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a  b  s  t  r  a  c  t

Allelopathic  rice  cultivar  PI312777  (PI)  and  non-allelopathic  rice  cultivar  Lemont  (Le)  were  mixed  with
barnyard  grass  (Echinochloa  crus-galli  L., BYG)  at various  ratios  (rice:weed  ratios  of  4:1,  2:1,  and  1:1)  in
hydroponic  cultures.  The  expression  of  four  genes,  i.e. phenylalanine  ammonia-lyase  (PAL),  cinnamate-
4-hydroxylase  (C4H),  ferulic  acid  5-hydroxylase  (F5H),  and  caffeic  acid  O-methyltransferases  (COMT),
which are  involved  in  the  biosynthesis  of  the phenolic  compounds  in  rice,  were  evaluated  by  a  quan-
titative  real-time  polymerase  chain  reaction  (qRT-PCR).  The  contents  of  phenolic  compounds  in  leaves,
roots, and  culture  solutions  of the  two rice  cultivars  were  determined  using  high  performance  liquid
chromatography  (HPLC).  The  results  showed  that  all  of  the  four  genes  were  up-regulated  in leaves  and
roots  of  the  allelopathic  rice  PI at all rice:weed  ratios.  However,  three  of  the  four  genes,  C4H,  F5H,  and
COMT,  were  down-regulated  in the leaves  and  roots  of  the  non-allelopathic  rice  Le.  The  degree  to which

PAL  was  up-regulated  in leaves  and  roots  was  much  higher  in  PI than  in  Le.  The contents  of  phenolic
compounds  in PI  leaves,  roots,  and  culture  solutions  were  higher  than  that  in Le leaves,  roots,  and  cul-
ture solutions.  The  higher  expression  of  the  genes  involved  in  the  phenylpropanoid  metabolism  and  the
higher contents  of  phenolic  compounds  in PI  are  consistent  with  the  higher  inhibitory  rates  of  PI on BYG.
These  results  indicate  that  the  PAL  gene  in  PI is more  sensitive  to  BYG  stress  than  in Le,  and  barnyard
grass  up  regulates  the biosynthesis  of phenolic  compound  in  allelopathic  rice.
ntroduction

The phenomenon of plant allelopathy was noticed around 300
C. As early as 1 AD the first observations of weed and crop allelopa-
hy were recorded by Theophrastus and Pliny II (Weston, 2005).
he study of plant allelopathy was formalized in the 1980s, when
ilday discovered that a few rice cultivars had a special ability to

nhibit the growth of paddy weeds, specifically red stem (Ammannia

occinea Rottb.) and duck salad (Heteranthera limosa (Sw.) Willd.)
Dilday et al., 1994). Allelopathy, properly applied, can reduce the
eed for chemical herbicides in rice cultivation, reducing the risk

Abbreviations: BA2H, benzoic acid 2-hydroxylase; BYG, barnyard grass
Echinochloa crus-galli L.); C4H, cinnamate-4-hydroxylase; COMT, caffeic acid O-

ethyltransferases; F5H, ferulic acid 5-hydroxylase; HPLC, high performance liquid
hromatography; IR, inhibitory rate; Le, non-allelopathic rice cultivar Lemont; PAL,
henylalanine ammonia-lyase; PI, allelopathic rice cultivar PI312777; qRT-PCR,
uantitative real-time polymerase chain reaction.
∗ Corresponding author. Tel.: +86 591 83737535; fax: +86 591 8369440.

E-mail address: wenxiong181@163.com (W.  Lin).
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of environmental contamination, human health problems, and the
development of herbicide-resistant weeds (Olofsdotter, 1998). The
use of rice allelopathy in integrated weed management is one of
the most interesting new avenues to sustainable agriculture.

