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Abstract  Plants activate signaling system upon attack by insect herbivores and microbial 

pathogens. Methyl jasmonate (MeJA) and methyl salicylate (MeSA) are important signaling 

molecules which are able to induce plant defense against insect herbivores and microbial 

pathogens. This study tests the hypothesis that allelopathy is an active inducible defense 

mechanism of plants, and JA and SA signaling pathways may activate the allelochemical 

release. We found that exogenously applied MeJA and MeSA to rice (Oryza sativa L.) plants 

enhanced rice allelopathic potentials and accumulation of phenolics, increased enzymatic 

activities and gene transcription of PAL and C4H which are two key enzymes in the 

phenylpropanoid pathway. Aqueous extracts of the leaves of rice IAC165, a putative 

allelopathic variety showed 25%, 21% increase in inhibitory effects on root growth of 

barnyardgrass (Ehinohloa rus-galli L.), and 18%, 23% increase in inhibitory effects on the 

shoot growth after rice plants were treated with MeSA (5 mM) and MeJA (0.05 mM), 

respectively compared with the corresponsive control. Leaf aqueous extracts of rice 

Huajingxian1, a putative non-allelopathic variety treated with MeJA and MeSA showed 24% 

and 63% higher inhibition to the root length of barnyardgrass seedlings, respectively. The 

root exudates of rice plants treated with MeJA (0.05 mM) and MeSA (5 mM) for 48h 

significantly increased their inhibitory effects on root growth of barnyardgrass seedlings. 3, 

4-hydroxybenzoic acid (HBA), vanillic acid (VA), coumaric acid (CMA) and ferulic acid (FA) in 

the leaves accumulated approximately to 5.3, 31.3, 2.2 and 1.7-fold higher levels in 

response to MeJA exposure, and accumulated to 3.3, 13.1, 2.0 and 2.2-fold higher levels in 

response to MeSA. At fourth leaf age，MeSA and MeJA treatments enhanced the PAL 

activity in rice leaves up to 52.3% and 80.1%, and C4H activity increased by 40.2％ and 

67％, respectively. Gene transcription of PAL and C4H in rice leaves significantly increased 

after treated with MeJA and MeSA. These results indicate that allelopathy is an active 

defense mechanism of plants, and plant signals are potentially valuable in the regulation of 

allelopathy for competing with other plants. 
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INTRODUCTION 

Allelopathy is defined as the direct or indirectly harmful or beneficial effects of one plant on 

another through the production of chemical compounds that escape into the environment 

(Rice, 1984). Allelopathy provides an alternative approach for weed management in 

sustainable agriculture. Rice (Oryza sativa L.) is one of the most important crops in the 

world and its allelopathy has attracted a great deal of attention since Dilday et al. (1989) 



demonstrated that some rice varieties have allelopathic potentials against one or more 

paddy weeds. Rice allelopathy has been extensively studied with respect to screening 

allelopathic rice germplasm (Dilday et al.,1994; Olofsdotter et al., 1995, 1999), its 

allelochemicals (Mattice et al., 1998; Kato-Noguchi, 2004; Seal et al., 2004a, b), and genetic 

control (Ebana et al., 2001; Jensen et al., 2001; Zeng et al., 2003; He et al., 2004). More than 

12,000 rice accessions have been evaluated in the United States for allelopathic potential to 

weeds in paddy field (Dilday et al., 1994, 1998). Selection of allelopathic rice germplasm 

were also conducted in many other countries (Fujii, 1992; Garrity et al., 1992; Dilday et al., 

1994; Olofsdotter et al., 1995; Chung et al., 1997, 2000,  2001a, b; Chou, 1999; Ahn and 

Chung, 2000). Several putative allelochemicals have been identified. Many phenolic acids 

such as p-hydroxybenzoic acid (Chou and Lin, 1976), ferulic acid (Chung et al., 2000, 2001a), 

syringic acid, caffeic acid, sinapic and o-coumaric acid (Olofsdotter et al., 1995) have been 

isolated from rice plants, soil where allelopathic rice lines have been growing and also soils 

containing a decomposing rice residues. Recent studies indicate that momilactone A and B 

play an important role in rice allelopathy (Kato-Noguchi et al., 2002; Kato-Noguchi, 2004; 

Chung et al., 2006).  

