P. 

 
Materials and methods 
 
Growth conditions: A pot culture experiment was 
performed at ICAR-Indian Institute of Rice Research, 
Hyderabad, during a wet season (July to November) with 
the aim to investigate the influence of different phosphorus 
concentrations on four rice genotypes (Akhanphou, 
MTU1010, RP BIO 226, and Swarna). Phosphorus-
deficient soil was collected from phosphate-deficient plot 
created at ICAR-Indian Institute of Rice Research, where 
rice was grown in both wet and dry seasons continuously 
for over 10 years without the addition of phosphate 
fertilizer. The soil had a pH of 7.6. The available nitrogen 
was 220 kg ha–1, phosphorus of 1.8 kg ha–1, and potassium 
of 402 kg ha–1. Seeds were surface-sterilized and sown on 
the same day (16  July) in earthen pots with volume of 
12.5 L. After 7 d of growth, the seedlings were trans-
planted in pots of a volume of 15 L filled with soil 
collected from phosphorus-deficient plot and recom-
mended doses of nitrogen and potash (100 and 40 kg ha–1, 
respectively) were added. Graded concentrations of phos-
phorus [0, 15, 30, 45, and 60 kg(P2O5) ha–1] were added by 
the addition of appropriate amount of single super-
phosphate (SSP). The highest SSP treatment of 60 kg ha–1 
was considered as the control. Each genotype was planted 
in four separate pots for each phosphorus concentration. 
Two seedlings were allowed to grow per pot. In all the 
pots, 4 cm ponding of water was maintained. Need-based 
irrigation was provided. The pots were maintained under 
natural conditions in a net house. During the experimental 
period (sowing to harvest), the minimum and maximum 
temperature was 21.2 and 30.7°C, respectively. Minimum 

and maximum relative humidity was 57.5 and 84.1%, 
respectively. The average rainfall was 120 mm. Physio-
logical observations were recorded at the same pheno-
logical stages (tillering stage and four days after anthesis). 
The data pertaining to days to 50% flowering and days to 
maturity for the rice cultivars is given in Table 1S 
(supplement available online). 

 
Shoot and root dry mass: At tillering stage and at 
reproductive stage, three plants from each treatment and 
from each variety were uprooted and separated into roots 
and shoots, dried at 80°C for 48 h, and the dry mass (DM) 
was recorded and expressed in g per plant. 

 
Leaf gas-exchange: Photosynthetic traits [net photo-
synthetic rate (PN), transpiration rate (E), stomatal conduc-
tance (gs), and intercellular CO2 concentration (Ci)] were 
measured using an infrared gas analyser (IRGA) LI6400XT 
photosynthesis measurement system attached to leaf 
chamber fluorometer (LCF Model 6400-1, LICOR, USA), 
which was used as an artificial light source. During 
measurements the PAR was kept at 1,200 μmol(photon) 
m–2 s–1 and CO2 concentration at 387 ± 6 ppm. Gas-
exchange measurements were made at the tillering stage 
(50 d after sowing) on a matured leaf and 4 d after anthesis 
(reproductive stage) on flag leaf in triplicate. Plants 
growing at zero P concentration could not flower and in 
general, their growth was very poor.  

 
Chlorophyll (Chl) fluorescence was measured 50 d after 
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emergence with a portable fluorometer (PAM-210, Walz, 
Effeltrich, Germany) at maximum tillering stage and the 
following fluorescence parameters were calculated: the 
maximum efficiency of PSII photochemistry (Fv/Fm), the 
effective PSII quantum yield (ϕPSII), the electron transport 
rate (ETR), coefficient of photochemical quenching (qP), 
and coefficient of nonphotochemical quenching (qN) in 
dark-adapted leaf (Maxwell and Johnson 2000). 

 
Assay of antioxidant enzyme activities (SOD, POD, and 
CAT): The activity of important ROS-scavenging enzymes 
were estimated four days after anthesis at the reproductive 
stage. Plants grown at 0 P did not flower and many plants 
could not survive beyond the vegetative stage. Hence the 
activities of enzymes were estimated only in plants which 
received 15, 30, 45, and 60 kg(P2O5) ha–1. Activities were 
assyed spectrophotometrically and absorbances were 
recorded by double beam UV-VIS spectrophotometer 
(Spectrascan UV 2600, Chemito, India). 

