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ABSTRACT

Experiments were conducted to test the influence of allelochemicals from
root exudates of muskmelon (Cucumis melon L.) plants on the growth of Fusarium
oxysporum f. sp. melonis. It was observed that the root exudates of muskmelon
significantly promoted mycelial growth, spore germination of Fusarium oxysporum f.
sp. melonis and incidence of Fusarium wilt as determined in bioactivity test and pot
experiments. The results of field experiments indicated that the disease incidence and
the quantity of the fungi were higher in sole replant cropping. The autotoxic
compounds from muskmelon root exudates were identified by HPLC and seven
phenolic compounds were identified: gallic acid, phthalic acid, syringic acid, salicylic
acid, ferulic acid, benzoic acid and cinnamic acid, all of which significantly reduced
muskmelon seed germination and inhibited seedling growth at higher concentration
(0.5 mmol-L™") when compared with the control. The maximum inhibition in seed
germination was cinnamic acid, followed by benzoic acid and ferulic acid. Salicylic
acid, syringic acid, gallic acid and phthalic acid showed stimulatory effects (0.05
mmol-L™"), while cinnamic acid, benzoic acid and ferulic acid inhibited all parameters.

Key words: Root exudates, muskmelon, Allelopathy, Fusarium oxysporum f. sp.
melonis, Fusarium wilt, HPLC analysis, Autotoxicity.

INTRODUCTION

The infestation by soil-borne pathogens and autotoxicity are the main restrictions
in worldwide muskmelon (Cucumis melon L.) production (40). Fusarium oxysporum f. sp.
melonis (Leach & Currence) Snyd. & Hans., causes Fusarium wilt of muskmelon, which is
an economically important disease universally. The fungi damage host plants through
penetration of hyphae into host vascular tissues, secretion of hydrolytic enzymes related to
pathogenesis and mycotoxin production in the progression of infection (7,9,40) and
disease symptoms can be observed at all developmental stages of the plant. This vascular
wilt disease is one of the most difficult adversities to control because the fungi are
soil-borne and remain viable in the soil on nonhost crop residues and roots grown in
rotation as chlamydospores for decades (7). Root exudates are the largest direct inputs of
plant chemicals into the rhizosphere environment which initiate and manipulate biological
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interactions between roots and soil micro-organisms, and thus play an active role in
root-microbe communication (3,4,38). Root exudates can influence plant growth not only
directly by acting as autotoxins but also by affecting the soil microbial community (1,5,11,
23). The mechanism of resistance of muskmelon to F. oxysporum f. sp. melonis, is the
allelopathic suppression caused by root exudates of muskmelon (40). Previous
experiments have shown that the roots of some plant species release allelochemicals that
can inhibit the same plant species and induce autotoxicity (5,14,33). Autotoxicity, a form
of intraspecific allelopathy, refers to a process in which a plant species releases the toxic
chemicals that inhibit or delay germination and growth of other plants of the same species,
which is important in agricultural applications, such as the replant failure of horticultural
crops and growth reduction in some fruit vegetables during fruit enlargement (5,32). Under
field conditions, additive or synergistic effects among allelochemicals become more
influential, especially at low concentrations (2,30). Among all allelochemicals, pheolic
compounds are the most abundant under field conditions and are known to affect seed
germination, seedling growth, sell division and fungal activity, could accumulate in soil by
root exudation, decomposition of plant residues, microbial transformation into other toxic
chemical or by environmental factors such as the water deficit, high irradiances, UV
radiation, pathogen attack, fungicide and herbicide application, nutrients deficiency and so
on (18,21). Autotoxicity is a complicated problem in agricultural production, which needs
more studies such as the identification of the phytotoxic substances in the root extracts and
exudates, their fluctuation in rhizosphere and the elucidation of the possible role of
micro-organisms in the phytotoxicity (32,34).

The purposes of this research are to evaluate the influences of root exudates
produced by muskmelon susceptible to the pathogen F. oxysporum f. sp. melonis, to
separate and identify the compounds from muskmelon root exudates that are responsible
for muskmelon autotoxicity, and to determine the phytotoxicity of these compounds to
muskmelon seed germination and seedling growth.

MATERIALS AND METHODS

Collection of root exudates

Root exudates were collected at bud stage with root soaking method. Muskmelon
seedlings were uprooted from soil and the roots were first washed with tap water (5 repeats)
and then with distilled water (5 repeats) to remove soil. The seedlings were placed in a
beaker containing 500 ml of sterile double-distilled water for 24 h (16 h light/8 h dark) at
28 °C to 32 °C. The distilled water was collected and filtered using glass syringes fitted
with a Gelman Acrodisc CR-PTFE 0.2-um filter and evaporated using a rotary evaporator
(Yarong Model RE-52A, Shanghai, China) at 40 °C to a volume of 50 ml. The compounds
were subjected to HPLC analysis and bioassay.

