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Abstract: To investigate the effects of formulated fertilizer synergist on the drought tolerance in rice, pot experiment was 

conducted to analyze the photosynthetic characteristics and the accumulation of abscisic acid (ABA) and proline in 

middle-season rice variety Peiliangyou 93. The synergist could improve the net photosynthetic rate, and coordination 

between the water loss and the CO2 absorption as well as reduce the harmful effect on photosynthetic process under drought 

conditions. Under drought, the ABA accumulated massively both in roots and leaves, while the ABA content in roots was far 

higher than that in leaves. The results indicate that synergist could increase the ABA accumulation, but reduce the proline 

accumulation in rice plant under drought. 
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Drought, alkali and low temperature are three 

major abiotic factors severely causing losses in crop 

yield. Among them drought is the most severe. Plants 

have shown a series of responses against the water 

stress [1-4]. The plant endogenous hormone serves as a 

regulator of life activities and changes consequently 

under water stress to adapt to the environment change 

for the growth and development of plant [5-6]. ABA has 

been widely accepted as an important stress 

phytohormone, whose biosynthesis is triggered by 

stress in root and leaf [7-9]. It is generally suggested 

that root system perceives the stress signal and the 

signal triggers the ABA synthesis system to start 

massive ABA synthesis, and the ABA, acting as a 

signal of stress, arrives at different parts of the stem 

through tracheae and regulates plant transpiration and 

leaf growth [10-11]
。Moreover, Yamada et al [12] found 

that Petunias (Petunia hybrida cv. ‘Mitchell’) 

accumulated free proline under drought conditions, 

which served as an osmoprotectant in plants subjected 

to drought conditions. The accumulation of proline 

has been observed in large number of plant species in 

response to drought and salt stresses, suggesting a key 

role of amino acid in plant stress adaptation [13-14]. In 

present experiment, the variations in ABA and proline 

Received: 9 October 2006; Accepted: 12 December 2006 

Corresponding author: XIAO Lang-tao (ltxiao@hunau.edu.cn) 

accumulation, and photosynthetic performances in rice 

were studied under drought conditions to investigate 

the effectiveness of formulated fertilizers synergist.. 

MATERIALS AND METHODS 

Soil, rice variety and fertilizer synergist 

The paddy soil was collected from the experimental 

station of Hunan Agricultural University. The soil 

characteristics were as follows: pH 6.5, organic 

substance of 20.3 g/kg, total nitrogen of 1.53 g/kg, 

total phosphorous of 1.13 g/kg; total potassium of 

23.2 g/kg, alkaline hydrolysis nitrogen of 0.122 g/kg, 

available phosphorus of 0.011 g/kg, and available 

potassium of 0.082 g/kg. 

The rice variety used was a middle-season hybrid 

rice Peiliangyou 93.  

The fertilizers applied were rice formulated 

fertilizer (18% N, 2.67% P, 8.3% K), and rice 

synergistic formulated fertilizers (Containing 2% 

synergist, 18% N, 2.67% P and 8.3% K). The 

synergist mainly comprised urease inhibitor, nitration 

inhibitor, rare earth elements and biological activity 

substance [12]. 

Experiment methods 

The pot experiments were conducted in 2002. 
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Each pot was filled with 12 kg soil. The rice was 

sowed on May 13 and transplanted on May 30, with 

one seedling per hill and three hills per pot. During 

experiment three treatments were used: A) Formulated 

fertilizer treatment, 3.4 g of rice formulated fertilizer 

was applied per pot; B) Synergistic formulated 

fertilizer treatment, 3.4 g of rice synergistic 

formulated fertilizer was applied per pot; C) 

Synergistic formulated fertilizer treatment, 2.72 g of 

rice synergistic formulated fertilizer was applied per 

pot. The experiment was replicated three times. The 

fertilizer applied rate in treatment B (3.4 g of rice 

formulated fertilizer) was similar to the rate in the 

field, in which 675 kg formulated fertilizer were 

applied in about 2.4×106 kg soil per hectare. 

The pot was under submerged conditions until 5 

July when rice plants were sampled. Then water was 

poured out of the pots and the pots were moved into 

the greenhouse. The plants were not supplied with 

water till the end of the experiments.  

Measurement 

Determination of soil moisture content 

   The soil moisture contents were determined using 

the gravimetric method on July 5, 8, 12, and 16. 

Photosynthetic characteristics and transpiration rate 

The net photosynthetic rate, stomatal conductance, 

intercellular CO2 concentration and transpiration rate 

of the first mature leaves were measured during 

9:00-10:00 a.m. by a LI-6400 photosynthetic system, 

at photo flux density of 850 µmol/m2·s and 30℃. 