 
Preparation of enzyme extract: Enzymes (SOD, POD, 
and CAT) were extracted by first freezing the weighed 
amount of leaf or root samples (0.2 g) in liquid nitrogen to 
prevent proteolytic activity followed by grinding with 5 ml 
of extraction buffer (0.1 M phosphate buffer, pH 7.5, 
containing 0.5 mM EDTA). The enzyme extract was 
centrifuged for 20 min at 15,000 rpm and the supernatant 
was used. 

 
Superoxide dismutase (SOD) activity (EC 1.15.1.1): 
The SOD activity was measured according to Dhindsa et 
al. (1981). The 3 ml of reaction mixture consisted of 
methionine (200 mM), nitroblue tetrazolium chloride 
(NBT) (2.25 mM), EDTA (3.0 mM), riboflavin (60 µM), 
sodium carbonate (1.5 M), phosphate buffer (100 mM, pH 
7.8). The absorbance was recorded at 560 nm and the 
enzyme activity was expressed in [unit min–1 g–1(FM)]. 
One unit of activity is the amount of enzyme required to 
inhibit 50% initial reduction of NBT under light. 

 
Peroxidase (POD) activity (EC 1.11.1.7): Peroxidase 
assay was carried out according to Castillo et al. (1984). 
The 3 ml of assay mixture consisted of 1.0 ml phosphate 
buffer (pH 6.1), 0.5 ml of guaicol, 0.5 ml of H2O2, 0.1 ml 
of enzyme extract, and 0.9 ml of water. Increase in the 

absorbance due to formation of tetraguaicol was recorded 
at 470 nm up to 3 min and it was expressed in 
µmol(guaicol reduced) min–1 g–1(FM). 

 
Catalase (CAT) activity (EC 1.11.1.6): The same leaf 
extract, prepared for SOD assay was used for CAT assay. 
The CAT activity was measured according to Aebi (1984). 
The assay mixture of 3 ml consisted of 0.05 ml of leaf 
extract, 1.5 ml of phosphate buffer (100 mM buffer, 
pH 7.0), 0.5 ml of H2O2, and 0.95 ml of distilled water. 
Decrease in the absorbance was recorded at 240 nm up to 
3 min and it was expressed in µmol(H2O2 oxidised)  
min–1 g–1(FM).  

 
Phosphorus concentration in leaves and roots at the 
tillering stage was estimated by following vanado-
molybdate phosphoric yellow colour method (Jackson 
1967). Fine-powdered sample (leaf or root) of 0.5 g was 
taken and digested with 5 ml of triacid mixture (HNO3 + 
HClO4 + H2SO4, 10:4:1) untill milky colour was obtained. 
After this, the content was passed through Whatman no. 42 
filter paper into a 50-ml volumetric flask and the volume 
was made upto 50 ml with distilled water. From this, 5 ml 
was taken into 25-ml volumetric flask to which 5 ml of 
Barton's reagent was added and volume was made upto 
25 ml with distilled water. After 1530 min, absorbance 
was recorded at 420 nm in double beam UV-VIS spectro-
photometer (Spectrascan UV 2600, Chemito, India). Phos-
phorus concentration was calculated by taking KH2PO4 as 
standard and it was expressed in mg g–1(DM).  

A regression analysis was done between the P concen-
tration of leaf and photosynthetic rate at tillering stage. 

 
Grain yield: At physiological maturity, panicles from 
each treatments were harvested, sun dried, threshed, 
cleaned, and mass of grains was recorded and expressed in 
g per plant. 

 
Statistical analysis: Two way analysis of variance 
(ANOVA) was performed using an open source software R 
(R Core Team 2012) with Agricolae package (de 
Mendiburu 2012). Statistical significance of the parameter 
means were determined by performing Fisher's LSD test 
to test the statistical significance. 