Allelopathic characteristics in rice are quantitatively inherited
and allelopathic potential of rice is affected by environmental
interactions (Courtois and Olofsdotter, 1998; Dilday et al., 2000;
Jensen et al., 2001). Under low-nitrogen conditions, the allelo-
pathic potential of allelopathic rice cultivar PI312777 (PI) became
enhanced. Nine genes related to phenylpropanoid metabolism,
including phenylalanine ammonia-lyase (PAL), became up regu-
lated and the content of phenolic compounds in rice was increased
(Xiong et al., 2010). The same results were observed under low-
potassium and low-phosphorus conditions (Wang et al., 2008,
2010). When rice leaves were irradiated with UV  light, the activi-
ties of diterpene cyclase, PAL and cinnamate-4-hydroxylase (C4H)
were induced and PAL activity in Kouketsumochi (an allelopathic

rice cultivar) was elevated to over two times higher than that in AUS
196 (a non-allelopathic rice cultivar). The p-coumaric acid content
in allelopathic rice was found to be about 3–5 times higher than
in any non-allelopathic rice cultivars (Shin et al., 2000). There are

dx.doi.org/10.1016/j.jplph.2012.06.018
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.de/jplph
mailto:wenxiong181@163.com
dx.doi.org/10.1016/j.jplph.2012.06.018
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ig. 1. Pathway of phenylpropanoid metabolism (Dixon and Paiva, 1995; Silverman e
4H,  cinnamate-4-hydroxylase; F5H, ferulic acid 5-hydroxylase; COMT, caffeic acid

elatively few articles on the allelopathy of rice under weed stress.
im et al. (2000) studied the relationship between rice allelopa-

hy and barnyard grass (Echinochloa crus-galli L., BYG) stress. The
xperiment involved four combinations of rice (Kouketsumochi)
nd BYG (1 + 4, 2 + 3, 3 + 2, and 4 + 1). The highest inhibition, 82.3%,
as obtained at a 1 + 4 combination of rice and BYG and the low-

st at a 4 + 1 combination. This suggested that Kouketsumochi
ice exerts stronger allelopathic effects when grown under more
ompetitive conditions. Kato-Noguchi (2011) reported that the
llelopathic activity of rice seedlings was 5.3–6.3 times higher
hen rice and BYG seedlings were grown together. The concen-

ration of momilactone B (a putative allelochemical derivatives
rom terpenoid metabolism) in rice seedlings grown with BYG
eedlings was 6.9 times higher than the concentration observed
n rice seedlings grown in monoculture. Our previous research
howed that the allelopathic rice PI and non-allelopathic rice non-
llelopathic rice cultivar Lemont (Le) had distinct morphological,
hysiological, and photosynthetic responses to BYG in rice:weed
ixed culture systems (He et al., 2010). Analysis by suppression

ubtractive hybridization technique showed that under low nitro-
en and BYG stress, the expression of the genes associated with
llelochemical synthesis and detoxification were up-regulated in
I (Song et al., 2008; Fang et al., 2010).

Phenolic compounds have attracted a great deal of attention
rom rice allelopathy researchers (Chou and Lin, 1976; Mattice et al.,
998; Rimando et al., 2001; Chung et al., 2001, 2002; Seal et al.,
004). Plant phenolic compounds are derived from cinnamic acid,
hich is formed from phenylalanine by PAL. This key enzyme in

he biosynthesis of phenolic compounds catalyzes the transition
rom primary (shikimate pathway) to secondary (phenylpropanoid
athway) metabolism (Dixon and Paiva, 1995; Silverman et al.,
995; Buchanan et al., 2000; Sawada et al., 2006). Cinnamic acid

s a branch point in the phenylpropanoid pathway. One branch is
o benzoic acid derivatives (molecules with a C6–C1 skeleton), such

s benzoic acid and salicylic acid. Another branch leads to cinnamic
cid derivatives (molecules with a C6–C3 skeleton), for example to
-coumaric acid by C4H, to caffeic acid by ferulic acid 5-hydroxylase
F5H), to ferulic acid by caffeic acid O-methyltransferases (COMT),
995; Buchanan et al., 2000; Sawada et al., 2006). PAL, phenylalanine ammonia-lyase;
thyltransferases; BA2H, benzoic acid 2-hydroxylase.

and to 5-hydroxyferulic acid by F5H (Fig. 1). Rice allelopathic poten-
tial was enhanced under abiotic stress, accompanied by an increase
of phenolic compounds and up regulation of related biosynthe-
sis genes (Shin et al., 2000; Wang et al., 2008, 2010; Xiong et al.,
2010). No report describes the response of phenylpropanoid genes
in allelopathic rice to biotic stress such as weeds. In this study,
we evaluate the performance of four related genes, PAL, C4H, F5H,
and COMT in the biosynthesis of phenolic compounds, and the
levels of certain phenolic compounds in allelopathic rice and non-
allelopathic rice grown hydroponically under BYG stress at various
rice:weed ratios.

