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RESEARCH ARTICLE
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Wallr. and Orobanche minor Sm. germination
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University, Yangling 712100, Shaanxi, China; cThe State Key Laboratory of Rice Biology, China National Rice Research Institute,
Hangzhou 310006, China

(Received 24 January 2014; accepted 2 April 2014)

Allelopathy has been considered not only as an environmentally friendly approach for weed control but also a potential
reason causing autotoxicity in crop production. In this study, the responses of seeds of lettuce, wheat, rice, clover
broomrape (CB), and sunflower broomrape (SB) to the root exudates of rice cultivars were studied. Lettuce germination
was promoted by root exudates of Yliangyou 3218 and I-Kung-Pao. Wheat seedling growth was inhibited by all nine
rice species. I-Kung-Pao and Ganxin 203 exerted greater autotoxicity than other cultivars. Yongyou 15 and I-Kung-Pao
induced the highest germination rate of CB, while Yongyou 13, Zhongzao 22, and I-Kung-Pao induced the highest
germination rate of SB. A significantly correlation was noted between germination-inducing ability on broomrape seeds
and allelopathic effects on target plants. It is suggested that using broomrape seeds germination is a better receptor for
the identification of rice allelopathic potential.

Keywords: allelopathy; germination bioassay; broomrape; rice

Introduction

Allelopathy refers to the effect of one plant species on
another through the release of chemical compounds
into the environment (Weih et al. 2008), which may be
either growth promoting (i.e. synergistic) or inhibiting
(i.e. antagonistic), depending on the compounds released
and target plants. Allelopathy can play a beneficial role
in various cropping systems, including mixed cropping,
multiple cropping, cover cropping, crop rotation, and
minimum or no-till systems (Ben et al. 2001). The
potential use of allelopathy as a natural means for weed
suppression in agroecosystems has attracted the interest
of researchers for a long time (Putnam 1986).

About 3.5% of rice germplasm tested in laboratory
(Fujii 1992; Navarez & Olofsdotter 1996) and field
experiments (Dilday et al. 1998; Olofsdotter et al. 1999)
has allelopathic potential against weeds. A number of
compounds, such as phenolic acids, fatty acids, pheny-
lalkanoic acids, hydroxamic acids, terpenes, indoles, and
the labdane-related diterpenoid momilactones, have been
identified as potential rice allelochemicals (Rimando &
Duke 2003; Khanh et al. 2007; Kato-Noguchi & Peters
2013). Allelopathic potential against a broad spectrum of
target weeds would be a desirable trait in a rice cultivar.
Preliminary genetic studies indicate that allelopathy in
rice is a quantitatively inherited feature (Courtois &
Olofsdotter 1998; Dilday et al. 1998; Jebsen et al. 2001;
Olofsdotter 2001). Therefore, allelopathic potential must
be selected at the early stages of plant-breeding pro-
grams, as a large amount of allelopathic traits could be

lost during artificial selection for increased yield. How-
ever, most of the allelopathy studies on rice were mainly
focused on the relationship between rice and barnyard-
grass (Echinochloa crus-galli (L.) Beauv.), and the alle-
lochemicals identified were also based on suppression
rate of barnyardgrass growth. The allelopathic effects of
rice varied depending on target plants (Xuan et al. 2005;
Kato-Noguchi et al. 2011; Kato-Noguchi et al. 2013).
Thus, it is essential to analysis the allelopathic interac-
tions between rice and other plant species.

Broomrape (Orobanche spp.) is an obligate holo-
parasite that infests many broadleaf crops and weeds,
causing severe yield loss in crop products (Parker &
Riches 1993). The germination of broomrape seeds
requires chemical compounds secreted by potential host
roots. It was reported that rice was widely used as a trap
crop in broomrape control in Africa (Parker & Riches
1993), indicating signal communications existed between
rice and broomrape seeds. As mentioned above, some of
rice cultivars exhibited significant allelopathy in field.
Thus, there is a question that whether the rice cultivars
which induced high germination rate of broomrape seeds
are with high allelopathic potential inhibiting associated
plant species growth.