Mycelium growth

Fusarium oxysporum f. sp. melonis was isolated and identified by Institute of
Plant Immunology Lab of Shenyang Agricultural University. Root exudates of muskmelon
were selected for bioassays at 0.05, 0.1, 0.25, 0.5 and 1.0 g-mL™" (1 g-mL'means that 1 ml
distilled water contains the exudates obtained from 1 g fresh root). The mycelium growth
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of F. oxysporum f. sp. melonis was evaluated using the growth rate method. Root exudates
filtered through filter were added to the PDA media in a ratio of 1:4 during the preparation
of PDA plates. The 0.5 cm diameter pure cultured F. oxysporum f. sp. melonis spots were
then inoculated into the plates and incubated at 25 °C in darkness. Each treatment was
replicated three times. The colony diameter was measured with the cross method after 3, 5
and 7 days respectively. The intensity of allelopathic effect was expressed in RI values
calculated according to the following formula (27):

RI=1-C/T(T>C)orRI=T/C-1(T<C),

where C is the control data, T is treatment data. RI values range from +1 to -1, RI > 0
means stimulation, while RI < 0 means inhibition.

Spore germination
Spore suspension of F. oxysporum f. sp. melonis (at least 20 - 30 spores per
microscopic field) was prepared from 7 days-old culture. One drop of about 0.1 ml of
spore suspension was placed in a cavity glass slide containing a drop (about 0.1 ml) of
different concentration (0.02, 0.04, 0.08, 0.16, 0.32 g~mL’1) of root exudates from
muskmelon. These slides were kept in moist chamber prepared by putting two folds of
filter paper in both sides of Petri dishes. These Petri dishes were incubated at 24 + 2 [ for
8, 16 and 24h. Each treatment was replicated five times. The percent of spore germination
was calculated as following (13):
Number of spores germination
Percent of spore germination = x100
Total Number of spores examined

Pot experiment

The pure cultured F. oxysporum f. sp. melonis spots were suspended in the flasks
containing 250 ml of Richard media (KH,PO,1 g L, MgSO,7H,0 0.5 g L', KNO;3 g
L', KC1 0.5 g L' and Fey(S04);0.01 g L") at 28 °C for 7 days till the liquid media were
brown-pink in color. The number of spores was counted by using a haemocytometer, and
the spores were diluted with sterile distilled water to reach 3.0 x 10° CFUmI" and
homogenized in a blender. The F. oxysporum f. sp. melonis suspension was used to infect
the muskmelon plants.

Root exudates were selected for pot experiment at 0.5, 1.0, 2 g-mL™". 200 g of soil
was amended with 30 ml of root exudates of each treatment in a container (diameter 9 cm
and volume 300 ml). Each treatment and the non-amended root exudates (control) were
replicated six times. Uniformly growing seedlings at 4-leaf stage were selected and 15ml
of F. oxysporum f. sp. melonis suspension was injected into the rhizosphere (2 cm away
from stem bases) to reach the soil pathogenic level around 10* CFUmI™. The treatments
were arranged in a random pattern in growth chamber with a 16 h light/8 h darkness
photocycyle at the temperature regime of 21/15 °C. Relative humidity was maintained at
70%. After the onset of disease symptom, plant infection was evaluated every 5 days.
Severity of symptoms was assessed using the following indice: 1. plant without symptoms;
2. very slight browning of hypocotyl; 3. some wilting of plant; 4. wilting of entire plant; 5.
died plant. Disease severity index was calculated as following:
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> (Rating number x Number of plants with rating)
Disease Severity Index = x 100%
Total Number of plants x highest rating

Field experiment

Experiments were conducted in a greenhouse of a field experiment base (70 m
length, 8 m width and 3.5 m height) in Shenyang agricultural university during three
successive vegetation seasons (2010-2012) and for each year muskmelon was sown in
each vegetation seasons. Plants affected by Fusarium wilt pathogen were evaluated
visually and the numbers of wilted plants and the total numbers of plants were recorded in
mid-August of three years. Disease incidence was calculated as following:

Disease incidence (%) = (Number of Infected Plants/Total Number of Plants) x 100%

To quantify the inoculum density of F. oxysporum f. sp. melonis in experiment
fields, 10 soil samples were collected from each field before plantation and after harvest in
every year (2010-2012). For each soil sample, approximately 300 g of soil were collected
from a depth of 15 cm. Soil samples from the same treatment were combined into one
sample and mixed thoroughly. A 10 g sub-sample of soil was added to 90 ml of autoclaved
water and the resulting soil suspension was mixed for 5 min using a magnetic stirrer. 1 ml
of this suspension was plated onto each ten Petri dishes of Komada’s medium (20,40).
Three replicates of soil dilutions were prepared for each field sampled. All plates were
incubated at 25 °C for 5 days, and the total number of colonies of F. oxysporum was
counted.