Determination of free proline content 

Free proline content was determined using 

ninhydrin reaction [15]. 

Determination of ABA content 

ABA extraction and purification were according 

to the procedure in HPLC method [16]. Weigh 0.2000 g 

freezen rice root sample or 0.3000 g leaf sample (fresh 

sample → liquid nitrogen refrigeration → vacuum- 

freezen drying), totally add pre-cooled 80% methanol 

11 mL (5 mL, 2 mL, 2 mL and 2 mL respectively), 

then grind the sample very carefully in ice bath under 

weak light, continuously stir it in a 4  refrigerator℃  

over night (15 h, avoiding light). Centrifugate the 

sample at 3077×g under 4℃ for 10 min, decant the 

supernatant into a clean tube, repeat this step again, 

combine the supernatant, then condense the 

supernatant in cold-vacuum to get rid of the methanol, 

add 8 mL ammonium acetate (0.1 mol/L, pH 9.0) to 

dissolve the sample, centrifuge at 17624×g for 20 min, 

then transfer the supernatant into polyvinyl- 

polypyrrolidone (PVPP) column and diethylamino- 

ethyl-sephadex A25, DEAE-Cross-linked dextran gel 

A25 column, collect the extracted endogenous phyto- 

hormones with SepPakC18 column, then elute the 

phytohormones from the column with 50% (volume 

percent) methanol, and determine the solution by the 

High-Performance Liquid Chromatography analysis. 

Calculation of the stomatal limitation (Ls) 

The stomatal limitation was calculated according 

to the method of Zou [17]: Ls=(Ca－Ci)/ Ca, where, Ca 

is the air CO2 concentration, Ci is the intercellular CO2 

concentration. 

RESULTS 

Soil moisture content 

The soil moisture content in treated pot rapidly 

dropped after pouring out of the water, almost similar 

to the air-dried soil at the end of the experiments 

(Table 1). 

Effects of formulated fertilizers synergist on 
photosynthetic and transpiration characteristics of 
rice under drought 

Effects on net photosynthetic rate of the top mature 
leaf 

The net photosynthetic rate (Pn) of top mature 

Table 1. Changes of soil moisture content (%). 

Treatment July 5 July 8 July 12 July 16 

        A (check) 36.8±1.2 20.6±0.9 10.6±0.5 4.6±0.3 

B 37.2±0.8 19.7±1.3  9.5±0.5 5.1±0.2 

C 36.6±1.0 21.3±1.2 11.5±0.7 4.8±0.3 
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leaf gradually decreased under drought conditions (Fig. 

1). Before drought treatment, the Pn of the treatment 

B was similar to treatment A, but Pn of the treatment 

C was slightly lower than that of treatment A. After 7 

days under drought conditions, the Pn of treatment A 

was only a half of the synergist treatments (B and C), 

while the treatment B showed the highest Pn. Eleven 

days after drought treatment, the Pn of treatment A 

decreased to 0.8 µmol CO2/m
2·s, however, the 

synergist treatment B showed higher Pn at 1.6 µmol 

CO2/m
2·s, while the treatment C remained higher Pn 

at 5.1 µmol CO2/m
2·s. 

Effects on the stomata conductance to H2O of the top 

mature leaf  

 The changes in stomata conductance showed a 

decreasing trend during the experiment period, which 

was similar to that in net photosynthetic rate (Fig. 2). 

Before drought treatments, the stomata conductance to 

H2O of treatment B was the highest among the 

treatments, and treatment A showed similar value as 

treatment C. After drought treatment, the stomata 

conductance to H2O of treatments B and C was higher 

than that of treatment A, while 7 days later the 

stomata were almost closed. 

Effects on the intercellular CO2 concentration in the 
top mature leaf 

 At first the intercellular CO2 concentration in top 
mature leaves of treatments A and B decreased and 
then increased, while the reduction was greater in 
treatment B than that in treatment A during early 
period, but the increase was less in treatment B than in 
treatment A during later period (Fig. 3). But there was 
a continuous decrease in the intercellular CO2 
concentration of top mature leaf in the treatment C. 

Effects on the transpiration rate of the top mature leaf 

 The transpiration rates of the top mature leaves in 
the synergist treatments B and C were larger than that 
in treatment A (Fig. 4). The prolongation of drought 
resulted in a decrease of the transpiration rate with the 
highest values in treatment C at the 11 days of drought 
treatment.  