 
Results 
 
Shoot and root dry mass: Phosphorus application led to 
a significant increase in the shoot and root DM at both 
tillering and reproductive stages. Maximum shoot and root 
DM were noted at 60 kg(P) ha–1 at both stages, while 
minimum DM were obtained without P at the tillering 
stage and at 15 kg(P) ha–1 at the reproductive stage. Among 
the varieties, maximum shoot DM at 0 P at the tillering and  
15 kg(P) ha–1 at reproductive stages was  found in Swarna 
followed by Akhanphou, and minimum in RP BIO 226 at 

both the stages (Table 2S, supplement available online). 
At 60 kg(P) ha–1, at the tillering and reproductive stage, 
maximum shoot DM was in Swarna and Akhanphou, 
respectively, and minimum in MTU1010 at the tillering 
stage and in RP BIO 226 at the reproductive stage.  

Similarly, the root DM reached maximum under low P 
in Swarna at both the stages at 0 P and 15 kg(P) ha–1 and 
at the tillering stage at 60 kg(P) ha–1, and in Akhanphou at 
the reproductive stage (Table 3S, supplement available 
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online). The difference between remaining varieties were 
under 0 P in the tillering stage. Minimum root DM was 
found in RP BIO 226 at the reproductive stage under lower 
P [15 kg(P) ha–1] and in control at both the stages. The 
maximum reduction in shoot and root biomass at the 
reproductive stage was observed in RP BIO 226 (80 and 
98%, respectively). Minimum reduction in shoot biomass 
was noted in MTU1010 (65.0%) and Swarna (65.7%) 
which were on par and maximum reduction was observed 
in root biomass was in Swarna (75%). 

 
Leaf gas exchange: A significant reduction in gas-
exchange traits, such as PN, gs, E, and Ci at low P (0 and 
15 kg ha–1) in comparison with the control plants, which 
received recommended concentration of P (60 kg ha–1) was 
observed. Interaction between the P concentrations and the 
genotypes was also significant with respect to PN. At the 
tillering stage (Fig. 1A), under zero P and control [60 kg(P) 
ha–1], PN was the highest in Swarna. At the reproductive 
stage (Fig. 1B), the highest and lowest PN were found in 
Akhanphou and MTU1010 under low P (15 kg ha–1) and 
60 kg(P) ha–1. Minimum reduction in PN from control to 
low P at both the stages was evident in Swarna. At the 
tillering stage and reproductive stage, the mean maximum 
gs and E was recorded at 45 kg(P) ha–1 and minimum at low 
P [0 P at tillering stage and 15 kg(P) ha–1 at reproductive 
stage]. At the tillering stage, under low P (0), the highest 
and least gs was noted in Swarna and Akhanphou, 
respectively (Fig. 1C). In control, maximum gs was ob-
served in Akhanphou and minimum in MTU1010. At the 
reproductive stage, maximum gs under low P (15 kg ha–1) 
and control was found in MTU1010 (Fig. 1D). The 
interaction between varieties and P concentrations was not 
significant. The relationship between leaf P concentration 
and leaf photosynthetic efficiency was studied by simple 
linear regression analysis (Fig. 2). A strong positive 
association was observed between P concentration and PN  

for all the tested varieties.  
Varietal differences for mean E and interaction 

between varieties and P concentrations were not signifi-
cant at the tillering stage, but were significant at the repro-
ductive stage. At the tillering stage, at low P (0) and 
control, maximum E was seen in Swarna and lower in 
Akhanphou (Fig. 3A). At the reproductive stage low P  
(15 kg ha–1) and control, MTU1010 showed the maximum 
value, while minimum at low P (15 kg ha–1) was observed 
in RP BIO 226 (Fig. 3B). 

At the tillering (Fig. 3C) and reproductive stages 
(Fig. 3D), maximum Ci was found in control and at 
45 kg(P) ha–1, whereas minimum was at low P (0 and 
15 kg ha–1, respectively). Differences between the 
varieties as well and interaction between treatment and 
varieties was found to be insignificant at both stages. 
 