HPLC analysis

Analysis was performed in an HPLC system (Agilent 1200, USA) with an
XDB-C18 column (4.6 mmx250 mm). The mobile phase consisted of acetic acid (A) and
2% methanol (B) with a gradient elution. The root exudates and standard compound were
used in the following gradient system: (1) from 0.0 to 10 min, 95% A plus 5% B at a flow
rate of 0.5 ml/min; (2) from 10 to 25.0 min, 95% A plus 5% B at a rate of 0.8 ml/min; (3)
from 25.0 to 36.0 min, 85% A plus 15% B at a rate of 0.8 ml/min; (4) from 36.0-45.0 min,
65% A plus 35% B at a rate of 1 ml/min; (5) from 45.0 to 50.0 min, 65% A plus 35% B ata
rate of 1.2 ml/min. Detection was performed at 280 nm. The injection volume was 20 pL.
and the column temperature was maintained at 25 °C. The mixture of standard compounds
was chromatographed. Retention times for the standard compounds and the major peaks in
the exudates were recorded. Analyses of the compounds were based on retention time
(minutes) and the phenolic compounds of root exudates were identified and quantified
with reference to the standards (14,30).

Germination bioassays

Muskmelon seeds were surface sterilized with a solution of distilled water-clorox
(95 5) for 10 min, and then rinsed with distilled water. Twenty muskmelon seeds were
placed in sterilized 3.5-cm glass Petri dishes containing double layered filter paper, then 5
ml solution of phenolic compounds (0.00, 0.05, 0.1 and 0.5 mmol-L™") was transferred to
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the Petri dishes as per treatments; distilled water was used as a control. Four replications
were used for each concentration and dishes were placed in a lighted chamber at 24 °C.
After 3 days, the numbers of seeds germinated in each dish were counted and the radicle
length, hypocotyl length and fresh weight were recorded to calculate the germination rate,
germination index (GI) and germination potential by using the following formula:

Germination rate (%) = (Number of germinated seeds /Total seeds number) x 100
Number of seeds germinated on 3rd day

Germination potential (%) = x 100
Total seed number

Germination index (GI) =}’ (Gt/Dt)

Where, Gt: Number of seeds germinated on day ¢ and Dt: The number of days from the
beginning of the experiment.
The bioassay results were expressed in RI value as per Williamson (27).

Growth bioassay

Muskmelon seeds sterilized with 10% H,0, were directly sown in nursery
substrates. Average day/night temperatures were 25/20 °C. The seedlings were transplanted
at 2-leaves growth stage into a container (15 x 15 x 10 cm) filled with 0.8 L of
Enshinutrient solution (30) and maintained at a relative humidity of 95%-100%. Phenolic
acid dissolved in ethanol were added into the nutrient solution at concentration of 0.00,
0.05, 0.1 and 0.5 mmol-L™. The final concentration of ethanol in each solution including
the control was 0.1% (v/v). Each treatment had 8 plants and was replicated tree times. 21
days later, plant height, shoot and root dry weight were measured at the end of the
experiment.

Statistical analysis

The data were processed by Microsoft Excel. Analysis of variance was performed
using the Data Processing System software (DPS) and the significant differences among
treatments were determined by Fisher’s least significant difference test at P<0.05.

RESULTS AND DISCUSSION

Mycelium growth

It was revealed from the results (Table 1) that root exudates of muskmelon at
different concentrations were stimulatory to mycelium growth of F. oxysporum f. sp.
melonis in the first two incubation stages as compared with the control (0 g-mL™).
However, from 0.05 g-mL'1 to 0.25 g~mL'1 concentrations, the root exudates showed
significant stimulatory activity than other concentrations and 0.25 g-mL™ concentration
was most stimulatory (RI value: 0.138). The longer the mycelium was incubated with root
exudates, the less stimulatory effects were resulted. At 1.0 g-mL’1 concentration, the
stimulatory effects on mycelium growth were minimal.
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Table 1. Effects of muskmelon root exudates on mycelium growth of Fusarium oxysporum f. sp. melonis

Concentraltion 3d 5d 7d
(g-mL") Colony RI Colony RI Colony RI value
diameter (mm) value diameter value diameter
(mm) (mm)

0.05 34.74 be 0.078 ¢ 57.55b 0.067 ¢ 66.74 cd 0.039 ¢
0.1 36.15b 0.114b 58.93 ab 0.089b 69.16 b 0.073 b
0.25 37.17 a 0.138 a 60.40 a 0.111a 71.08 a 0.098 a
0.5 3432 ¢ 0.067 d 56.77 ¢ 0.054d 66.97 ¢ 0.042 ¢
1.0 33.23 cd 0.036 ¢ 54.57d 0.016 ¢ 65.47 de 0.020d
CK 32.03d - 53.71d - 64.13 ¢ -

Different small letters within each column show significant differences with the control at 0.05

levels.