Lettuce (Lactuca sativa L.) and wheat (Triticum
aestivum L.) are widely used in allelopathy studies
because the germination of the seeds are high, sensitive,
and stable (Chou & Chung 1974; Olofsdotter 2001). By
using seeds of lettuce and wheat as targets, the allelo-
pathic potentials of varied plant species were evaluated
(Kato-Noguchi 1999; Abdelgaleil & Hashinaga 2007;
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Kato-Noguchi et al. 2009; Zeng et al. 2009). In this
article, we conducted an allelopathy study on root exu-
dates of nine rice cultivars using lettuce, wheat and rice
seeds as receptors and followed with germination test of
seeds of sunflower broomrape (SB; Orobanche cumana
Wallr.) and clover broomrape (CB; Orobanche minor
Sm.) treated with the exudates. The purpose of this study
is to determine if there is a relationship between allelo-
pathy and broomrape germination-inducing ability of
rice root exudates.

Materials and methods

Plant materials and chemicals

Nine rice cultivars were used in the experiment: Xiushui
417 (traditional cultivar, nonallelopathy), Yongyou 13
(hybrid rice), Yongyou 15 (hybrid rice), Zhongzao 22
(traditional cultivar), Zhongzu 14 (traditional cultivar),
Zhunliangyou 527 (hybrid rice), Yliangyou 3218 (hybrid
rice), Ganxin 203 (hybrid rice), and I-Kung-Pao (native
cultivar from Taiwan, high-allelopathy). Seeds for these
cultivars were provided by Dr Yongjun Zhou of the
China National Rice Research Institute. CB (O. minor)
seeds were collected from the fields of Utsunomiya
University of Japan, and SB (O. cumana) seeds were
collected under the infested sunflower fields in the
Xinjiang Uygur Autonomous Region of China, respect-
ively. Lettuce (L. sativa L.) and wheat (T. aestivum
L. var. No. 22 Xiaoyan) seeds were purchased from local
seed company. Synthetic strigolactone, GR24, was
supplied by Professor B. Zwanenburg, Radboud Univer-
sity, The Netherlands.

Collection of rice root exudates

Seeds used in the experiment were uniformly surface-
sterilized by immersing in 1% NaClO for 3 min, in 75%
(V/V) ethanol for 3 min, and then rinsed with autoclaved
distilled water five times and air-dried on a clean bench.
Before use, the rice seeds were germinated on moistened
filter paper in Petri dishes for 72 h at 25°C in the dark.
After germination, 224 rice seedlings were transferred to
a strainer (36 cm × 26 cm × 8 cm) lined with a sheet of
gauze that had been moistened by placing it in a slightly
larger container (42 cm × 30 cm × 11 cm) containing 4 L
of deionized water. The seedlings were placed in a
growth chamber with a 12 h photoperiod at 120 µmol
photons m−2 s−1 at 25°C. The deionized water medium
was replaced every two days. On day 7, the deionized
water was replaced with half strength Tadano and
Tanaka medium (Tadano & Tanaka 1980) containing
2.43 mmol L−1 N, 0.16 mmol L−1 P, 1 mmol L−1,
1 mmol L−1 Ca, 2.43 mmol L−1 Mg, and 1 mmol L−1

4-morpholine ethanesulfonic acid (MES). The pH of the
culture media was adjusted to 6.0 with NaOH. The
Tadano and Tanaka medium was replaced every two
days. On day 15, the Tadano and Tanaka medium was
replaced with deionized water containing one mmol L−1

CaCl2. The deionized water plus CaCl2 medium was

circulated through an activated charcoal filter with an
aquarium pump. The rice was grown on this medium for
one week. At the same time, the root exudates trapping
system without rice seedling was used as control. The
medium and the charcoal filters were replaced every
two days.

Root exudates adsorbed onto the charcoal filters
were eluted with acetone. The acetone was removed by
vacuum evaporation in a rotary evaporator at 40°C. The
residue was dissolved in 50 mL distilled water, and then
filtered three times with 50 mL ethyl acetate (EtOAc).
The EtOAc extracts were combined, dried over anhyd-
rous Na2SO4, and then evaporated to dryness under
vacuum at 40°C using a rotary evaporator. The residues
were dissolved in 5 mL acetone and then stored in sealed
glass vials at 4°C. The stored residues were diluted with
distilled water to final concentration of 100, 10 and
1 mg L−1 before use. By using a pH meter (Mettler-
Toledo, Swizerland) and a vapor pressure osmometer
(Model 5600, Wescor, Logan, UT, USA), the pH and the
osmolality of the aliquots of root exudates of nine rice
varieties were characterized at 100, 10, and 1 mg L−1,
respectively. However, the values of pH were between
6.00 and 6.38 and osmolality were between 8 and 11
mmol kg−1 of these aliquots among rice varieties. So it
was believed that the allelopathic effects were the major
factor influencing the germination of target plants in this
experiment.