The genetic control of allelopathy in rice is being determined. Jensen et al. (2001) 

identified four main-effect QTL genes located on three chromosomes (2, 3 and 8), which 

collectively explained 35% of the total phenotypic variation of the allelopathic activity in the 

population. Ebana et al. (2001) also identified QTL genes associated with the allelopathic 

effect of rice using RFLP markers. One of the QTL on chromosome 6 had the largest effect 

on the expression of the allelopathic effect of rice and explained 16.1 % of the phenotypic 

variation. He et al. (2005) employed proteomic method to study the molecular mechanism 

of crop allelopathy and identified four proteins: peroxidase precursor (POD ), thioredoxinM -

type (Trx-m ), 3-hydroxy-3-methylglutaryl- coenzyme A reductase 3 (HGMR) and 

phenylalanine ammonialyase (PAL ). The genes encoding four differential proteins were 

located on the chromosome 4, 7, 8, and 12 in rice.  

Upon attack by herbivores and pathogens plants use allelochemicals to defense 

themselves. The chemical defense of plants is ubiquitous, inducible and involves a complex 

network of plant signaling cascades including jasmonates and salicylate signaling pathway to 

trigger defense responses. Jasmonates and salicylates function as key signal molecules in 

plant chemical defense (Kessler and Baldwin, 2002) and modulate plant resistance to insects 

and pathogens (Creelman and Mullet, 1997). Many defense related genes require jasmonic 

acid (JA) and salicylic acid (SA) signaling for activation (Reinbothe et al., 1994; Thomma et 

al., 1998; Turner et al., 2002). A large body of evident has demonstrated that signaling 

pathways initiate and regulate biosynthesis and production of secondary metabolites in 

plants. Exogenously applied JA induces the production of momilactone A, a major 

phytoalexin and allelochemical in rice (Nojiri et al., 1996) and increases the resistance of 

wild plants to insects in the field (Baldwin, 1998). The contents of phenolic acids such as 

gallic acid, catechinic acid, pyrocatechol, caffeic acid, coumaric acid, ferulic acid and benzoic 



acid increase sharply in the poplar leaves exogenously treated by methyl salicylate (MeSA) and 

methyl jasmonate (MeJA) ( An et al., 2006). The sakuranetin, a flavonoid phytoalexin was also 

induced by amino acid conjugates of JA (Shigeru et al., 1997). Two acyclic homoterpenes 

4,8-dimethyl-1,3E,7- dimethylnonatriene (homoterpene I) and 4,8,12-trimethyl-1,3E,7E,11-

tridecatetraene (homoterpene II), which are of sesquiterpenoid and diterpenoid origin, can 

be induced by JA at 0.1 mM to 10 mM in leaves of Phaseolus lunatus and Zea mays (Jörn et 

al .,1994). MeJA increased contents of u-tropine, and tropine in jimsonweed seedlings (Fan, 

2005) and induced triterpenoid synthesis in both Centella asiatica and Galphimia glauca 

plantlets (Mangas et al., 2006). And MeJA also induced indole glucosinolates biosynthesis in 

Arabidopsis (Brader et al., 2001) and oilseed rape (Loivamaki et al., 2004). Salicylic acid (SA) 

is a well-known inducer of plant systematic acquired resistance (SAR) in plant–pathogen 

interactions, characterized by induction of defense related gene expression and synthesis of 

phenylpropanoids, phytoalexins and pathogenesis-related proteins (PR), which result in 

disease resistance to subsequent pathogen infections (Métraux, 2001; Durrant and 

Dong,2004; DeVos et al., 2005). SA also induces biosynthesis and production of secondary 

metabolites in plants (Taguchi et al., 2001). 

Allelopathy is an important mechanism for plants interfering with their neighbors by 

releasing secondary metabolites namely allelochemicals and thereby enhancing plant 

survival and reproduction under stress environments. But whether the release of 

allelochemicals into the environment is passive or active is largely unknown. Hereby we 

tested the hypothesis that allelopathy is an active inducible defense mechanism of plants, 

and JA and SA signaling pathways may activate the allelochemical release. We exogenously 

applied MeJA and MeSA to rice to study changes in allelopathic potentials of rice exudates 

and aqueous extracts, the enzymatic activities of phenylalanine ammonia-lyase (PAL) 

catalyzing the first step in the biosynthesis of phenylpropanoids, and cinnamate 4-

hydroxylase (C4H) catalyzing the conversion of cinnamate into 4-hydroxy-cinnamate, a key 

reaction of the phenylpropanoid pathway, and gene expression of the two enzymes. 