Spore germination

The application of root exudates from muskmelon showed significant effect on
the spore germination of F. oxysporum f. sp. melonis. Current results showed that all
concentrations of root exudates of muskmelon caused stimulatory effects on the spore
germination (Figure 1) except 0.02 g-mL", which showed an inhibitory effect. However,
the 0.04 g-mL" concentration exhibited the least stimulatory effect on the spore
germination compared with control in the incubation time of 24 h. The maximum
stimulatory effect on the spore germination was found at 0.32 g-mL"' followed by 0.16

g-mL"and 0.08 g-mL™".
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Figure 1. Effects of root exudates of muskmelon from different treatments on the spore germination
of Fusarium oxysporum f. sp. melonis at different periods in the normal system.
Treatments included 0.02 g-mL™”, 0.04 g-mL", 0.08 g-mL"', 0.16 gmL", 0.32 g-mL"
concentration and the control. The different small letters represent the significant

differences from control at 0.05 levels.
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Fusarium oxysporum f. sp. melonis infection

The influence of root exudates on the microbiological quality of
pathogen-infested soil was studied, and it was found that amended root exudates of
muskmelon soil had improved microbiological qualities. The different concentrations
applied to test plants exhibited higher disease infection to F. oxysporum f. sp. melonis
(Table 4). The 1.0 g-mL™" concentration provided the best promotive action. On the 7th
days after treatment, disease severity index of 1.0 g-mL™" concentration was 9.26% lower
than the control, but on the 27th day after treatment, the disease severity index of the
control reached to 80.95%, while that of 1.0 concentration was 92.59%.

Table 2. Effects of root exudates from muskmelon on the disease index of Fusarium wilt

Concentration Disease severity index (%)
(g-mL™) 7d 12d 17d 22d 27d
0.5 741 ¢ 24.07 be 51.85bc 70.37 bc 85.19 be
1.0 9.26b 3333 a 59.26 a 8148 a 92.59 a
2.0 12.96 a 2593b 55.56 ab 74.07 b 88.89 ab
CK 9.23b 20.37 ¢ 48.15¢ 62.96 ¢ 80.95 ¢

Different small letters within each column show significant differences with the control at 0.05 level.

Field experiment

In 2010 experiment conducted in greenhouse, Fusarium wilt symptoms were
observed in 7.6% of muskmelon plants. However, in the experiment conducted in spring of
2011, 38.6% of muskmelon plants were dead. At last observation in the experiment of
2012, wilting was observed in 53.8% of muskmelon plants (Figure 2). These results
indicated that the disease incidence was higher in sole replant cropping. In the samples
taken from the top 15-cm layer during the three years at two different times, the quantity of
the fungi, before planting, was found to vary from 10 to 59 CFU g™ soil in 2010, between
120 to 381 CFU g soil in 2011 and between 450 to 685 CFU g™ soil in 2012 (Figure 3).
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Figure 2. Effects of replant of muskmelon on Fusarium wilt incidence during the three vegetative
seasons from 2010 to 2012. For each year the experiments were performed in an
environment-controlled greenhouse at 25°C day/20°C night. The different letters represent
the significance between pairs of mean values at P < 0.05 .
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Figure 3. Number of colonies of F. oxysporum recovered from the soil surveyed for three years. 1
and 2 refer to the soil samples collected before plantation (mid-April) and after harvest
(mid-September) in every year (2010-2012). The different letters represent the significance
between pairs of mean values at P < 0.05.
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Figure 4. The chromatogram of phenolic acids detected with HPLC both in root exudates of
muskmelon and standard chemicals. Figure (a) represented the chromatogram of root
exudates of melon. The peaks from left to right in Figure (b) represent the following
standard compounds (retention time): 1, p-coumaric acid (3.35 min); 2, gallic acidm
(7.01 min); 3, phthalic acid (9.62 min); 4, syringic acid (10.58 min); 5, salicylic acid
(13.63 min); 6, p-hydroxybenzoic acid (14.83 min); 7, vanillic acid (17.84 min); 8§,
ferulic acid (23.05 min); 9, benzoic acid (26.55 min); 10, caffeic acid (33.67 min); 11,
methyl 2,5-dihydroxybenzoate (38.73 min); 12, vanillin (39.77 min); 13, cinnamic acid
(41.88 min); 14, L - phenylalanine (43.47 min).
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HPLP Analysis

Figure 4 depicts typical HPLC chromatograms of root exudates from muskmelon
and the fourteen standard chemical phenolic compounds. Retention times of the
components were observed and the peak at 7.01 min was identified as gallic acid, the peak
at 9.62 min was identified as phthalic acid, the peak at 10.58 min was identified as syringic
acid, the peak at 13.63 min was identified as salicylic acid, the peak at 23.05 min was
identified as ferulic acid, the peak at 26.55 min was identified as benzoic acid and the peak
at 41.88 min was identified as cinnamic acid.