Materials and methods

Rice/Echinochloa crus-galli L. (BYG) mixed culture system

In this rice/weed mixed culture system, allelopathic rice PI and
non-allelopathic rice Le (Dilday et al., 2000) were mixed with BYG at
various ratios in a hydroponic culture system (Fig. 2). The rice:weed
ratios in single pots were 20 rice seedlings:5 BYG seedlings (4:1), 20
rice seedlings:10 BYG seedlings (2:1), and 20 rice seedlings:20 BYG
seedlings (1:1). The controls were 20 seedlings of each rice cultivar
or 20 BYG seedlings, grown in monoculture. The experiments were
conducted in a greenhouse at the agro ecological experimental sta-
tion of Fujian Agriculture and Forestry University, Fuzhou, China.
The temperature ranged from 25 ◦C to 35 ◦C.

Germinated seeds of PI, Le and BYG were sown in sand. Forty
uniform rice seedlings (3-leaf stage) and BYG seedlings (2-leaf
stage) were transplanted into Styrofoam floats with 40 perforated
holes (5 cm × 8 cm). The seedlings were stabilized with cotton plugs
inserted into each hole. The Styrofoam plates with seedlings were
floated in a plastic pot (45 cm × 35 cm × 15 cm) containing 10-L
Hoagland solution (Hoagland and Arnon, 1950). Seven days after
recovery, rice and BYG seedlings were transplanted at different

rice:weed ratios (Fig. 2) into pots with fresh Hoagland solution. The
treatments were conducted in triplicates. Additional distilled water
was added to each pot daily to maintain a 10-L solution volume.
Seven days after treatment, all plant seedlings were harvested. The



H. He et al. / Journal of Plant Physiology 169 (2012) 1747– 1753 1749

F ) Rice
a ntrol.

B
4
w
t
p

Q
a

e
p
R
T
w
r
R
C
t
fi
f
fi
o
0
t
t
T
s
p
g
(
l
f
M

E

w
(
w
m
a
t
s
g
a

a
u
r
fi

ig. 2. Scheme of rice/BYG mix  cultured system at different ratios of rice:BYG. (�

llelopathic rice cultivar PI312777; Le, non-allelopathic rice cultivar Lemont; CK, co

YG seedlings were oven-dried at 120 ◦C for 30 min  and at 80 ◦C for
8 h so that plant dry weight could be measured. The rice seedlings
ere frozen at −80 ◦C for subsequent analysis. The culture solu-

ions were collected and filtered before the determination of the
henolic compound content.

uantitative real-time polymerase chain reaction (qRT-PCR)
nalysis

The qRT-PCR was performed as described previously (Wang
t al., 2010). Gene-specific primers are shown in Table 1s (Sup-
lementary). The actin gene was used as an internal control. Total
NA was extracted from 0.5-g samples (leaves and roots) using
RIzol reagent (Invitrogen) (Supplementary, Fig 1s).  RNA integrity
as electrophoretically verified by OD260/OD280 nm absorption

atio > 1.90. The qRT-PCR was conducted with an ExScriptTMRT
eagent Kit and SYBR Premix Ex TaqTM Kit (TaKaRa) using a
FD3120 MiniOpticon instrument (BIO-RAD) in accordance with
he manufacturer’s instructions. PCR program is as follows: ampli-
cation conditions were an initial denaturation at 95 ◦C for 10 s,

ollowed by 41 cycles of 95 ◦C for 5 s, and 60 ◦C for 20 s. The speci-
city of amplification was verified by the melting curve at the end
f PCR cycle. Fluorescence was read at temperature increments of
.2 ◦C with a hold time of 2 s (Supplementary, Fig 2s).  The amplifica-
ion products have been verified by sequencing, and comparison of
he sequences with the NCBI database (Supplementary, Table 2s).
o calculate PCR efficiencies for each gene, reactions with 10-folds
erial dilutions of templates were used and R2 values were com-
uted (Pfaffl, 2001). The relative quantification (ratio) of each target
ene was calculated with the following formula: ratio = 2−��Ct