 

METHODS AND MATERIALS 

 

Plant and chemical materials 

Two rice varieties were used in this study, a standard rice cultivar with allelopathic potential 

was IAC165 (Kim et al., 2005), which was provided by International Rice Research Center, 

and the non-allelopathic rice cultivar Huajingxian 1 was kindly provided by Prof. Zhiqiang 

Chen in South China Agricultural University. Vanillic acid (VA), caffeic acid (CA), 3, 4-

hydroxybenzoic acid (HBA), ferulic acid (FA), coumaric acid (CMA); methyl jasmonate (MeJA) 

and methyl salicylate (MeSA) were purchased from Sigma (St. Louis, MO). The 
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concentrations of MeJA and MeSA were 0.05 mM and 5 mM, respectively. TRIzol reagent, 

AMV reverse transcriptase, Taq polymerase, deoxynucleotide triphosphates (dNTPs) were 

purchased from TaKaRa （Shuzo Co. Ltd., Shiga, Japan), and MOPS, DEPC were purchased 

from AMRESCO (Solon, OH). All solvents used were analytical or HPLC grades. 

 

Bioassays 

Rice seeds were surface sterilized with 1% NaClO for 30 min, rinsed with distilled water and 

germinated in Petri dishes for 3 days. Twenty seedlings were transplanted to each plastic 

pot (10×15 cm) and were grown in a growth chamber kept at 24–26°C with 150 μMd/m2/s 

light and a photoperiod of 12-hr light/12-hr dark. The seedlings were watered and fertilized 

with Hoagland nutrient solution every two days.  

Rice seedlings were sprayed with 0.05 mM MeJA and 5 mM MeSA, and kept in the 

growth chamber for 48 hr. The leaves and stems were sampled from rice plants, then 

aqueous extracts were prepared by extracting 8 g samples with 100 ml distilled water for 24 

hr. The extracts were filtered through filter paper and stored at 4°C until it was used.  

Echinochloa crus-galli seeds were placed in a beaker and bioassay of allelopathic 

potentials of aqueous extract of rice leaves and stems was the same described by Zeng et al. 

(2001). Root and shoot lengths of the E. crus-galli seedlings were determined at 7 days after 

treatment. 

 

Root exudates 

Seeds of rice (10 seeds per beaker) and barnyardyard (20 seeds per beaker) were 

germinated and planted in a 1000 ml beaker with 300 ml of 1% agar culture media, the agar 

media were divided into two equal compartments using a membrane (mesh) with a pore 

size of 35 µm for preventing root contact between the two plants but allowing root 

exudates to pass through the membrane. The rice seedlings were grown in the growth 

chamber described above. The seedling leaves were plastered with 0.05 mM MeJA and 5 

mM MeSA, respectively three times using brush pen at second, fourth and sixth leaf ages. 

The barnyardgrass seedlings and culture medium were wrapped in aluminium foil to 

prevent them to contact to signaling compounds when the compounds were applied. The 

seedlings were watered and fertilized with Hoagland nutrient solution every two days. Root 

and shoot lengths of the E. crus-galli seedlings were determined at 7 days after the last 

treatment with signaling compounds at sixth leaf age. 

 

Chemical analysis 



Rice plants were treated with MeJA and MeSA at fourth leaf age and kept in the growth 

chamber for 48h prior to sampling. One gram of rice leaves or stems collected from 

different treatments was extracted in 12.5 ml distilled water for 24 hr. The water extracts 

were partitioned against equal volume of ethyl acetate three times. The ethyl acetate 

extracts were combined and concentrated to dry form at 40°C under reduced pressure, and 

then dissolved with 1.25 ml methanol. The methanol extracts were passed through 

sterilized filter paper in a syringe. The phenolic compounds in the filtrate were analyzed 

using an Agilent Technologies HP1100 series HPLC system equipped with an ODS reverse 

phase C18 column (250 × 4 mm, 5 µm) and diode array detector (G1315 B) monitoring the 

absorbance of the elution at 280 and 268 nm. The solvent system was: 75 % methanol and 

25 % water adjusting pH to 2.6 with acetic acid. Five micro-liters of extracted sample were 

injected, flow rate was 1.0 ml/min, and temperature was 30 C. The pure compounds were 

used as standards and phenolic acids were identified by comparison of retention times and 

UV spectrum. 