Effects on the stomatal limitation (Ls) of the top 
mature leaf in rice 

The stomatal limitation (Ls) of each treatment 
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Fig. 1. Variation of net photosynthesis of rice plant. 
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Fig. 2. Variation of stomata conductance to H2O of rice plant. 
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Fig. 3. Variation of intercellular CO2 concentration. 
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was very small under non-stress circumstance (Fig. 5). 

However, in all treatments the Ls increased with 

strengthening of the water stress. After 3 days under 

drought stress, a slight increase in Ls was noted, while 

the Ls of the synergistic treatments A and B were 

smaller than that of treatment A. At 7 days after stress, 

the Ls of treatment B was the highest, while after 11 

days, the Ls of treatment C increased subsequently, but 

the Ls of the other two treatments decreased, and the 

decreasing degree of treatment A was larger than that 

of the treatment B. 

Effect on the proline content in the top mature leaf 

 The proline contents in leaves of the synergistic 

treatments A and B were lower than that of treatment 

C under drought (Fig. 6). The proline content in top 

mature leaves increased rapidly with the progress in 

drought conditions. Under less drought conditions, the 

proline content of all the treatments increased but the 

extent of increase was in smaller value. The proline 

content increased largely under the middle-level 

drought with the rapid increase in treatment C, 

followed by treatment A and B. However, the 

accumulation of proline in treatment C was the 

smallest under severe drought conditions. The 

accumulation of proline in synergistic treatments (A 

and B) was lower than that in treatment A at the 11th 

day after the stress.       

Effects on ABA accumulation under drought 

At first the ABA content in the root system 

increased greatly and then decreased (Fig. 7). Before 

drought treatment, the ABA content in root was very 

low. At third day after the stress, ABA content 

increased 58 to 101 times, and the accumulation 

degree of all synergistic treatments (B and C) was 

higher than that of treatment A, while the ABA 

content continuously increased. After 11 days of the 

stress a slight decrease of ABA content in treatment A 

was noted, but sharp decreases were observed in 

synergistic treatments. 

 The ABA contents in the leaves firstly increased 

and then decreased with increases in later period (Fig. 

7). Before drought treatments, a minute difference was 

found in ABA contents among the treatments. After 3 

days under drought, a large increase about 9 times in 

ABA content of treatment A was noted. Then 7 days 

0

2

4

6

8

10

12

07-05 07-08 07-12 07-16

Date (Month-Day)

Treatment A

Treatment B

Treatment C

Fig. 4. Changes of transpiration rate of rice plant. 
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Fig. 5. Dynamics of stomata limitation. 
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after the stress the ABA content decreased, while 

treatment A still had the highest value. But after 11 

days of treatments, the ABA contents of two 

synergistic treatments were even higher than that of 

treatment A.      

 DISCUSSION 

Effects of synergists on the photosynthesis of rice 
plant 

The stomata are the channel of the air exchange 

and the water transpiration. Under drought conditions, 

the determining factors for regulating the opening and 

closure of the plant stomata are changed from light 

intensity and CO2 concentration to water supply. In 

order to reduce the water loss from stomata, the 

stomatal conductance decrease, resulting in the 

increase in Ls under drought. Moreover, transpiration 

lessens and the transpiration rate decreases due to the 

stomata closure, while the intercellular CO2 

concentration also decreases at the same time by 

causing the decrease of the photosynthetic rate. Under 

slight drought, the key factor responsible for the 

decrease of the photosynthetic rate is stomata closure 

and the increase in Ls. But the damage due to the 

decreases in leaf photosynthesis and the Ls under the 

severe drought conditions are the major factors [14]. 

Our results showed that the net photosynthetic rate in 

the top mature leaves of the synergistic treatments 

were higher than that of the control under severe 

drought stress, indicating that the synergist could 

improve the resistance capability to the stress. 

Simultaneously, after 11 days under drought stress, 

the intercellular CO2 concentrations of treatment B 

and treatment A increased but the Ls decreased, 

suggesting that the major restraint factor of the 

photosynthesis might be the damage to the leaf 

photosynthetic functioning system. However, the 

intercellular CO2 concentration of the synergistic 

treatment C continuously decreased, while the Ls 

showed an increasing trend, indicating that stomata 

closure is the major limiting factor and the damage to 

photosynthetic system is the secondary factor during 

photosynthetic process. This indicated that the 

synergists could improve the resistance capability of 

the rice plant by lightening the damage to 

photosynthetic system, while simultaneously 

improving the resistance by decreasing the fertilizer 

rate. 