Livak and Schmittgen, 2001). Three biological replicates were ana-
yzed for each pot, and six replicate PCR reactions were performed
or each biological sample. The results were analyzed using Opticon

onitor 3 software.

xtraction of phenolic compounds

The phenolic compounds of rice tissue and culture solutions
ere extracted as described previously with minor modifications

Wang et al., 2010). One gram rice tissue samples (roots and leaves)
ere dipped in 5 mL  80% methanol (high performance liquid chro-
atography (HPLC)-grade, adjusted to pH 2.6 with 2 M HCl), shaken

t 35 ◦C and 225 rpm for 12 h. The extracts were centrifuged and fil-
ered. The filtrates were dried in a vacuum oven at 35 ◦C to remove
olvent. The dried residues were re-dissolved in 2 mL  pure HPLC-
rade methanol, and filtered through a 0.45 �m nylon filer for HPLC
nalysis.

From each experiment, 1 L of culture solution was collected

nd adjusted to pH 2.6 with 2 M HCl. Samples were evaporated
ntil they were almost dry using a rotary evaporator at 50 ◦C. The
esidues were re-dissolved in 2 mL  pure HPLC grade methanol and
ltered through a 0.45 �m nylon filer for HPLC analysis.
 seedlings; (�) BYG seedlings; (©) blank (empty holes). BYG, barnyard grass; PI,

HPLC analysis of phenolic compounds

Ten phenolic compounds, namely catechins, protocatechuic
acid, m-dihydroxybenzene, caffeic acid, p-hydroxybenzoic acid,
syringic acid, vanillic acid, salicylic acid, trans-ferulic acid, and cin-
namic acid were selected as authentic standards and purchased
from the National Institute for the Control of Pharmaceutical and
Biological Products, China. Each phenolic compound was dissolved
in HPLC-grade methanol.

A Waters model 1525 instrument with a dual � UV detec-
tor (Waters model 2487) was  used for HPLC. Separation of the
10 authentic standards was  performed on a 300 × 3.9-mm uBon-
dapak C18 column. The mobile phase consisted of mixture of
solvent A (water:acetic acid, 95:5, v/v) and solvent B (HPLC-grade
methanol). Gradient elution was performed as follows: 0–2 min,
50% B; 2–3 min, 60% B; 3–6 min, 70% B; 6–20 min, 60% B. The flow
rate was 1.0 mL  min−1. The detection wavelength was 254 nm.  The
injection volume was 1 �L. Putative phenolic compounds were
identified by comparison of their retention times to those of
authentic standards (Supplementary, Table 3s)  and their contents
were quantified based on comparison of their peak areas to authen-
tic standards.

Data analysis

All experimental data were subjected to a one-way analysis of
variance (ANOVA) followed by least significant difference (LSD)
analysis at the 5% level of probability. Statistical analysis was per-
formed using the DPS data processing system (Tang and Feng,
2007).

Results

BYG growth in rice/BYG mixed culture system at different rice/BYG
ratios

In this paper, the effect of two  different allelopathic rice cultivars
with different allelopathic behavior on BYG growth were explored
by rice/BYG mixed culture at various ratios. The results showed that
the inhibitory rates of rice on plant dry weight of BYG increased as
the number of BYG plants increased. However, the inhibitory rates
of PI on BYG were much higher than those of Le at the same rice:BYG
ratios (Table 1).

Gene’s expression of phenolic metabolism in rice at different
rice/BYG ratios

The expression levels of four phenylpropanoid genes, PAL, C4H,
F5H, and COMT were analyzed by qRT-PCR. The results showed that
all four genes were up-regulated in PI leaves and roots (Fig. 3). The

degree of up-regulation increased as the number of BYG plants
increased, except for F5H in PI roots. However, three of the four
genes, except for PAL, were down-regulated in Le leaves and roots
and the degree of down-regulation increased as the number of BYG
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Table  1
The inhibitory rates (IR) of two rice cultivars on plant dry weight of barnyard
grass (BYG). PI, allelopathic rice cultivar PI312777; Le, non-allelopathic rice cultivar
Lemont; IR = (1 − treatment/control) × 100%. IR > 0 and IR < 0 indicate inhibitory and
stimulatory effects, respectively. Each experiment was  performed in triplicate. All
experimental data are presented as mean ± SD. For each cultivar, superscript letters
indicate statistical groups that are significantly different (p < 0.05).