Bioassays

The results in Table 3 indicated that treatment with cinnamic acid had the greatest
inhibitory effect, followed by benzoic acid and ferulic acid. All phenolic acids in the
laboratory significantly reduced muskmelon seed germination and seedling growth at
higher concentration (0.5 mmol-L'") when compared with the control. At low
concentration (0.05 mmol-L™), gallic acid, phthalic acid, syringic acid, salicylic acid
promoted seed germination, while cinnamic acid, benzoic acid and ferulic acid inhibited
all parameters. The maximum inhibition in seed germination was found in treatment with
cinnamic acid at 0.5 mmol-L”, germination rate, germination potential and germination
index were only 44.17%, 12.50% and 3.41%.

It was revealed from the result (Table 4) that phenolic acids exhibited an
allelopathic promotion at lower concentration (0.05 mmol-L") and inhibition at higher
concentration on muskmelon growth. Salicylic acid and syringic acid showed stimulatory
effects on the growth of muskmelon from 0.05 mmol-L™ to 0.1 mmol-L™" and gallic acid,
phthalic acid, promoted the indices of plant height and shoot weight at low concentration
(0.05 mmol-L'"), while at both concentrations (0.1 and 0.5 mmol-L") inhibited the
seedling growth of muskmelon. However, cinnamic acid, benzoic acid and ferulic acid
inhibited the root and shoot growth of muskmelon at concentrations greater than 0.05
mmol-L™" and the inhibitory effect is concentration-dependent.

Several studies have demonstrated that root exudates enhance or decreases
soil-born pathogens by providing substrates for saprophytic growth and influences soil
microorganism communities to produce positive or negative feedback to the plants (3.4,
10). Hao et al. (13) reported the phenolic acid in root exudates from watermelon
significantly increased the spore germination and sporulation of F. oxysporum f. sp niveum
(8). The allelopathic effects on pathogens differed with allelochemicals and their
concentrations. This study yielded similar conclusions, where root exudates from
muskmelon showed stimulatory effects on the growth and development of F. oxysporum f.
sp. melonis and may thus increase diseases of Fusarium wilt. The results are in agreement
with earlier studies reporting that the resistance of muskmelon was reduced by root
decaying substance (4,21). Continuous cropping of melon may results in poor performance
of this crop because secretions accumulating in the soil have profound effects on pathogen
dynamics, thus inducing high disease incidences.

Autotoxic effects typically are the result of an interaction of a mixture of
compounds rather than due to a single compound (28,32). The exudates from cucumber
contained eleven phenolic acids such as benzoic, p-hydroxybenzoic acid, myristic, stearic
acids. In the present study, seven phenolic compounds were identified by HPLC analysis
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Table 3. Effects of phenolic acids on germination rate, potential and index of muskmelon seed

Germination

Treatments ConcentraFilon Germination RI value potential RI value Ger.rnination RI
(mmol-L™) rate (%) (%) index value

0.00 86.67a - 82.50ab - 24.10ab
Gallic acid 0.05 87.50a 0.009a 84.17a 0.020a 25.21a 0.044a
0.1 80.83b -0.067b 74.17b -0.101ab 21.50b -0.108b
0.5 79.17b -0.089c¢ 70.83¢ -0.141b 19.26b -0.201c¢

0.00 86.67b - 82.50ab - 24.10b
Phthalic 0.05 91.67a 0.055a 88.33a 0.066a 27.68a 0.129a
acid 0.1 80.00c -0.079b 78.33b -0.051b 25.31b 0.048ab
0.5 75.00d -0.137¢ 66.67¢ -0.192¢ 20.53¢ -0.148b

0.00 86.67b - 82.50b - 24.10a
Syringic 0.05 90.00a 0.037a 87.50a 0.057a 22.54b -0.065a
acid 0.1 85.83b -0.012b 81.67b -0.010b 20.31bc -0.157b
0.5 76.67c -0.115¢ 68.33¢ -0.171c¢ 18.34c¢ -0.239¢

0.00 86.67b - 82.50b - 24.10b
Salicylic 0.05 90.83a 0.046a 88.33a 0.066a 27.87a 0.135a
acid 0.1 88.33ab 0.019b 85.83ab 0.039ab 25.66b 0.061ab
0.5 80.83¢ -0.067¢ 76.67¢ -0.071b 20.22¢ -0.161b

0.00 86.67a - 82.50a - 24.10a
Ferulic 0.05 86.67a 0.000a 76.67b -0.071a 19.63b -0.185a
acid 0.1 72.50b -0.163ab 50.83¢ -0.384b 15.22bc -0.368b
0.5 70.83¢c -0.182b 44.17d -0.464c 7.75d -0.678¢

0.00 86.67ab - 82.50a - 24.10a
Benzoic 0.05 89.17a 0.028a 83.33a 0.010a 21.35b -0.114a
acid 0.1 70.83b -0.182b 63.33b -0.232b 17.54c -0.272b
0.5 69.23¢ -0.201b 40.83¢c -0.505¢ 11.68d -0.515¢

0.00 86.67a - 82.50a - 24.10a
Cinnamic 0.05 76.67b -0.115a 66.67b -0.192a 10.77b -0.553a
acid 0.1 60.83¢ -0.298b 44.17¢c -0.464 b 7.88¢ -0.673b
0.5 44.17d -0.490c 12.50d -0.848c 341d -0.858¢

Different small letters within each column show significant differences with the control at 0.05 levels.

of muskmelon root exudates: gallic acid, phthalic acid, syringic acid, salicylic acid, ferulic
acid, benzoic acid and cinnamic acid.