Effects of synergists on the relationship between 
photosynthesis and transpiration in rice plant 

There has been a parallel and dependent 

relationship between the photosynthesis and the 

transpiration. The stomata closure can prevent water 

loss but also hinder the entrance of CO2 from the 

external environment under drought, namely the 

reduced transpiration could lead to the lower CO2 

entrance, resulting in the lower photosynthesis. 

Therefore, it is of key importance to coordinate the 
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Fig. 7. ABA contents in roots and leaves of rice. 
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CO2 absorption and water loss by regulating the 

movement of the stomata to adapt the plant to the 

adversities [14,17-18]. Our study showed that synergists 

could improve the stomata conductance to H2O and 

increase the transpiration rate, harmonize the 

relationship between the photosynthesis and the 

transpiration better than non-synergist treatment to 

lighten the damage of the photosynthetic function unit 

under drought. 

Effects of synergists on the ABA accumulation in 
rice plants 

At present, the role of ABA as a root-to-shoot 

stress signal is well established [18]. It is suggested that 

roots are able to ‘measure’ decreasing soil water 

availability during a period of drought, which results 

in an increased release of ABA from the stelar tissues 

of roots to the xylem vessels. After xylem transporting 

ABA to the shoot, guard cells respond rapidly and 

sensitively to increased ABA concentrations resulting 

in the reduction of water loss due to transpiration. The 

rice roots contain enzymes and precursors that 

synthesize ABA, but the information is still lacking on 

the enzymatic step of ABA biosynthesis, which is 

responsible for the ‘measurement’ of reduced water 

availability. The synthesis of ABA in roots and 

transport to leaves is increased as a function of soil 

drying and shoot growth and physiology is modified 

as a function of this increased delivery [18]. Previous 

studies have been reported that the synthesis of ABA 

is enhanced in response to soil water deficit, causing 

the rapid closure of stomata and thereby decreasing 

the intensity of the transpiration stream. The ABA 

functions to allow faster uptake of water by the roots 

and better transport within the plant. The effect of 

ABA is to dramatically reduce the apoplastic flow and 

to increase the cell-to-cell flow [19]. 

The result of this experiment showed that ABA 

content in rice roots of synergist treatments was 

higher than that of the control at the beginning stage 

of drought, while the decrease in percentage was also 

higher than that of the control at the later stage of 

drought. However, ABA contents in leaves of the 

synergist treatments were lower than that of the 

control at the early stage of drought, and were higher 

than that of the control at the later stage of drought. It 

may suggest that ABA accumulation in roots favored 

water absorption, thus increased the water efficiency, 

while the accumulation of ABA in leaves might cause 

the closure of stomata, thereby decrease water loss. 

Effects of synergists on the proline accumulation in 
rice plants 

To take the proline content as a result of drought 

resistance is still needed to be discussed, while it has 

been reported that the proline accumulation is only a 

response to drought [7, 20-21]. Our research showed that 

the proline content increased under drought, the 

proline content of the control was higher than that of 

the synergistic treatments under severe drought stress. 

However, the synergistic treatments showed higher 

tolerance to the stress than that of the control with 

slower decreases in photosynthetic rate. Thus, It can 

be suggested that the proline accumulation was not 

positively correlated with the tolerance to the stress, 

but responded to injury of drought. 

Relationship between proline and ABA 
accumulation in rice plant 

Previous report showed that ABA as a signal of 

adversity can be induced when roots suffered from 

drought stress, which resulted in proline production in 

order to help the plant to adapt environmental 

changes [11]. Our results indicated that the accumulation 

of ABA in roots of the synergistic treatments was 

higher than that of the control, but the proline content 

in leaves was lower. During the last period of the 

stress, the accumulation of proline in leaves increased 

with the decrease in ABA content. This illuminated 

that ABA accumulation in roots was not positively 

correlated with proline content in leaves. It has been 

noted that the ABA accumulation in leaves first 

increased and then decreased, which was not 

positively correlated with the proline accumulation in 

leaves. But the results did not mean that the proline 

accumulation had no correlation with the ABA 

accumulation. The abundant accumulations of ABA 

and proline are due to the responses of plants to 

adverse conditions. It has been hypothesized by some 

researchers that ABA as a stress phytohormone is the 

signaling source of proline massive synthesis under 

drought to startup the biosynthesis of proline in the 
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plant, which plays an important role in modulating the 

cellular osmotic potential. Therefore, the relationship 

between proline and ABA accumulation needed to be 

further investigated. 
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