CB and SB germination assays

CB and SB seeds must be conditioned before becoming
receptive to a germination stimulant. To condition the
seeds, 5 mL aliquots of gibberellin (GA3, 10−4 mol L−1)
were applied into Petri dishes (9 cm diameter) lined with
double-filter papers. Glass fiber filter disks (8 mm
diameter, Whatman GF/A) were laid on the filter paper
and then about 30–50 broomrape seeds were sown on
each glass fiber disk. The Petri dishes with CB seeds
were sealed with parafilm and incubated at 25°C in the
dark for six days as described by Parker et al. (1977),
whereas the Petri dishes with SB seeds were conditioned
for three days under the same condition.

Aliquots (20 µL) of rice root exudates were applied
to the glass fiber disks with conditioned broomrape
seeds in Petri dishes. Individual treatments were repli-
cated three times. The Petri dishes were sealed and
incubated at 25°C. Germination rates were determined
with a microscope after 10 days incubation. Broomrapes
seeds treated with GR24 and distilled water were used as
positive and negative controls (Mangnus et al. 1992).

Lettuce, wheat, and rice germination assays

Wheat (T. aestivum L.), lettuce (L. sativa L.) and rice
(Oryza sativa L.) seeds were surface-sterilized by
immersion for 2 min in 1% (v/v) sodium hypochlorite
followed by immersion for 2 min in 70% (v/v) ethanol,
then the seeds were washed with sterile distilled water.
Lettuce seeds directly placed in Petri dishes (12.5 cm in
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diameter) on two layers of Whatman No. 1 filter paper,
while seeds of wheat and rice were presoaked with water
for about 72 h until the radicle was just visible, and then
placed in Petri dishes on two layers of Whatman No. 1
filter paper. The Petri dishes and filter paper had been
sterilized in a high-pressure steam sterilizer for 30 min.
Each dish contained 20 wheat, lettuce, or rice seeds.
A 3-mL aliquot of the test solution (100 mg L−1,
10 mg L−1, or 1 mg L−1 dilution of rice root exudates
and system control) was added to the filter paper. Each
treatment was replicated three times. The seeds were incu-
bated at 25°C. Germination rates of lettuce were deter-
mined after 24 h, by counting the number of lettuce seeds
with radicles > 1 mm long. Radicle and hypocotyl lengths
of lettuce seedlings were measured after 48 h (Leather &
Einhellig 1986). Coleoptile length of wheat seedling and
rice seedling were measured. Total radicle length of wheat
seedling or rice seedling was determined by counting up
the length of each radicle within a seedling, whereas the
max radicle length was the length of the longest radicle of
the seedling.

The allelopathic response index (RI) was calculated
using Equation (1) (Williamson & Richardson 1988):

RI ¼ 1� C=T ðT � CÞ;RI ¼ T=C � 1 ðT < CÞ ð1Þ
where T is the germination rate or growth response of the
test species treated with root exudates and C is the
germination rate or growth response of the test species
treated with distilled water (control). A positive RI value
indicates that rice root exudates stimulated germination
or seedling growth, whereas a negative RI value indicates
that the exudates inhibited germination or seedling
growth.

The average response index (ARI) of test species to
rice root exudates was calculated using Equation (2):

ARI ¼
Pn

i¼1
RIi

n
ð2Þ

where RIi is the RI of the germination rate or growth
response of the test species to rice root exudates, n is
number of RI.

Data analysis

Data were processed using Excel 2010 and SPSS 18.0
software (SPSS Inc., Chicago, IL, USA). Tukey honestly
significant difference (HSD) tests were used to separate
the means. The association among RIs of three target
plants to rice root exudates (100 and 10 mg L−1) and
germination rates of both CB and SB induced by rice
root exudates (100 mg L−1) were carried out using
Pearson’s correlation coefficients.

Results

Response of lettuce germination to rice root exudates

The effect of rice root exudates on the germination and
growth of lettuce seedlings varied significantly depend-
ing on the concentration of the root exudates and cultivar
(Table 1). At 100 mg L−1, exudates of five rice cultivars
(Zhongzu 14, Zhunliangyou 527, Ganxin 203, Zhongzao
22, Xiushui 417) significantly reduced lettuce germina-
tion. The inhibitory effects decreased when the root
exudates were diluted to 10 and 1 mg L−1. Root exudates
of three cultivars (Yliangyou 3218, Yongyou 13,
I-Kung-Pao) tended to increase lettuce germination.
However, the increases were not statistically significant.