Rice/BYG ratio IR (%)

PI Le

4:1 (20 rice seedlings:5 BYG
seedlings)

35.53 ± 2.63c 13.16 ± 3.95b

2:1 (20 rice seedlings:10 BYG
seedlings)

43.42 ± 1.32b 21.71 ± 2.63a

p
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F
F

1:1 (20 rice seedlings:20 BYG
seedlings)

46.71 ± 1.97a 24.34 ± 1.97a

lants increased. PAL was up regulated to a greater extent in PI than
n Le. Specifically, the up regulation of PAL expression under BYG
tress was 3.7 (at the rice:BYG ratio of 4:1), 2.2 (at the rice:BYG
atio of 2:1), and 2.2 (at the rice:BYG ratio of 1:1) times higher in
I leaves than in Le leaves and 6.7 (at the rice:BYG ratio of 4:1), 3.0
at the rice:BYG ratio of 2:1), and 2.3 (at the rice: BYG ratio of 1:1)
imes higher in PI roots than in Le roots (Fig. 3).

henolic content of rice leaves, roots, and culture solutions at
ifferent rice/BYG ratios

The concentrations of each of the 10 phenolic compounds in
ixture and their sensitivity were pretested by HPLC. The results

howed that the mixture of 10 phenolic compounds could be ana-
yzed simultaneously by their retention time and values of their
eak area (Supplementary, Table 3s).

The contents of the 10 phenolic compounds were higher in PI
amples than in Le samples, especially in the presence of BYG stress
Table 2). Taking a rice:BYG ratio of 1:1 as an example, the total con-
ents of the 10 phenolic compounds were about 6 times higher in PI
eaves, roots and culture solution than that in Le leaves, roots and

ulture solution. Furthermore, the total contents of phenolic com-
ounds in PI were significantly increased as the number of BYG
lants increased. The total contents of the 10 phenolic compounds

n PI leaves, roots and culture solutions at a rice:BYG ratio of 1:1

ig. 3. Expression of the four genes in phenylpropanoid metabolism of two  rice cultivars un
5H,  ferulic acid 5-hydroxylase; COMT, caffeic acid O-methyltransferases; BYG, barnyard gr
logy 169 (2012) 1747– 1753

were about 7, 6 and 4 times as much as when PI was  grown in mono-
culture, respectively. The highest total contents were 110 �g g−1

fresh weight in PI leaves, 101 �g g−1 fresh weight in PI roots, and
7 × 10−7 M in PI culture solutions at a rice:BYG ratio of 1:1. The lev-
els of individual phenolic compounds were very different in PI. The
three most abundant phenolic compounds in PI were salicylic acid,
trans-ferulic acid, and p-hydroxybenzoic acid in rice leaves, roots,
and culture solutions at all rice:weed ratios.

Discussion

In this study, we observed that the PAL gene was  up regulated to
a greater extent in allelopathic rice PI than in non-allelopathic rice
Le at all rice:BYG ratios. In addition, the expression of downstream
genes involved in phenylpropanoid biosynthesis, C4H, F5H, and
COMT, were found to be quite distinct in the two  test rice cultivars
(Fig. 3). PAL is the first key enzyme in the general phenylpropanoid
pathway, which catalyzes the deamination of phenylalanine to cin-
namic acid, the first intermediate of the phenylpropanoid pathway.
Cinnamic acid is further converted to molecules with C6–C3 and
C6–C1 skeletons by subsequent enzymatic steps (Fig. 1). PAL can
be induced by various stress conditions (Dixon and Paiva, 1995;
Silverman et al., 1995; Buchanan et al., 2000; Sawada et al., 2006).
Our results suggest the PAL gene in PI is more sensitive to BYG
stress than in Le, and the subsequent genes (C4H, F5H and COMT)
up regulate in PI. This resulted in the synthesis of more phenolic
compounds in PI than in Le under BYG stress (Table 2). Our results
are similar to those from our previous studies in which two rice
cultivars were exposed to nutrient stresses such as low nitrogen or
low phosphorus or low potassium (Wang et al., 2008, 2010; Xiong
et al., 2010). Kim et al. (2000) found that PAL activity in Kouket-
sumochi (an allelopathic rice cultivar) was  about 17% higher than
in Dongjinbyeo (a non-allelopathic rice cultivar), and the Kouket-
sumochi rice produced about 5 times as much cinnamic acid as the
Dongjinbyeo rice. Shin et al. (2000) reported that when rice leaves
were irradiated with UV light, PAL activity in Kouketsumochi was
increased to over two times higher than that in AUS 196 (a non-