 

Enzymatic Activities  

Rice plants were treated with signal compounds at fourth leaf age for C4H assay, and at 

second, fourth and sixth leaf ages for PAL assay. Prior to the enzymatic activity analysis, the 

rice plants were sprayed with MeJA (0.05mM) and MeSA (5 mM) and kept in different 

growth chambers for 48 hr. PAL activity was assayed based on the method described by 

Ramamoorthy et al. (2002b) with slight modification. Root samples (1 g) were ground using 

liquid nitrogen and homogenized in 1 ml of ice cold 0.1 M Tris-H2SO4 buffer, pH 8.8 

containing 7 mM of 2-mercaptoethanol and 1 mM EDTA-Na，7% glycerin. The homogenate 

was centrifuged at 10,000 rpm for 15 minutes. The supernatant was used as enzyme 

analysis.  

PAL activity was determined as the rate of the conversion of L-phenylalanine to trans-

cinnamic acid at 290 nm. The absorbance (OD1) of the reaction mixture containing 0.5 ml of 

enzyme extract, 2 mL of 50 mM Tris- H2SO4 buffer (pH 8.8) and 1 ml of 20 mM L-

phenylalanine in the same buffer was measured and this reaction mixture was incubated in 

hot water for 15 min at 40°C. The enzyme activity was stopped by adding 6 M HCl and then 

OD2 was measured. Phenylalanine ammonia-lyase (PAL) activity was determined 

spectrophotometrically as described by Edwards and Kessmann (1992) and was expressed in 

U/g. hr. 

The analysis of C4H activity accorded to the method described by Lamb et al. (1975) with 

slight modification. Extraction of C4H from rice fresh leaves (1 g) was accomplished by 

homogenization of plant material in 2ml potassium phosphate buffer (200 mM, pH 7.5 

containing 2 mM 2-mercaptoethanol). After filtration and centrifugation (15 min at 10,000 

rpm), the supernatant was diluted to 20 times and used for enzymatic analysis. The extract 



(0.2 ml) was added to 2 ml reaction buffer (50 mM phosphate buffer containing 2 mM 2-

mercaptoethanol, 2 mM trans-cinnamic acid, and 0.5 mM NADPH). Reaction mixture was 

incubated for 1 hr at 37°C. Absorbance value was measured with 290 nm after reaction 

stopped with 6 M HCl and readjusted to pH 11 with 6 M NaOH. The cinnamate 4-

hydroxylase C4H activity was expressed in U/g. hr. 

 

RT-PCR 

Rice plants at fourth leaf age were sprayed with MeJA and MeSA and kept in growth 

chambers for 48h prior to sampling. The total RNA was extracted and isolated according to 

the method described by Kiefer et al. (2000) with slight modification.  

0.2 g fresh material were grinded with a mortar and pestle under liquid nitrogen, and the 

powdered tissue were transfered into a 2 ml Eppendorf tube, add 1000 µl TRIzol reagent 

and intermix them , incubate for 8-10 min on ice. Add 200 µl chloroform, and intermix them, 

incubate at room temperature for 5min and then centrifuge for 15 min at 4°C and 12,000 

rpm. Transfer the supernatant to a 1.5 ml Eppendorf tube, add 500 µl isoamylalcohol, vortex 

at room temperature for 10 min and centrifuge for another 10 min at 4°C and 13,000 rpm. 

Discard the supernatant, wash the pellet with 1 ml 75% ethanol (v/v) and kept them in a 

refrigerator (-20 °C) until it was used.  

The expression patterns of defense-related genes in different treated rice leaves were 

analyzed using reverse transcription –polymerase chain reaction. The degenerate primers 

used for amplification of the putative genes were described in Table 1. Actin was used as a 

reference. RT-PCR reactions were initiated with first strand cDNA synthesis at 42ºC for 60 

min. After denaturation of the RNA-cDNA hybrid at 94ºC for 2 min, 40 PCR amplification 

cycles (94ºC for 1 min, 56ºC for 1 min and 72ºC for 1 min) were run and followed by a final 

extension for 7 min. Two µl of concentrated (10×) loading dye were added to each reaction 

and 5 µl of each sample were run on 1.2% agarose gel electrophoresis in 1×TAE buffer. 

 

Statistical analyses    

   All data were evaluated by one-way analysis of variance (ANOVA) with treatment 

differences among means tested at P= 0.05 with Duncan’s multiple range test. All data for 

the root and shoot growth, the content of phenolic acid and the enzymatic activities of PAL 

and C4H were means from three replicates. 