Among rice cultivars on-test, lettuce radicle growth
was strongly reduced by Zhongzu 14 (67% of control) at
100 mg L−1, Zhunliangyou 527 (31% of control) at
10 mg L−1, while Zhongzu 14, Ganxin 203, and Zhongzao
22 significantly reduced radicle growth at 1 mg L−1.
However, root exudates of I-Kung-Pao and Yliangyou
3218 tended to increase lettuce radicle growth.

The effect of root exudates on lettuce hypocotyl
growth was similar to that on radicle growth. All rice
cultivars showed inhibitory effects at 100 mg L−1,
especially for Zhongzu 14, Zhunliangyou 527, Ganxin
203, Zhongzao 22, and Xiushui 417. The root exudates
of most cultivars still inhibited lettuce hypocotyl growth
at 10 mg L−1, but the effect declined dramatically with
concentration further decreased. However, the root

Table 1. Response of lettuce seeds to rice root exudates.

Germination (percentage
of control)

Radicle length (percentage
of control)

Hypocotyl length (percentage
of control)

Concentration of root exudates
(mg L−1)

Concentration of root exudates
(mg L−1)

Concentration of root exudates
(mg L−1)

Rice cultivar 100 10 1 100 10 1 100 10 1

Zhongzu 14 20.1 g 40.0 f 63.0 ef 33.0 f 83.5cdef 93.6 cde 76.3 h 90.3 fgh 92.9 fgh
Zhunliangyou 527 28.1 g 55.5 f 84.4 abcd 44.0 ef 68.8 def 118 abc 37.9 i 75.8 h 138 bcd
Ganxin 203 28.1 g 20.0 g 63.7 ef 39.4 ef 129 ab 95.4 bcd 39.5 i 103 defg 83.4 h
Zhongzao 22 26.7 g 67.4 ef 74.1 bcd 51.1 def 83.5 cdef 89.9 cde 64.3 e 77.9 h 85.7 gh
Xiushui 417 71.9 cde 85.9 abcd 91.1 abcd 56.9 def 101 bcd 139 a 63.7 e 105 defg 159 abc
Yongyou 15 91.1 abcd 97.0 abcd 102 abc 78.9 cdef 116 abc 115 abc 84.0 h 109 defg 121 cdef
Yliangyou 3218 106 a 104 ab 108 a 102 bcd 135 a 127 ab 142 bcd 169 ab 136 bcde
Yongyou 13 108 a 106 a 104 ab 81.7 cdef 114 abc 111 abc 100 efgh 125 cdef 125 cdef
I-Kung-Pao 94.1 abcd 113 a 102 abc 128 ab 124 ab 154 a 133 bcde 166 ab 182.9 a
Control (70.2%) abc (1.09 cm) bcd (0.71 cm) efgh

Note: Value in the bracket is the value of control; different lowercase letters within a column indicate significant difference at the 0.05 level.
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exudates of I-Kung-Pao promoted lettuce hypocotyl
growth by 56% at 1 mg L−1.

The ARIs, based on the data of Table 1, varied
significantly with respect to cultivars (Figure 1). At
1–100 mg L−1, the indexes of Zhongzu 14, Ganxin 203,
Zhunliangyou 527, Zhongzao 22, Xiushui 417 were
negative, indicating that the root exudates of these
cultivars inhibited lettuce growth, whereas Yliangyou
3218, I-Kung-Pao were positive, showing these two
cultivars promoted lettuce growth. The ARI of Yongyou
13 and Yongyou 15 were negative at 100 mg L−1, but
positive at 1 and 10 mg L−1, informing that the concen-
tration influenced the response of lettuce to rice root
exudates.

Response of wheat germination to rice root exudates

The root exudates of the rice cultivars inhibited both
wheat radicle and coleoptile growth (Table 2). The
inhibition on max radicle elongation ranged between

9.7% and 26.1% of control, and the inhibitory effect
decreased as concentration declined. At 100 mg L−1,
the inhibitory effects varied significantly among the
cultivars, with Xiushui 417 having the greatest inhibitory
effect on wheat max radicle growth. Diluted to 10 mg L−1,
the exudates still exhibited an inhibitory effect on wheat
max radicle elongation, but the differences between
cultivars vanished. However, root exudates of Zhongzao
22 at 1 mg L−1 still had significant inhibitory effect on
wheat max radicle growth.