Chl fluorescence emission is linked to the photosynthetic 
apparatus and such measurements can be used to monitor 
and quantify the response of plants to biotic and abiotic 
stresses. Phosphorus deficiency had no significant effect 
on the maximum efficiency of PSII photochemistry 
(Fv/Fm) in all the tested varieties (Fig. 4A). However, 
significant reduction in the quantum yield of PSII (ϕPSII) 
was observed under 0 P and 15 kg(P) ha–1 compared with 
the control plants which received 60 kg(P) ha–1. Significant 
differences were observed between the genotypes and the 
reduction was comparatively higher in RP BIO 226 and 
MTU 1010 than that of Swarna and Akhanphou. However, 
the difference observed between the remaining treatments 
was insignificant (Fig. 4B). The apparent electron 
transport rate (ETR) was significantly reduced under 0 P 
treatment. Significant increase in ETR value was observed 
in plants which received 15 kg(P) ha–1 and the difference 
between the remaining treatments was not significant 
indicating that provision of low P (15 kg ha–1) was 
sufficient to restore the ETR in rice. Significant differences 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Influence of phosphorus
concentration on (A) net photosyn-
thetic rate (PN) at tillering (50 days 
after sowing), (B) at reproductive 
stage (four days after anthesis), (C) 
stomatal conductance (gs) at tillering,
and (D) at reproductive stage in four 
rice varieties. Each bar represents the
mean of three replications ± SD. 
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Fig. 2. Relationship between leaf 
phosphorus concentration (Pleaf) and 
rate of photosynthesis (PN) in (A) 
Akhanphou, (B) MTU1010, (C) RP 
BIO 226, and (D) Swarna at tillering. 
Each value represents the mean of
three replications ± SD. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3. Influence of phosphorus
concentration on (A) transpiration 
(E) at tillering, (B) at reproductive 
stage, (C) intercellular CO2 concen-
tration (Ci) at tillering, and (D) at 
reproductive stage in four rice 
varieties. Each bar represents the
mean of three replications ± SD. 

 
were observed between the tested genotypes. Although the 
ETR was reduced under 0 P treatment, the reduction was 
higher in RP BIO 226 and MTU 1010 than that in Swarna 
and Akhanphou (Fig. 4C). The coefficient of photo-
chemical quenching (qP) was not affected by low P 
treatments. The differences observed in the qP between the 
varieties or between different P treatments was insignifi-
cant (Fig. 5A). However, the coefficient of nonphoto-
chemical quenching (qN) was higher under the low P  
(0 and 15 kg ha–1)-treated plants (Fig. 5B). The qN was 
lower at 30, 40, and 60 kg(P) ha–1. No significant 
differences were noticed between the tested genotypes for 
their response to P application. 

 
Antioxidant enzyme activity: Activities of some impor-
tant enzymes, such as SOD, CAT, and POD, involved in 

the metabolism of ROS, were measured in leaf and root 
tissues at the reproductive stage only. Plants grown under 
0 P could not survive beyond the vegetative stage. 
Significant increase in the activities of root SOD, POD, 
and CAT activity under low P condition (15 kg ha–1) 
suggested that photoprotective mechanisms were initiated 
in rice in response to P deficiency. Compared to the leaves, 
the antioxidant activities were higher in roots with low P. 
With increasing P concentration, there was a gradient 
reduction in all the antioxidant enzyme activities in roots, 
while they conversely increased in leaves.  

Under low P, the highest root SOD activity was noted 
in MTU1010 (5.8 folds higher than that of control) and the 
least activity was observed in RP BIO 226 (2.19 folds 
higher than that of control) (Table 1). RP BIO 226 exhi-
bited an elevated POD activity compared to other 
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Fig. 4. Influence of phosphorus application rate on (A) maximum 
efficiency of PSII photochemistry (Fv/Fm), (B) effective PSII 
quantum yield (ϕPSII), and (C) electron transport rate (ETR). The 
fluorescence traits were measured at tillering stage (50 days after 
sowing). Each bar represents the mean of three replications ± SD. 
 
varieties (Table 2) under low P, which was 2.4 folds higher 
than that of control, and the least activity was observed in 
Swarna (1.36 folds higher than that of control). The highest 
root CAT activity was noted in Swarna (3.8 folds higher) 
and the least one in RP BIO 226 (1.2 folds higher than that 
of control) (Table 3). Under low P, Swarna showed the 
highest leaf SOD and leaf POD activity, but the least leaf 
CAT activity. MTU1010 recorded maximum leaf CAT 
and minimum leaf SOD activity.   
 