 



 

RESULTS 

 

Aqueous extract 

After MeSA (5 mM) and MeJA (0.05 mM) treatments, the aqueous extracts of the stem 

and leaves of rice IAC165, a putative allelopathic variety had significantly stronger allelopathic 

effects on both the root and shoot growth of barnyardgrass compared with non-signaling 

treated aqueous extracts of rice (control) (Table 2). After application with MeSA (5 mM) and 

MeJA (0.05 mM), the stem aqueous extracts of rice IAC165 increased inhibition by 24%, 32% 

to root growth and by 38%, 27% to shoot growth of tested plants, respectively. And the 

aqueous extracts of the leaves showed 25%, 21% increase in inhibitory effects on root growth 

of barnyardgrass, and 18%, 23% increase in inhibitory effects on the shoot growth after rice 

plants were treated by MeSA (5 mM) and MeJA (0.05 mM), respectively compared with the 

corresponsive control (Table 2).  

After signaling treatments, aqueous extracts of both leaves and stems of rice 

Huajingxian1, a putative non-allelopathic variety also showed stronger inhibition on the root 

length of barnyardgrass compared with control aqueous extract without signal treatment 

(Table 2). The stem aqueous extracts of Huajingxian1 plants treated with MeJA (0.05 mM) and 

MeSA (5 mM) for 48 hr showed 36% and 63% higher inhibition on the root growth of 

barnyardgrass compared with the control. Similarly, leaf aqueous extracts of Huajingxian1 

plants treated with MeJA and MeSA were 24% and 63% more inhibition to the root length of 

barnyardgrass seedlings, respectively (Table 2). Shoot length of barnyardgrass seedlings 

treated with aqueous extracts of signaling induced Huajingxian1 plants did not differ from 

that on the control (Table 2). 

The bioassays result showed that both the allelopathic and non-allelopathic rice plants 

enhanced their allelopathic potentials to barnyardgrass plants after treated with signaling 

compounds MeSA and MeJA. 

 

Root exudates 

The root exudates of rice plants treated with MeJA (0.05 mM) and MeSA (5 mM) for 48h 

significantly increased their inhibitory effects on root growth of barnyardgrass seedlings 

compared with that of control plants without signal compound induction (Table 3). 

Application of MeJA increased inhibitory effects of Huajingxian1 and IAC165 by 24% and 17 

%, respectively, and MeSA application increased by 20% and 19%, respectively. Signal 



compounds increased allelopathic potentials of root exudates of both allelopathic and non-

allelopathic rice plants. 

 

Phenolic acids  

Phenolic acids in the leaves and stems of rice IAC 165 were analyzed using HPLC after 

treated with MeSA (5 mM) and MeJA (0.05 mM) for 48h at the fourth leaf age. An 

accumulation of HBA, VA, CMA and FA was observed in the signaling treated leaves of rice 

compared with the control (Fig.1). CMA and FA accumulated in the treated stems of rice 

(Fig.2). The HBA, VA, CMA and FA in the leaves accumulated approximately to 5.3, 31.3, 2.2 

and 1.7-fold higher levels in response to MeJA exposure, and accumulated to 3.3, 13.1, 2.0 

and 2.2-fold higher levels in response to MeSA (Fig.1).  

VA, CMA and FA were not detected in non-treated rice stems, while MeJA induced high 

accumulation of VA, CMA and FA in the stems, and MeSA induced accumulation of CMA 

and FA in the stems (Fig.2).  

 

PAL and C4H activity  

PAL catalyzes the first step in the biosynthesis of phenylpropanoids. The activities of 

PAL in the rice leaves after treatment with MeSA (5 mM) and MeJA (0.05 mM) for 48 hr 

significantly increased compared with the control. The PAL activities in the leaves treated 

with MeSA and MeJA at the second leaf age for 48 hr increased by 55.6% and 31.9%, 

respectively compared with the control. At fourth leaf age，MeSA and MeJA enhanced the 

PAL activity up to 52.3% and 80.1%. The PAL activities increased by 62.5% and 62.7％ 

respectively when the leaves were treated with MeSA and MeJA at the sixth leaf age for 48 

hr ( Fig.3). 

Forty-eight hours after treatment with MeSA and MeJA at the fourth leaf age, C4H 

activity in rice IAC165 leaves increased by 40.2％ and 67％, respectively compared to leaves 

without signaling treatment (Fig. 4). 