Same as the response of wheat max radicle, total
radicle length of wheat seedlings was also affected by
rice root exudates. At 100 mg L−1, root exudates of
Xiushui 417 reduced wheat radicle growth by 53.7%,
whereas Yongyou 13 showed little inhibitory effect. At
one mg L−1, root exudates of Zhongzu 14 and Zhun-
liangyou 527 reduced wheat radicle elongation much
more than the other cultivars did. Compared with the
influence on radicle length, the inhibitory effect of rice
root exudates on wheat coleoptile growth was less. Some
rice cultivars even showed promoting effects, especially
I-Kung-Pao, which promoted wheat coleoptile growth at
1 and 10 mg L−1.

The ARI of all rice cultivars on wheat were negative
because of the great inhibitory effect of root exudates
on wheat radicle growth. It indicated that the effect of
rice exudates was predominantly inhibitory to wheat.
The ARI ranged between –0.39 and –0.03, with
Xiushui 417 the lowest at 100 mg L−1 and Zhunlian-
gyou 527 the lowest at one and 10 mg L−1. As the
concentration of root exudates declined, the inhibitory
effects of Yongyou 15 and I-Kung-Pao decreased, but
Yongyou 13 and Zhunliangyou 527 were constant
(Figure 2).

Response of rice germination to rice root exudates

Effects of root exudates of nine rice cultivars on
rice seeding growth varied significantly (Table 3). At
100 mg L−1, root exudates of Zhongzu 14 increased rice

Figure 1. ARI of lettuce to rice root exudates. Figure plots
means ± SD from three replicate experiments. Different letters
represent means that are significantly different at P < 0.05 at a
given concentration (ANOVA with Tukey HSD test).

Table 2. Response of wheat seeds to rice root exudates.

Max radicle length
(percentage of control)

Total radicle length
(percentage of control)

Coleoptile length
(percentage of control)

Concentration of root exudates
(mg L−1)

Concentration of root exudates
(mg L−1)

Concentration of root exudates
(mg L−1)

Rice cultivar 100 10 1 100 10 1 100 10 1

Zhongzu 14 77.6 bcde 75.4 bcde 87.3 abc 61.1 def 65.6 cdef 67.3 cdef 75.9 e 93.1 abcd 79.3 ge
Zhunliangyou 527 72.8 bcde 84.3 abc 78.4 bcde 60.0 efg 54.8 fg 57.0 efg 87.9 abcd 82.3 cde 77.6 ge
Ganxin 203 69.4 cdef 101 a 82.5 abcd 52.3 fg 63.3 def 85.5 abc 84.5 bcde 81.0 cde 108.6 a
Zhongzao 22 66.8 def 73.9 bcde 65.3 ef 53.0 fg 61.5 efg 57.1 fg 81.9 cde 77.6 ge 79.3 ge
Xiushui 417 56.3 e 64.2 ef 84.0 abc 42.3 g 54.6 fg 82.8 abcd 69.0 e 77.1 ge 85.3 bcde
Yongyou 15 78.0 bcde 78.0 bcde 74.6 bcde 50.3 g 81.7 abcd 69.4 cdef 90.5 abcd 96.6 abcd 81.0 de
Yliangyou 3218 67.2 cdef 67.2 cdef 82.5 abcd 52.4 fg 59.0 efg 77.6 bcde 74.1 e 75.9 e 84.5 cde
Yongyou 13 82.1 abcd 87.3 ab 82.1 abcd 70.2 cdef 87.2 ab 67.8 cdef 103.4 ab 94.8 abcd 84.5 bcde
I-Kung-Pao 72.4 bcde 79.1 bcde 79.1 bcde 57.7 fg 77.2 bcde 81.7 abcd 81.0 cde 108.6 a 106.9 a
Control (2.62 cm) a (5.39 cm) a (0.629 cm) abc

Note: Value in the bracket is the value of control. Different lowercase letters within a column indicate significant difference at the 0.05 level.
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radicle length by 28%, whereas Zhunliangyou 527 and
Yliangyou 3218 reduced rice coleoptile elongation by
23.3% and 30.0%, respectively. As the root exudates
diluted to 1 mg L−1, Zhongzu 14 and Yongyou 13
significantly increased rice radicle length. The ARI of
Zhongzao 22, Yongyou 13, and Yongyou 15 on rice was
positive, while Ganxin 203 was negative at 1–100 mg L−1.
The ARI of all cultivars were positive at 1 and 10 mg L−1,
except I-Kung-Pao and Ganxin 203 (Figure 3), indicating
that these two cultivars should be with higher allelopathic
potential on rice itself than other cultivars.