allelopathic rice cultivar). The activity of C4H in Kouketsumochi
was induced and showed peak activity at 24-h after UV irradiation,
though there was  no change in AUS 196. Furthermore, the content
of p-coumaric acid was about 3–5 times higher in allelopathic rice

der BYG stress. PAL, phenylalanine ammonia-lyase; C4H, cinnamate-4-hydroxylase;
ass; PI, allelopathic rice cultivar PI312777; Le, non-allelopathic rice cultivar Lemont.
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Table  2
Content of phenolic compounds in rice leaves, roots and culture solutions when grown in different rice:barnyard grass ratios. PI, allelopathic rice cultivar PI312777; Le,
non-allelopathic rice cultivar Lemont; CK, control (rice cultivar grown in monoculture); ND, not detected. Each experiment was performed in triplicate. All experimental
data  are presented as mean ± SD.

Phenolic compound PI Le

CK 4:1 2:1 1:1 CK 4:1 2:1 1:1

Rice leaf (�g g−1 fresh weight)
Catechin 1.06 ± 0.03 1.16 ± 0.02 1.17 ± 0.05 1.16 ± 0.02 0.97 ± 0.03 1.00 ± 0.02 1.04 ± 0.04 1.04 ± 0.03
Protocatechuic acid 0.29 ± 0.01 0.50 ± 0.02 0.69 ± 0.02 0.76 ± 0.02 0.20 ± 0.01 0.30 ± 0.02 0.37 ± 0.02 0.39 ± 0.02
m-Dihydroxybenzene 0.90 ± 0.03 1.22 ± 0.02 1.90 ± 0.07 2.12 ± 0.08 0.77 ± 0.01 0.88 ± 0.02 0.90 ± 0.02 0.93 ± 0.02
Caffeic  acid 0.37 ± 0.02 1.06 ± 0.02 2.21 ± 0.03 2.80 ± 0.04 0.26 ± 0.01 0.39 ± 0.02 0.36 ± 0.02 0.36 ± 0.02
p-Hydroxybenzoic acid 1.73 ± 0.04 3.59 ± 0.07 4.91 ± 0.05 5.49 ± 0.07 1.08 ± 0.03 1.40 ± 0.03 1.61 ± 0.02 1.60 ± 0.03
Syringic acid ND ND 1.18 ± 0.03 1.58 ± 0.02 ND ND 0.50 ± 0.02 0.57 ± 0.01
Vanillic  acid ND ND ND 4.63 ± 0.10 ND ND ND 2.07 ± 0.04
Salicylic acid 6.60 ± 0.47 7.55 ± 0.66 42.71 ± 0.58 62.13 ± 1.32 4.41 ± 0.13 4.46 ± 0.11 4.59 ± 0.14 5.11 ± 0.21
trans-Ferulic acid 3.79 ± 0.11 8.56 ± 0.18 16.51 ± 0.21 23.92 ± 0.38 2.93 ± 0.26 6.05 ± 0.22 5.69 ± 0.26 4.74 ± 0.28
Cinnamic acid 1.78 ± 0.03 2.79 ± 0.05 4.40 ± 0.09 5.27 ± 0.17 1.34 ± 0.07 2.64 ± 0.11 2.35 ± 0.11 2.23 ± 0.09