The phenolic compounds found in root exudates have been reported to reduce
seed germination, seedling growth and dry weight and the concentration of phenolic
compounds ranging from 0.001 mmol-L™" to 1.0 mmol-L™" was potentially allelopathic to
plant growth (10,15,25) as shown in the present study. Result reported in this study
demonstrated that the seven phenolic compounds identified by HPLC inhibited seed
germination and plant growth of muskmelon at the concentrations greater than 0.5
mmol-L" and cinnamic acid had the greatest inhibitory effect, followed by benzoic acid
and ferulic acid. The results are in agreement with earlier studies reporting that plant
growth of muskmelon were greatly inhibited by autotoxic substances released from
powdered root tissue at a rate of 1 g per seedling (2,33,34). It also has been reported that
seed germination is stimulated by low concentrations of phenolic compounds. Results of
this study has similar conclusions, that gallic acid, phthalic acid, syringic acid and salicylic
acid stimulates seed germination and growth of muskmelon at low conc (0.05 mmol-L™).
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Table 4. Effects of phenolic acids on plant height, shoot and root dry weight of muskmelon seedling

Concentration RI Shoot Root

Treatments (mmol-L™) Plant height (cm) value (@) RI value (@ RI value
0.00 38.4ab - 2.02b - 041a -
. 0.05 39.3a 00232 21la 00432  039%b  -0.049%
Gallic acid 0.1 36.7b 0.044b  187c  -0.074ab  0.33b  -0.195b
05 34.2¢ 20.109c 182  -0.09 0326  -0.220b
0.00 38.4a - 2.02a - 04la -
Phthalic 0.05 38.6a 0005a  203a  0005a  037b  -0.098a
acid 0.1 37.5ab 20.023b  197ab  -0.025b  0.35bc  -0.146b
05 32.6b 0.15lc  176b  -0.129c  033d  -0.195¢
0.00 38.4b - 2.02b - 0.41b -
Syringic 0.05 41.0a 0063a  2.14a  0056a 0482  0.146a
acid 0.1 39.6ab 0.030ab  2.02b  0.000ab  0.3%c  -0.049b
05 33.5¢ 20.128b  177¢  -0.124b  036c  -0.122¢
0.00 38.4b - 2.02b - 0.41b -
Salicylic 0.05 422a 0090a  235a  0.140a 0522  0212a
acid 0.1 40.4ab 0.050ab  2.01b  -0.005b  0.41b  0.000b
05 35.6¢ 0.073b 183  -0.09%c 038  -0.073c
0.00 38.4a - 2.02a - 041a -
Ferulic 0.05 36.7ab 0.044a  197ab  -0.025a  036b  -0.122a
acid 0.1 31.0b 20.193b  177b  -0.124ab  036b  -0.122a
05 26.3¢ 0315 1.66c  -0.178b  03lc  -0.244b
0.00 38.4a - 2.02a - 041a -
Benzoic 0.05 37.1ab 0.034a  2.00a  -0.010a  037b  -0.098a
acid 0.1 29.3b 02376 1.65b  -0.183ab  036b  -0.122ab
05 24.6¢ 0359  157c  -0223b  030c  -0.268b
0.00 38.4a - 2.02a - 041a -
Cinnamic 0.05 33.6b 01252 171b  -0.153a 0326  -0.220a
acid 0.1 20.2¢ 04746 137c  -0322b  026c  -0.366b
05 18.0d 0.531c 087d  -0.569c  021d  -0.488c

Different small letters within each column show significant difference from the control at 0.05 levels.

The composition of root exudates depends on plant species and cultivar,
developmental stage, plant growth substrate, and stress factors. Besides, root exudates
composition is also influenced by the rhizosphere microflora itself (16,26). Identification
of the allelopathic compounds which can contribute to controlling replant disease of
muskmelon is becoming urgent as well as pivotal for understanding the mechanism of
autotoxicity. Further studies will focus on allelopathic effects of phenolic compounds of
melon root exudates on the phytotoxicity of soil pathogens and soil enzymes activities and
microbial communities.

ACKNOWLEDGEMENTS

This study was supported by Shenyang Research Projects (F12-119-3-00), the
National 863 project (2006CB101901) and Research Projects in Liaoning Province
(2011214002). Thanks for all authors’ contribution.