Effect of rice root exudates on broomrape germination

Distilled water and the residues from the control of root
exudates trapping system did not stimulate CB or SB
germination (data not shown), whereas GR24 induced
the highest germination rate of CB (89.1%) and SB
(68.3%). Germination of CB treated with rice root
exudates varied between 0 and 79.7%, depending on
the rice cultivar and root exudates concentration (Figure 4
top). At 100 mg L−1, exudates of five cultivars induced

CB germination greater than 60%, with exudates of
Yongyou 15 and I-Kung-Pao inducing the highest
germination rate. Germination declined when CB seeds
were treated with 10 mg L−1 root exudates. At the
concentration of 10 mg L−1, root exudates of Xishui 417
induced the highest CB germination (45.0%). The root
exudates at 1 mg L−1 did not induce CB germination
(data not shown).

Germination of SB treated with rice root exudates
ranged between 0 and 52.0% (Figure 4 bottom). Exudates
of four cultivars at concentration of 100 mg L−1 induced
SB germination greater than 40%, with exudates of
Yongyou 13, Zhongzao 22, and I-Kung-Pao, inducing
the highest germination rate. Compared to the germination
of CB, germination of SB was lower at 100 mg L−1, but
higher at 10 mg L−1 root exudates. Yongyou 15 and
Zhongzao 22 induced the highest SB germination rates
among the cultivars at 10 mg L−1. The root exudates at
1 mg L−1 did not induce SB germination (data not shown).

Relationship between ARIs of lettuce, wheat, rice, and
broomrape germination

There was no significant liner relation among ARIs of
lettuce, wheat, and rice. But ARI of rice (100 mg L−1)
and ARI of wheat (10 mg L−1) was significantly positive
correlated with the germination rate of CB (Table 4).
Between germination rates of CB and that of SB, there
was also a significant correlation (r = 0.749, p < 0.05).

Discussion

Lettuce germination test is widely used in allelopathy
studies. By using lettuce as a target, Uddin et al. (2013)
screened the potent allelochemicals of Phargmites aus-
tralis, Mahmood et al. (2013) investigated the effects of
UV exposure on rice allelopathic potentials. Our results
showed that high concentrations of rice root exudates
inhibited lettuce growth, whereas low concentrations
promoted, indicating that root exudates of on-test rice
cultivars contained allelochemicals affecting lettuce ger-
mination. And a significant correlation between ARIs of

Figure 2. ARI of wheat to rice root exudates. Figure plots
means ± SD from three replicate experiments. Different letters
represent means that are significantly different at P < 0.05 at a
given concentration (ANOVA with Tukey HSD test).

Table 3. Response of rice seeds to rice root exudates.

Total radicle length (percentage of control) Coleoptile length (percentage of control)

Concentration of root exudates (mg L−1) Concentration of root exudates (mg L−1)

Rice cultivar 100 10 1 100 10 1

Zhongzu 14 107 defg 118 abcd 127 a 71 f 77 ef 82 cdef
Zhunliangyou 527 105 efg 113 def 105 efg 70 f 94 abcde 109 a
Ganxin 203 99 g 108 defg 99 g 91 abcde 87 def 91 abcde
Zhongzao 22 106 efg 110 defg 107 defg 102 ab 107 ab 96 abcde
Xiushui 417 101 g 108 defg 106 efg 94 abcde 94 abcde 98 abc
Yongyou 15 129 a 125 abc 107 defg 106 ab 109 a 111 a
Yliangyou 3218 116 bcde 111 def 115 cde 70 f 108 a 101 abc
Yongyou 13 127 ab 106 efg 110 defg 88 bcdef 98 abcd 109 a
I-Kung-Pao 97 g 103 fg 110 defg 99 abc 94 abcde 100 abc
Control (2.37 cm) g (9.00 cm) abc

Note: Value in the bracket is the value of control; different lowercase letters within a column indicate significant difference at the 0.05 level.
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lettuce to rice root exudates at given concentrations
(Table 4) evinced that lettuce used as target plant in
allelopathy study on rice could lead to stable results, this
agreed with previous studies (Fujii 1992; Maneechote &

Krasaesindhu 1996). Among the rice cultivars on-test,
lettuce germination was promoted by Yliangyou 3218
and I-Kung-Pao, inhibited by Zhongzu 14, Ganxin 203,
Zhunliangyou 527, Zhongzao 22, and Xiushui 417 at
concentrations of 10–100 mg root exudates per L
(Figure 1). However, Li et al. (2004) identified I-Kung-
Pao as a rice germplasm with allelopathic potential
according to its strong inhibitory effect on barnyardgrass
in paddy filed and the inhibitory effect of leaf water
extracts on lettuce in lab. In Ebana et al.’s (2001) and
Kanesawa et al.’s (2009) studies, allelopathic potential of
rice varied among tissues extracts. It is speculated that
I-Kung-Pao is an allelopathic rice germplasm whose
allelopathic effect is mainly from leaf leachate (Zhou
et al. 2005).