Subtotal 16.52 26.43 75.68 109.86 11.96 17.12 17.41 19.04

Rice  root (�g g−1 fresh weight)
Catechin 1.35 ± 0.22 1.45 ± 0.20 1.49 ± 0.12 1.58 ± 0.11 1.19 ± 0.14 1.22 ± 0.10 1.30 ± 0.15 1.46 ± 0.16
Protocatechuic acid 0.50 ± 0.01 0.58 ± 0.02 0.68 ± 0.02 0.69 ± 0.02 0.32 ± 0.02 0.32 ± 0.02 0.31 ± 0.01 0.32 ± 0.02
m-Dihydroxybenzene 1.25 ± 0.03 1.82 ± 0.12 1.87 ± 0.08 2.03 ± 0.09 0.93 ± 0.08 1.03 ± 0.07 1.05 ± 0.07 1.18 ± 0.08
Caffeic  acid 0.36 ± 0.02 1.07 ± 0.04 2.16 ± 0.03 2.75 ± 0.05 0.26 ± 0.01 0.34 ± 0.01 0.33 ± 0.02 0.35 ± 0.02
p-Hydroxybenzoic acid 1.68 ± 0.05 2.76 ± 0.07 0.44 ± 0.02 4.85 ± 0.03 1.17 ± 0.03 1.47 ± 0.02 1.85 ± 0.02 1.89 ± 0.02
Syringic acid ND ND 1.21 ± 0.01 1.47 ± 0.01 ND ND 0.50 ± 0.01 0.61 ± 0.01
Vanillic  acid ND ND 0.00 4.06 ± 0.02 ND ND ND 2.01 ± 0.02
Salicylic acid 5.48 ± 0.47 11.26 ± 1.10 41.15 ± 0.53 59.74 ± 0.46 4.67 ± 0.05 4.83 ± 0.08 4.53 ± 0.06 4.77 ± 0.07
trans-Ferulic acid 5.37 ± 0.41 8.02 ± 0.36 15.92 ± 0.17 19.33 ± 0.16 2.72 ± 0.11 6.11 ± 0.21 4.35 ± 0.14 4.32 ± 0.13
Cinnamic acid 1.51 ± 0.10 3.16 ± 0.27 4.01 ± 0.17 4.19 ± 0.14 1.49 ± 0.07 1.97 ± 0.06 1.88 ± 0.08 1.55 ± 0.06

Subtotal 17.5 30.12 68.93 100.69 12.75 17.29 16.1 18.46

Rice  culture solution (×10−9 M)
Catechin ND ND ND ND ND ND ND ND
Protocatechuic acid ND 1.94 ± 0.06 4.62 ± 0.08 5.26 ± 0.09 ND ND 1.82 ± 0.14 1.93 ± 0.11
m-Dihydroxybenzene 9.46 ± 0.14 18.05 ± 1.11 22.25 ± 0.60 23.13 ± 0.86 9.33 ± 0.34 10.07 ± 0.44 10.60 ± 0.55 10.58 ± 0.50
Caffeic acid 2.43 ± 0.16 8.52 ± 0.14 13.52 ± 0.14 17.94 ± 0.09 1.96 ± 0.08 2.41 ± 0.07 2.51 ± 0.07 2.05 ± 0.08
p-Hydroxybenzoic acid 23.26 ± 0.47 29.92 ± 0.55 40.77 ± 0.28 58.83 ± 0.32 9.85 ± 0.22 9.92 ± 0.25 11.05 ± 0.28 13.67 ± 0.30
Syringic  acid 5.34 ± 0.12 6.89 ± 0.12 8.36 ± 0.16 8.94 ± 0.13 1.48 ± 0.14 2.64 ± 0.12 2.41 ± 0.11 3.54 ± 0.09
Vanillic  acid ND ND 30.43 ± 0.63 43.17 ± 0.32 ND ND ND 11.20 ± 0.32
Salicylic acid 79.44 ± 5.67 119.54 ± 5.63 204.05 ± 7.24 372.61 ± 5.20 33.87 ± 0.38 37.40 ± 0.52 40.01 ± 0.42 49.23 ± 0.55
trans-Ferulic  acid 36.74 ± 1.12 93.39 ± 1.03 97.73 ± 1.75 129.23 ± 2.16 12.21 ± 1.04 14.00 ± 0.90 13.50 ± 1.10 13.76 ± 0.81
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Cinnamic acid 18.33 ± 0.30 27.57 ± 1.18 32.78 ± 1.83 

Subtotal 175 305.82 454.51 

ang gan, Kouketsumochi and Taichung Native 1 than any other
on-allelopathic rice (Shin et al., 2000). All this evidence indicates
ifferential response to environmental stresses exists among allelo-
athic rice cultivars and non-allelopathic rice cultivars. The genes

nvolved in phenylpropanoid biosynthesis in allelopathic rice cul-
ivars could be up regulated by abiotic or biotic stresses to increase
he biosynthesis of phenolic compounds.