 
 
Fig. 5. Influence of phosphorus application rate on (A) coefficient 
of photochemical quenching (qP) and (B) coefficient of 
nonphotochemical quenching (qN). The fluorescence traits were 
measured at tillering stage (50 days after sowing). Each bar 
represents the mean of three replications ± SD. 
 

 
Leaf and root P concentrations: Increase in P contents 
resulted in an increase in P concentration in both leaves 
and roots. At 0 kg(P) ha–1, maximum leaf and root 
P concentrations were noted in both Akhanphou and 
Swarna (Table 4S, supplement available online) at the 
tillering stage. 

Discussion 
 
Increase in shoot and root DM with application of P clearly 
supported the fact that P has a crucial role in improving 
plant development and hence the parameters could be also 
used as a screening parameters under low P. The reduction 
in shoot biomass under low P occurred because of reduced 
net photosynthesis and the reduction in root biomass was 
attributed to the reduction in absolute root growth under P 
deficiency in rice (Wissuwa et al. 2005). Higher values for 
biomass of shoot and root at low P concentration indicate 
P tolerance (Panigrahy et al. 2014). Our data revealed 
higher shoot mass under low P contents in Swarna and 
Akhanphou which indicated that these genotypes are 
relatively tolerant to low P; conversely the lowest shoot 
and root DM at low P content indicated the susceptible 
nature of RP BIO 226. The grain yield was recorded after 
the harvest and the data was presented in Table 5S (supple-
ment available online). The plants, which received 0 kg(P) 

ha–1, did not survive until the reproductive stage. At the 
lowest P concentration (15 kg ha–1), Swarna produced the 
highest grain yield followed by Akhanphou and 
MTU1010, indicating that these varieties are tolerant to 
low P. The increase in P concentration resulted in an 
increase of the grain yield in all the tested varieties 
(Table 5S).  

Phosphorus deficiency reduces the PN and gs 
(Ghannoum and Conroy 2007), thereby restricting the 
plant growth. Leaf area, mesophyll conductance (gm), gs, 
and ETR the main determinants of carbon assimilation 
(Tardieu 2005, Flexas et al. 2008, Galle et al. 2009), and 
leaf area and gs also determine transpiration by plants 
(Tardieu 2005). The reduction of PN in our experiment 
under P deficiency might occur because of reduction in the 
rate of ribulose-1,5-bisphosphate (RuBP) regeneration 
rather than due to the effect on Rubisco activation (Rao 
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Table 1. Influence of phosphorus application rate on superoxide dismutase (SOD) activity [units min–1 g–1(FM)] activity in leaves and 
roots at reproductive stage. Each value represents mean of three replications. T  treatment; V  varieties. 
 

Variety SOD (leaf) SOD (root) 
P application rate [kg ha–1] 
0 15 30 45 60 Mean 0 15 30 45 60 Mean 

Akhanphou - 2.97 4.27 5.19 6.65 3.82 - 4.97 2.47 2.96 2.12 2.50 
MTU 1010 - 2.79 2.67 5.73 6.42 3.52 - 6.73 2.70 1.55 1.16 2.43 
RP BIO 226 - 3.50 5.61 6.89 4.87 4.17 - 4.34 3.20 1.88 1.98 2.28 
Swarna - 3.63 4.73 6.00 4.99 3.87 - 4.74 3.02 4.71 2.09 2.91 

Mean - 3.22 4.32 5.95 5.73  - 5.20 2.85 2.77 1.84  

LSD (T)   0.62 (P<0.05)     0.54 (P<0.05)   
LSD (V)   0.56 (P<0.05)     0.49 (P<0.05)   
LSD (T×V)   1.25 (P<0.05)     1.09 (P<0.05)   

 
Table 2. Influence of phosphorus application rate on peroxidase (POD) [µmol(guaicol reduced) min–1 g–1(FM)] activity in leaves and 
roots at reproductive stage. Each value represents mean of three replications. T  treatment; V  varieties. 
 