In wheat germination test, root exudates of all rice
varieties on-test inhibited the early growth of wheat
seedlings (Figure 2). Zhunliangyou 527 and Yliangyou
3218 showed stable inhibitory effects at concentration of
1–100 mg rice root exudates per L, whereas the
inhibitory effects of other cultivars declined with the
concentration decreased. Nowadays, rice–wheat rotation
is popular around world, especially in China and India
(Dawe et al. 2004; Hobbs et al. 2008). But most studies
focused on the yield, resource use efficiency, and even
greenhouse gas emissions within this rotation system
(Bhandari et al. 2002; Ladha et al. 2005; Zhao et al.
2009). Fewer considered the allelopathic effects between
rice and wheat. In our study, it is found that rice root
exudates inhibited wheat seedling growth, even at the
concentration of one mg L−1, which indicated that strong
allelopathic effects existed between rice and wheat.
Thus, whether or not the cultivation of allelopathic rice
in the rice–wheat rotation system will inhibit wheat
growth and reduce the output need further investment in
field.

Autotoxicity is an essential problem that hampered
the intensified/continuous cropping (Huang et al. 2013).
Yu et al. (1993), Yu and Matsui (1994) reported the
growth of tomato or cucumber in hydroponic culture was
inhibited by organic substance from root exudates. Chou
(1980) reported that decomposed rice residues left on the
paddy field soil and persisted into the next crop season
could reduce the rice yield by up to 25% compared with
that of the first crop. It seems both the release of
phytotoxic compounds from root exudates and crop
residues could be the reasons leading to intensified/
continuous cropping problem. In this paper, the auto-
toxicitic effects of the root exudates from each on-test
rice cultivars were screened. Zhunliangyou 527 and
Zhongzu 14 inhibited rice seed germination at 100 mg
root exudates per L, whereas Yongyou 15 and Zhongzao
22 prompted. However, the inhibitory effects vanished
while the concentration of root exudates declined
(Figure 3), only I-Kung-Pao and Ganxin 203 have
inhibitory effects at 10 and one mg L−1, respectively.
In Chou and Lin’s study (1976), decomposed rice
residues significantly suppressed rice radicle growth,
and the ARI ranged from –0.13 to –0.36 for 25–100 g
rice straw mixed with 3 kg soil decomposing for 2 weeks

Figure 3. ARI of rice autotoxicity. Figure plots means ± SD
from three replicate experiments. Different letters represent
means that are significantly different at P < 0.05 at a given
concentration (ANOVA with Tukey HSD test).

Figure 4. Effects of rice root exudates on CB (top) and SB
(bottom) germination. Figure plots means ± SD from three
replicate experiments. Different letters represent means that are
significantly different at P < 0.05 at a given concentration
(ANOVA with Tukey HSD test). Abbreviations: CB, clover
broomrape; SB, sunflower broomrape.
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in aerobic condition and ranged from –0.09 to –0.32 for
anaerobic condition, so rice straw was likely one of the
autotoxitic source resulting in rice cropping problem.
Kong et al. (2006) noted allelochemicals released by rice
roots and residues were different, and the living rice
plant could detect the presence of interspecific neighbors
and responded by increased allelochemicals. ARI of rice
seedlings to their root exudates in our study were
between –0.13 and +0.16, it seemed rice root exudates
can either suppress or promote the growth of rice
depending on the cultivar and the concentration of root
exudates. This phenomenon is possibly resulting from
the agronomic traits of rice cultivars or certain allelo-
chemicals released (Bhadoria 2011; Gealy et al. 2013).

Broomrape seedlings can only survive for a few days
after germination before connecting to a host root (Parker
& Riches 1993). Thus, the germination of broomrape
seeds requires chemical compounds secreted by potential
host roots. Our results showed the root exudates of
Yongyou 13, Yongyou 15, Zhongzao 22, and I-Kung-
Pao induced highest germination of CB/SB seeds,
whereas Yliangyou 3218 induced the lowest germination
rate of both CB and SB seeds. These informed that
Yongyou 13, Yongyou 15, Zhongzao 22, and I-Kung-
Pao could be potential rice cultivars for the use as trap
crop in broomrape infestation areas.