Although the role of phenolic compounds in rice allelopathy
as been studied quite extensively (Chou and Lin, 1976; Mattice
t al., 1998; Rimando et al., 2001; Chung et al., 2001, 2002; Seal
t al., 2004), it remains controversial. Firstly, phenolic compounds
n plants exist either in the free form or the bound form. The free
henolic acids are usually conjugated to other organic molecules
uch as glucose, carbohydrates or organic acids, etc. Only has the
ree phenolic compounds released to the environment have an
ffect on neighboring plants. Therefore, compounds in rice root
xudates are more biologically significance than compounds in rice
issues. However, Olofsdotter et al. (2002) suggested that the con-
entration of phenolic acids released by rice cultivars was too low
o the detriment of weed species. Secondly, it is difficult to get a
onsistent picture from publications on the allelopathic effects of

henolic acids when applied in mixtures because some papers sug-
ested synergistic effects (Einhellig and Rasmussen, 1979; Einhellig
t al., 1982; Lehman et al., 1994; Chung et al., 2002; Jia et al., 2006).
thers suggested antagonistic effects (Duke et al., 1983; Inderjit
37 ± 1.18 7.19 ± 0.22 6.81 ± 0.20 7.15 ± 0.25 7.86 ± 0.30

.48 75.89 83.25 89.05 113.82

and Bhowmik, 2002). It is commonly accepted that allelopathy is
the result of the combined effects of several compounds, rather than
one specific compound solely (Einhellig, 1995; Blum, 1996; Reigosa
et al., 1999; Kruse et al., 2000; Inderjit and Duke, 2003). A number of
putative allelochemicals in rice have been reported, such as long-
chain fatty acid esters, benzaldehydes, terpenoids, momilactone,
steroids, blumenol A and grasshopper ketone, as well as phenolic
acids (Chou and Lin, 1976; Mattice et al., 1998; Kim and Kim, 2000;
Rimando et al., 2001; Chung et al., 2002; Seal et al., 2004; He et al.,
2006; Macias et al., 2006; Kato-Noguchi, 2011; Kato-Notuchi et al.,
2012; Xu et al., 2012). It is important that although some chem-
ical compounds in mixture such as amino acids, carbohydrates
and other organic compounds may  not act directly as allelopathic
agents, they can modify the activity of allelochemicals. A mixture
can show allelopathic activity even when the concentrations of
individual compounds are significantly below their active thresh-
olds (Blum et al., 1993, 1999; Blum, 1996, 2004; Pue et al., 1995).
Our results in this paper showed the inhibitory rates of rice/BYG
mixed culture solutions on BYG were increased as the number of
BYG plants increased, and the levels of phenolic compounds are ele-
vated in allelopathic rice in the presence of BYG (Tables 1 and 2).

We suggest it is the result of the combined effects of compounds in
culture solution.

This is the first report on the expression of specific genes
involved in the phenylpropanoid metabolism and the contents of
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henolic compounds in rice:BYG mixed cultures at various rice:BYG
atios. Understanding the response mechanism of rice allelopathy
nder abiotic and biotic stress can help us to find a suitable way
o increase rice allelopathy, for example up regulate genes related
o phenylpropanoid metabolism. It has been reported that allelo-
athic potential of rice could be induced or enhanced by exogenous
alicylic acid, ferulic acid, p-coumaric acid, p-hydroxybenzonic acid,
ethyl jasmonate and methyl salicylate (Bi et al., 2007; Fang et al.,

009; Xu et al., 2010). Improvement of rice allelopathy by inte-
rated regulation technology may  be an effective way to suppress
ompetitive weeds in the field, reduce the need for synthetic her-
icides and thus foster sustainable agriculture.
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