186

10.
11.
12.

13.

14.
15.

16.

17.

18.
19.

20.

21.

Yang et al

REFERENCES

Asao, T., Hasegawa, K., Sueda, Y., Tomita, K., Taniguchi, K., Hosoki, T., Pramanik, M. and Matsui, Y.
(2003). Autotoxicity of root exudates from taro. Scientia Horticulturae 97: 389-396.

Asao, T., Umeyama, M., Ohta, K., Hosoki, T., Ito, N. and Ueda, H. (1998). Decrease of yield of cucumber
by non-renewal of the nutrient hydroponic solution and its reversal by supplementation of
activated charcoal. Journal of the Japanese Society for Horticultural Science 67: 99-105.

Bais, H.P., Prithiviraj, B., Jha, A.K., Ausubei, F.M. and Vivanco, J.M. (2005) Mediation of pathogen
resistance by exudation of antimicrobials from roots. Narure 434: 217-221.

Bais, H.P., Weir, T.L., Perry, L.G., Gilroy, S. and Vivanco, J.M. (2006). The role of root exudates in
rhizosphere interactions with plants and other organisms. Annual Review of Plant Biology 57:
233-266.

Ben-Hammouda, M., Ghorbal, M.H., Kremer, R.J. and Oueslati, O. (2002). Autotoxictiy of barley. Journal
of Plant Nutrition 25: 1155-1161.

Blum, U. (2005). Relationships between phenolic acid concentrations, transpiration, water utilization, leaf
area expansion, and uptake of phenolic acid: nutrient culture studies. Journal of Chemical
Ecology 31: 1907-1932.

Boughalleb-M'Hamdi, N. and Chikh-Rouhou, H. (2011). Population dynamics of Fusarium oxysporum f. sp.
niveum and F. solani f. sp. cucurbitae in commercial watermelon fields in Tunisia. Research in
Plant Biology 1 (3): 38-42.

Chaves, N., Sosa, T., Alias, J.C. and Escudero, J,C. (2001). Identification and effects of the interaction of
allelopathic compounds from the exudates of Cistus ladanifer leaves. Journal of Chemical
Ecology 27: 611-621.

Cheng, Y. and Bai, S.F. (2011). Promotive Effects of Melon Survival on Fusarium wilt. Chinese Agriculture

Science Bulletin 27 (8) : 217-221. (Chinese)

Ding, J., Sun, Y. and Xiao, C. L. (2007). Physiological basis of different allelopathic reactions of cucumber
and figleaf gourd plants to cinnamic acid. Journal of Experimental Botany 58 (13): 3765-3773.

Grayston, S.J., Wang, S., Campbell, C.D. and Edwards, A.C. (1998). Selective influence of plant species on
microbial diversity in rhizosphere. Soil Biology Biochemistry 30:369-378.

Han, C.M., Pan, K.W., Wu, N,, Wang, J.C. and Li, W. (2008). Allelopathic effect of ginger on seed
germination and seedling growth of soybean and chive. Scientia Horticulturae 116 (3): 330-336.

Hao, W.Y., Ran, W. and Shen, Q.R. (2010). Effects of root exudates from watermelon, rice plants and
phenolic acids on Fusarium oxysporum f. sp. niveum. Scientia Agricultura Sinica. 43
(12):2443-2452. (Chinese)

1l1-Min, C. and David, S. (2001). Autotoxic compounds from fresh alfalfa leaf extracts: dientification and
biological activity. Journal of Chemical Ecology 26 (1): 315-327.

Kim, Y.O., Lee, E.J. and Lee, H.J. (2000). Antimicrobial activities of extracts from several native and exotic
plants in Korea. Kor. Journal. Ecology 23: 353-357.

Lara-Nunez, A., Romero-Romero, T., Ventura, J.L., Blancas, V., Anaya, A.L. and Cruz-Ortega, R. (2006).
Allelochemical stress causes inhibition of growth and oxidative damage in Lycopersicon
esculentum Mill. Plant, Cell and Environment 23: 2009-2016.

Ling, N. and Huang Q.W. (2011). Paenibacillus polymyxa SQR-21 systemically affects root exudates of
watermelon to decrease the conidial germination of Fusarium oxysporum f. sp. niveum. Plant Soil
341: 485-493

Lv, W.G,, Shen, Q.R., Yu, Y.Y. and Zhu, H.T. (2006). The effect of added phenolic acids on soil enzyme
activities and nutrients. Plant Nutrition and Fertilizer Science 12: 845-849. (In Chinese)

Mark, A., Czarnota, Agnes M.R. and Leslie, A.-W. (2003). Evaluation of root exudates of seven sorghum
accessions. Journal of Chemical Ecology 29: 2073-2083.