Variety POD (leaf) POD (root) 
P application rate [kg ha–1] 
0 15 30 45 60 Mean 0 15 30 45 60 Mean 

Akhanphou - 10.7 16.4 27.9 33.6 17.72 - 41.8 32.3 24.4 23.9 24.48 
MTU 1010 - 19.7 44.1 43.6 24.7 26.42 - 36.2 42.6 20.5 20 23.86 
RP BIO 226 - 18.7 49.8 39.3 32.7 28.1 - 43.2 21.3 24.3 17.4 21.24 
Swarna - 19.8 33.2 44.3 34.3 26.32 - 32 24 27.3 23.5 21.36 

Mean - 17.22 35.87 38.77 31.32  - 38.3 30.05 24.125 21.2  

LSD (T)   1.24 (P<0.05)     1.0889 (P<0.05)   
LSD (V)   1.11 (P<0.05)     0.9739 (P<0.05)   
LSD (T×V)   2.49 (P<0.05)     2.1778 (P<0.05)   

 
Table 3. Influence of P application rate on catalase (CAT) [µmol(H2O2 oxidized) min–1 g–1(FM)] activity in leaves and roots at 
reproductive stage. Each value represents mean of three replications. T  treatment; V  varieties. 
 

Variety CAT (leaf) CAT (root) 
P application rate [kg ha–1] 
0 15 30 45 60 Mean 0 15 30 45 60 Mean 

Akhanphou - 13.40 11.80 9.90 12.90 9.60 - 3.10 2.70 1.20 1.00 1.60 
MTU 1010 - 15.20 12.10 6.40 15.10 9.76 - 3.00 1.40 2.30 1.10 1.56 
RP BIO 226 - 12.60 13.70 6.90 14.00 9.44 - 1.80 1.20 0.80 1.50 1.06 
Swarna - 11.00 9.30 8.80 11.20 8.06 - 3.50 1.80 1.80 0.90 1.60 

Mean  13.05 11.73 8.00 13.30  - 2.85 1.78 1.53 1.13  

LSD (T)   1.44 (P<0.05)     0.81 (P<0.05)   
LSD (V)   1.29 (P<0.05)     0.72 (P<0.05)   
LSD (T×V)   2.89 (P<0.05)     1.61 (P<0.05)   

 
and Terry 1989) and also reduced triose phosphate export 
from chloroplast stroma to cytoplasm in exchange for Pi 
via the Pi translocator (Stitt and Quick 1989). Plants, 
which received suboptimal amounts of phosphorus, show 
reduced capacity for electron transport resulting in 
impaired production of NADPH and ATP (Lauer et al. 
1989, Fredeen et al. 1989). P deficiency also resulted in 
the reduction of gs, E, and Ci in all the genotypes which 
may be attributed to the stomatal limitation. Low PN may 
be attributed to stomatal limitation as there was a reduction 

in both gs as well as Ci under low P, that also effected the 
E at both the stages. On an average, Swarna and 
Akhanphou had relatively higher PN under low P which 
help the plant cope under low P. Similar genotypic 
differences in rice cultivars, differing in their low P 
tolerance, was reported by Li et al. (2006). 