 

Induction of PAL and C4H Transcripts 

To determine whether MeJA and MeSA enhance the allelopathic potentials and 

phenolic acids by inducing transcription of the genes encoding key enzymes PAL and C4H 

responsible for biosynthesis of phenylpropanoids, the expression patterns of PAL and C4H 

genes were analyzed using RT-PCR from the leaves of rice IAC165 treated with MeSA (5 mM) 

and MeJA (0.05 mM) for 48 hr at the fourth leaf age. Both MeJA and MeSA induced 

accumulation of PAL and C4H transcripts over basal levels present in control leaves (Fig. 5).  



 

DISCUSSION 

Plants are frequently subjected to insect herbivory, pathogen infection and competition 

from surrounding plants. However, plants have evolved a diversity of allelochemicals to 

defend themselves against herbivorous insects and microbial pathogens, and to produce 

allelopathic effects on their neighbors. Plant chemical defense against herbivores and 

pathogens are inducible and regulated by the jasmonic acid (JA) and salicylic acid signaling 

pathways. Exogenous addition of JA can increase the resistance of wild plants to insects in 

the field (Baldwin, 1998). While many studies have shown that signal compounds could 

induce plant defense against insect herbivores and microbial pathogens, rarely have those 

experiments been conducted to demonstrate that signaling pathways are involved in plant 

allelopathy.  

This study found that rice allelopathy could be induced by exogenous application of 

signaling compounds MeJA and MeSA. The allelopathic potentials of the root exudates of 

rice increased after treatment with MeJA and MeSA (Table 3). Aqueous extracts of both 

leaves and stems of MeSA and MeJA-treated rice Hajingxian1 and IAC165 also enhanced 

their inhibitory effects on barnyardgrass root growth (Table 2).  

Further HPLC analysis showed that phenolic acids including VA, CA, CMA, FA and HBA in 

rice leaves accumulated after treated by MeJA and MeSA for 48h (Fig.1). CA, CMA and FA 

were detected in the stems after treated by MeJA and MeSA, but they were not detected in 

the stems of non-treated control plants (Fig.2). VA was also detected in the stem after 

treated by MeJA. This increase in phenolic acids after signaling application may be 

responsive for the corresponsive increase in allelopathic potentials in root exudates and 

aqueous extracts of induced rice plants. Similar changes of several phenolic acids in poplar 

plants treated with MeJA were reported by An et al. (2006). Phenolics are believed in most 

studies to be primary allelochemicals in rice (Chung et al., 2000, 2001a Olofsdotter et al., 

1995). Greater amounts of trans-ferulic acid, p-hydroxybenzoic acid, and caffeic acid were 

detected in the exudates of allelopathic cultivars (Seal et al., 2004b). Five phenolics 

including caffeic, p-hydroxybenzoic, vanillic, syringic, and p-coumaric acids from rice 

exudates were best correlated with the observed allelopathic effects of rice on arrowhead 

(Sagittaria montevidensis) root growth (Seal et al., 2004b). MeJA induced multiple 

biosynthetic pathways including the shikimic acid pathway (producing methyl salicylate), the 

octadecanoid pathway (producing cis-jasmone), as well as the mevalonate-dependent and -

independent terpenoid pathways (producing mono- and sesquiterpenes) (Gundlach et al. 

1992; Martin et al., 2002; Thaler, 1996). The induction of these pathways were found in 

many agricultural species such as tomato, lima bean, and corn (Thaler et al., 1996; Dicke et 

al., 1999; Schmelz et al., 2003). Martin et al. (2003) recently demonstrated that MeJA 

application induced the activities of both constitutive and novel terpene syntheses in 

Norway spruce.  

http://pcp.oxfordjournals.org/cgi/content/full/44/4/404#PCG054C11#PCG054C11
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Exogenous application of MeJA (0.05 mM) and MeSA ( 5 mM) increased the PAL activity 

in rice at all three leaf ages (second, fourth, and sixth) tested. (Figure 3), and also increased 

the C4H activity at fourth leaf age in rice leaves (Figure 4).  

Genes including PAL and C4H from major phenylpropanoid biosynthetic pathways involved 

in phenolic acid production are induced by exogenously applied MeJA and MeSA. RT-PCR 

showed that the PAL and C4H mRNA level in the induced groups were consistently greater 

than that in the control (Figure 5).  