Miguel, A., Maroto, J.V., San Bautista, A., Baixauli, C., Cebolla, V., Pascual, B., Lopez, S. and Guardiola,
J.L. (2004). The grafting of triploid watermelon is an advantageous alternative to soil fumigation
by methyl bromide forcontrol of Fusarium wilt. Scientia Horticulturae 103: 9-17.

Muscolo, A., Panuccio, M.R. and Sidari, M. (2001). The effect of phenols on respiratory enzymes in seed
germination. Plant Growth Regulation 35: 31-35.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Root exudates from muskmelon (Cucumis melon. L)  affects on Fusarium oxysporum f. sp. melonis. 187

Pavlou, G.C. and Vakalounakis, D.J. (2005). Biological control of root and stem rot of greenhouse cucumber,
caused by Fusarium oxysporum f. sp. radicis-cucumerinum, by lettuce soil amendment. Crop
Protection 24: 135-140.

Rogier, F., Doornbos, L. C. L. and Peter A. H. M. Bakker. (2012). Impact of root exudates and plant defense
signaling on bacterial communities in the rhizosphere. A review. Agronomy for Sustainable
Development 32: 227-243.

Terzi, 1., (2008). Allelopathic effects of Juglone and decomposed walnut leaf juice on muskmelon and
cucumber seed germination and seedling growth. African Journal of Biotechnology 12:
1870-1874.

Wang, R.H., Zhou, B.L., Zhang, Q.F. and Fu, Y.W. (2003). Physiological characteristics and resistance to
Verticillium dahliae in eggplant/tomato grafted plants. Plant Physiology Communications 39:
330-332. ( In Chinese)

Weir, T.L., Park, S.W. and Vivanco, J.M. (2004). Biochemical and physiological mechanisms mediated by
allelochemicals. Current Opinion in Plant Biology T: 472-479.

Willamson, G.B. and Richardson, D. (1988). Bioassays for Allelopathy: Measuring treatment responses with
independent controls. Journal of Chemical Ecology 14 (1): 181-187.

Wu, EZ., Meng L.J. and Wen. J.Z. (2002). The effect of cucumber root exudates on Fusarium oxysporum
growth [J]. China Vegetables 5: 26-27. ( Chinese)

Wu, H.S., Raza, W., Liu, D.Y., Wu, C.L.,, Mao, Z.S. and Shen, Q.R. (2008). Allelopathic impact of
artificially applied coumarin on Fusarium oxysporum f. sp. niveum. World Journal of
Microbiology and Biotechnology 24: 1297-1304.

Yong, O.K., Jon, D.J. and Eun, J.L. (2005). Phytotoxic effects and chemical analysis of leaf extracts from
three Phytolaccaceae species in south korea. Journal of chemical Ecology 31 (5): 1175-1186.

Yu, J.Q. and Matsui Y. (1997). Effects of root exudates of cucumber (Cucumis sativus) and allelopathicals
on the ion uptake by cucumber seedling. Chemical Ecology 23 (3): 817-827.

Yu, J.Q. and Matsui Y. (1994). Phytotoxic substances in root exudates of cucumber (Cucumis sativus L.).
Journal of chemical Ecology 20: 21-30.

Yu, J.Q., Shou, S.Y. and Qian, Y.R. (2000). Autotoxic potential of cucurbit crops. Plant and Soil 223:
147-151.

Yu, J.Q., Ye, S. F., Zhang, M.F. and Hu, W.H. (2003). Effects of root exudates and aqueous root extracts of
cucumber (Cucumis sativus) and allelochemicals, on photosynthesis and antioxidant enzymes in
cucumber. Biochemical Systematics and Ecology 31: 129-139.

Zeng, H.Y., A.R. Alan. And P.K. Saxena. (2009). Evaluation of in vitro shoots of Artemisia judaica for
allelopathic potential. Acta Physiologiae Plantarum 31: 1237-1248.

Zhang, FL., Zhou, B.L., Wang, R.H. and He, Y. (2005). Allelopathic effects of grafted eggplant root exudates.
Applied Ecology Journal Sinica 16: 750-753. (Chinese).

Zhang, F.S. and Long, L. (2003). Using competitive and facilitative interactions in intercropping systems
enhances crop productivity and nutrient-use efficiency. Plant and Soil 248: 305-312.

Zhou, B.L., Chen, Z.X., Du, L., Xie, Y.H., Zhang, Q. and Ye, X.L. (2011). Allelopathy of root exudates from
different resistant eggplants to Verticillium dahliae and the identification of allelochemicals.
African Journal of Biotechnology 10: 8284-8290.

Zhou, X.G. and Everts K.L.. (2003). Races and inoculum density of Fusarium oxysporum f. sp. niveum in
commercial watermelon fields in Maryland and Delaware. Plant Disease 87: 692-698.

Zhuang J.H and Yang C.C. (2009). Allelopathy of water extract of root from several protected vegetable on
melon. Seed 28: 94-95. (Chinese).