Based on detailed fluorescence study, Ripley et al. 
(2004) reported that Sorghum plants, which received 
adequate phosphorus nutrition, show higher PSII 
performance due to increased number of reaction centres; 
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these photosystems trapped energy more efficiently, 
showed higher electron transport efficiency, and dissipated 
less energy as heat or fluorescence. Under P deficiency, 
the Fv/Fm was not significantly affected in rice plants (Xu 
et al. 2007), Phaseolus plants (Lima et al. 1999), Pharbitis 
nil, and Parthenocissus tricuspidata (Xing and Wu 2014). 
In our study, also no significant reduction in Fv/Fm was 
discernible in the plants, which received low P, indicating 
that the PSII reaction centres were unaffected. In sugar 
beet plants grown hydroponically with different Pi supply, 
a significant (32%) reduction was observed in light- 
saturated photosynthesis. However, low P treatments had 
not altered significantly the thylakoid membrane 
composition and function with little effect on quantum 
yield and fluorescence traits (Abadia et al. 1987). Xu et al. 
(2007) reported that in rice plants prolonged (> 30 d) 
exposure to phosphorus deficiency significantly reduced 
ɸPSII, ETR, and qP, but increased NPQ. We also observed a 
reduction of ɸPSII and ETR under 0 P treatment. The 
increase in NPQ indicates that the excitation energy can be 
dissipated as heat before reaching the reaction centres and 
nonphotochemical quenching is an indicator of an essen-
tial regulation and photoprotection mechanism against 
high-light stress (Xu et al. 2007, Lambrev et al. 2012). 

ROS are the natural byproducts of metabolism and 
have important roles in cell signaling and homeostasis. 
During abiotic stress, a dramatic increase in ROS contents 
was observed with concomitant increase in activities of 
antioxidant enzymes, such as SOD, POD, and CAT. Under 
low P conditions, antioxidant enzyme activities increased 
to overcome the stress condition (Ons et al. 2012). SOD, 
CAT, and POD are considered as the key enzymes 
involved in the scavenging of ROS and thus maintaining 
homeostasis in the plant cells (Guo et al. 2005). A higher 
POD and CAT activity under low P stress revealed that the 
plants were undergoing stress. Results indicated a high 
activity of SOD, POD, and CAT under low P  
(15 kg ha–1) as compared with control (60 kg ha–1) in the 
rice roots, whereas there was an increase in the activities 

in leaves (Guo et al. 2012). Increased SOD activity in roots 
under low P conditions indicated that free radicals 
generated due to stress were neutralized, resulting in high 
accumulation of H2O2 as SOD is involved in the 
dismutation of superoxide free radical into H2O2. 
Generation of H2O2 due to high SOD activity led to a 
higher POD and CAT activity as H2O2 is considered as an 
optimal substrate for POD and CAT and they are known to 
work efficiently when the H2O2 concentration is high, thus 
protecting the cells from oxidative damage by ROS 
(Willekens et al. 1997). Similar increase in SOD and POD 
activity in the roots of rice seedlings under P-deficient 
conditions were reported by Guo et al. (2005) and Fu et al. 
(2014), in seedlings of tomato )Wan et al. 2010), Hordeum 
maritimum L. plants (Ons et al. 2012), and Brassica napus 
(Chen 2015). Varieties with higher SOD activity at 
prolonged P stress and lower CAT indicate that these 
varieties are inefficient in scavenging ROS compared to 
those varieties having lower SOD and higher CAT activity, 
because higher SOD and low CAT activity results in the 
accumulation of H2O2, which inhibits 50% of the 
photosynthesis (Kaiser et al. 1979 ). Swarna followed by 
Akhanphou had the lower SOD activity in roots 
accompanied with a high root CAT activity; thus they were 
efficient in scavenging ROS under low P when compared 
to remaining varieties. Our data of photosynthesis in this 
experiment supported this statement. Higher POD activity 
is also a good indication for neutralization of the ROS 
effect. RP BIO 226 had higher POD activity, but POD 
alone was not sufficient to confer tolerance to low P and 
hence, it was inefficient and susceptible under low P. 
Therefore, it is possible that tolerance to low P might be 
related to efficient ROS scavenging enzymes which 
enabled the tolerant genotype to overcome the stress and 
support growth. In conclusion, Swarna and Akhanphou 
performed better than other varieties which was indicated 
by a higher shoot and root biomass, a higher photo-
synthetic rate, and an efficient antioxidant enzyme system 
under low P. 
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