These results suggest that signaling compounds up-regulate gene transcription of PAL 

and C4H and then increase enzymatic activities and accumulation of phenolic acids, which 

results in enhancement in allelopathic potentials in rice. These findings have important 

ecological significance in the sense that allelopathy is an active defense mechanism of 

plants, and JA and SA signaling pathways may control the allelochemical release and 

allelopathic potentials. That suggests that plants may activate signaling systems to release 

allelochemicals into the environments to interfere with neighbor’s growth in response to 

competition, stresses etc. Wang et al. (2005) found that rice plants increased their 

allelopathic potentials when they competed with barnyardgrass, flatsedge (Cyperus 

difformis), ducksalad (Monochoria vaginalis Burm.f). Bidens pilosa plants increase 

allelopathic potentials in drought season (Zeng and Luo, 1995). These findings indicate that 

plant chemical defenses against herbivores, microbial pathogens and other plants 

(allelopathy) have common mechanism in which signaling transduction plays a vital role. 

Cross resistance may exist in different plant chemical defenses. Centaurea maculosa, one of 

the most destructive invasive plants in North America, exudes far higher amounts of (±)-

catechin, an allelochemical known to have inhibitory effects on native plants, and exhibit 

more intense negative effects on natives, when attacked by larvae of two different root 

boring biocontrol insects and a parasitic fungus (Thelen et al., 2005). Plant signals are 

potentially valuable in the regulation of allelopathy for competing with other plants. 

Understanding signaling pathways involved in allelopathy phenomena can provide valuable 

insights into whole chemical defense in plants and optimizing chemically based pest 

management programs.  
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Figure legends 

 

FIG. 1 Enzymatic activity of the phenylalanine ammonia-lyase in the leaves of rice IAC 165 

after treatment with MeSA (5 mM) and MeJA (0.05 mM) for 48 hr at the second, fourth and 

sixth leaf ages. Values are means ± standard errors from three replicates. Significant 

difference (P < 0.05) among treatments in each group are indicated by different letters 

above bars. 

 

FIG. 2 Enzymatic activity of the Cinnamate 4-hydroxylase in the leaves of the IAC165 after 

treatment with MeSA (5 mM) and MeJA (0.05 mM) for 48 hr at the second, fourth and sixth 

leaf ages. Values are means ± standard errors from three replicates. Significant difference (P 

< 0.05) among treatments in each group are indicated by different letters above bars.  

 

FIG. 3 Concentrations of phenolic acids in aqueous leaf extracts of rice IAC 165 after 

treatment with MeSA (5 mM) and MeJA (0.05 mM) for 48 hr at the fourth leaf age. Values 

are means ± standard errors from three replicates. Significant difference (P < 0.05) among 

treatments in each group are indicated by different letters above bars. VA, vanillic acid; CA, 

caffeic acid; FA, ferulic acid; CMA, Coumaric acid; HBA, 3, 4-hydroxybenzoic acid. 

 

FIG. 4 Concentrations of phenolic acids in aqueous stem extracts of rice IAC 165 after 

treatment with MeSA (5 mM) and MeJA (0.05 mM) for 48 hr at the fourth leaf age. Values 

are means ± standard errors from three replicates. Significant difference (P < 0.05) among 

treatments in each group are indicated by different letters above bars. VA, vanillic acid; CA, 

caffeic acid; FA, ferulic acid; CMA, Coumaric acid; HBA, 3, 4-hydroxybenzoic acid. 

 

FIG. 5 Gene expression of phenylalanine ammonia-lyase (PAL) and cinnamate 4-hydroxylase 

(C4H) in the leaves of rice IAC165 in response to treatment with MeSA (5 mM) and MeJA 

(0.05 mM) for 48 hr at the fourth leaf age. Actin was used as internal standard of RT-PCR 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Specific primers for RT-PCR 

Gene  Accession 

number 
Gene function  Specific primer 

OsPAL X16099 catalyzing the first step in the 

biosynthesis of phenylpropanoids 
F:5'-CACAAGCTGAAGCACCACCC-3' 

R:5'-GAGTTCACGTCCTGGTTGTG-3' 

OsC4H OJ1342 a cytochrome P450 catalyzing the 

conversion of cinnamate into 4-

hydroxy-cinnamate, a key 

reaction of the phenylpropanoid 

pathway 

F:5’-CTGGCACCGACGGTCATGTT-3’ 

R:5’-CTGGATGGTGCTTGAGCTTG-3’ 

 

Actin X15865 Constitutive actin gene and 

internal standard of RT-PCR 

F:5'-ACTGTCCCCATCTATGAAGGA-3’ 

R:5'-CTGCTGGAATGTGCTGAGAGA-3' 

C4H: Cinnamate 4-hydroxylase, PAL: Phenylalanine ammonia-lyase. Actin, Internal standard 

of RT-PCR 

 



 

TABLE 2 Influences of external application of MeJA (0.05 mM) and MeSA (5 mM) on effects of 

the aqueous extract of rice Huajingxian1 and IAC165 on root length and shoot length of 

barnyardgrass.  