Broomrape becomes popular in the studies of plant
physiology as its seeds are sensitive responders to
strigolactones, which is a phytohormone-inhibiting plant
shoot branching (Gomez-Roldan et al. 2008), an allelo-
chemical inducing both AMF hyphal branching
(Akiyama et al. 2005) and seeds of the some parasitic
plants germination (Yoneyama et al. 2008), and also a
signal in the adaptive responses of plants to a number of
environmental stimuli (Liu et al. 2013). Xie et al. (2013)
screened the rice root exudates and found that the
germination stimulation activities of the root exudates
fractions on broomrape seeds were accompanied by the
peaks of strigolactones identified by liquid chromato-
graphy tandem mass spectrometry. In our study, there
was a significant correlation between the germination
rates of the two broomrapes induced by rice root

exudates (Table 4). Based on the germination induced
by rice root exudates, it is speculated that the content of
active strigolactones (and/or the analogs) in root exu-
dates of Yliangyou 3218 is much less than that of
Yongyou 13, Yongyou 15, Zhongzao 22, and I-Kung-
Pao. Furthermore, germination rate of CB induced by
rice root exudates was significantly positive correlated
with ARIs of rice and wheat (Table 4), showing ARI
decreased with germination rate of CB declined. ARI is a
parameter showing the response of target plant to the
substance with allelopathic potential. Thus, there prob-
ably is a relationship between the allelopathic potential
of rice and the quantity of strigolactones it released.
Gomez-Roldan et al. (2008) revealed strigolactones
inhibited shoot branching of pea. Kapulnik et al. (2011)
found exogenous GR24 (a strigolactone analog) reduced
number of lateral roots of Arabidopsis. These researches
indicate strigolactones reduce the interlacing space
between plants. It is supposed that strigolactones (and/
or the analogs) are likely taking part in secondary
metabolites of plants and with the function altering the
allelopathic effects between plants. Furthermore, it
informed that the application of allelopathy in weed
control should be more cautious before determining the
subsequent effects on associated crops.

To our knowledge, I-Kung-Pao is an allelopathic
cultivar of rice, which displayed greater allelopathic
effect than PI3127777, the generally accepted allelo-
pathic rice (Li et al. 2004; Zhou et al. 2005). However,
lettuce misevaluated the allelopathic potential of rice
cultivars if only in consideration of effects of root
exudates. But broomrape seeds bioassays showed good
consistency with the allelopathic potential of on-test rice
cultivars (Figure 4; Table 4). Otherwise, it is possible to
perform mass screening of rice varieties or lines at the
early growth stage by using broomrape germination
bioassays. Because the size of CB and SB seeds are very
small and could be tested on 8 mm of glass fiber filter
paper. One treatment needs only 20 µL of the test solution.
An experiment with three replications would require only
60 µL of the test solution. This procedure will merely
require a 20 m2 area, constant temperature (20°C–25°C), a

Table 4. Pearson’s correlation coefficients for ARI of lettuce, wheat, rice, and germination rates of seeds of CB and SB.

Average response index Germination

Lettuce Wheat Rice CB SB

Test
plant

Concentration
(mg L−1) 100 10 100 10 100 10 100 100

Lettuce 100 1 0.972** 0.128 0.282 0.213 0.307 0.045 −0.03
10 0.972** 1 0.041 0.279 0.22 0.27 −0.022 −0.142

Wheat 100 0.128 0.041 1 0.779* 0.287 −0.007 0.508 0.483
10 0.282 0.279 0.779* 1 0.468 −0.144 0.691* 0.367

Rice 100 0.213 0.22 0.287 0.468 1 0.46 0.722* 0.343
10 0.307 0.27 −0.007 −0.144 0.46 1 0.106 −0.062

CB 100 0.045 −0.022 0.508 0.691* 0.722* 0.106 1 0.737*
SB 100 −0.03 −0.142 0.483 0.367 0.343 −0.062 0.737* 1

* and **indicate a significant correlation existed at the 0.05 and 0.01 level, respectively (two-tailed).
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clean bench, and a binocular dissecting microscopes at
20× magnification. A normal tissue culture laboratory is
enough for this purpose. Thus, we believe broomrape
seeds bioassays is a cheap, reliable, simple, and fast
technique and suggest these assays be used in mass
screening on the allelopathic potential of rice.
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