Extraction 

organ 
Treatments 

Huajingxian1  IAC165 

Root length 

(cm) 

Shoot length 

(cm) 

Root length 

(cm) 

Shoot length 

(cm) 

Stems 

Control 7.0±0.49a 6.0±0.18a 6.3±0.27a 6.0±0.49a 

MeJA 2.6±0.21c 5.9±0.42a 4.2±0.47b 4.4±0.42b 

MeSA  4.5±0.51b 5.6±0.23a 4.8±0.4b 3.7±0.39b 

      

Leaves 

Control 4.8±0.37a 5.5±0.25a 6.3±0.32a 5.6±0.34a 

MeJA 1.8±0.37c 5.2±0.25a 5.0±0.35b 4.3±0.28b 

MeSA  3.6±0.14b 6.0±0.31a 4.7±0.49b 4.5±0.32b 

Rice plants were treated at fourth leaf age for 48 hr. Values are mean  standard error, significant 

difference (P < 0.05) among treatments in each group are indicated by different letters. 

 

 



TABLE 3 Influences of external application of MeJA (0.05 mM) and MeSA (5 mM) on effects of 

the root exudates of rice Huajingxian1 and IAC165 in agar on root length and shoot length of 

barnyardgrass.  

Rice cultivars Treatments Root length (cm)   Shoot length (cm) 

Huajingxian 1 Control  10.9±0.44a 22.3±0.55a 

 MeJA 8.4±0.44b 21.4±0.76a 

 MeSA  8.8±0.36b 21.2±0.77a 

    

IAC165 Control 10.4±0.74a 20.6±0.54a 

 MeJA 8.6±0.56b 20.9±0.80a 

  MeSA  8.4±0.55b 18.8±1.33a 

Rice plants were treated at fourth leaf age for 48 hr. Values are mean  standard error, significant 

difference (P < 0.05) among treatments in each group are indicated by different letters. 
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FIG. 1 Concentrations of phenolic acids in aqueous leaf extracts of rice IAC 165 after 

treatment with MeSA (5 mM) and MeJA (0.05 mM) for 48 hr at the fourth leaf age. Values 

are means ± standard errors from three replicates. Significant difference (P < 0.05) among 

treatments in each group are indicated by different letters above bars. VA, vanillic acid; CA, 

caffeic acid; FA, ferulic acid; CMA, Coumaric acid; HBA, 3, 4-hydroxybenzoic acid. 
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FIG. 2 Concentrations of phenolic acids in aqueous stem extracts of rice IAC 165 after 

treatment with MeSA (5 mM) and MeJA (0.05 mM) for 48 hr at the fourth leaf age. Values 

are means ± standard errors from three replicates. Significant difference (P < 0.05) among 

treatments in each group are indicated by different letters above bars. VA, vanillic acid; CA, 

caffeic acid; FA, ferulic acid; CMA, coumaric acid; HBA, 3, 4-hydroxybenzoic acid. 
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FIG. 3 Enzymatic activity of the phenylalanine ammonia-lyase in the leaves of rice IAC 165 

after treatment with MeSA (5 mM) and MeJA (0.05 mM) for 48 hr at the second, fourth and 

sixth leaf ages. Values are means ± standard errors from three replicates. Significant 

difference (P < 0.05) among treatments in each group are indicated by different letters 

above bars. 
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FIG. 4 Enzymatic activity of the Cinnamate 4-hydroxylase in the leaves of the IAC165 after 

treatment with MeSA (5 mM) and MeJA (0.05 mM) for 48 hr at the fourth leaf ages. Values 

are means ± standard errors from three replicates. Significant difference (P < 0.05) among 

treatments are indicated by different letters above bars. 
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FIG. 5 Gene expression of phenylalanine ammonia-lyase (PAL) and cinnamate 4-hydroxylase 

(C4H) in the leaves of rice IAC165 in response to treatment with MeSA (5 mM) and MeJA 

(0.05 mM) for 48 hr at the fourth leaf age. Actin was used as internal standard of RT-PCR. 
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