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ABSTRACT 

 
To determine the allelopathic potential of phenolic acids on watermelon 

(Citrullus lanatus Thunb), we studied the inhibitory activities of 21 phenolic acids 
on watermelon seeds germination. The quantitative structure-activity relationship 
(QSAR) method using the comparative molecular field analysis and comparative 
molecular similarity index analysis was used to elucidate the relationships between 
the inhibitory activities and structural characteristics. The results showed that 
half-maximal inhibitory concentrations (IC50) were in ~µg/mL. The QSAR 
calculations suggested that the allelopathic inhibitory activities were increased 
when substituents had large moieties at 1/2/3/4-positions, negative charge at 
1/3-position, a H-bond donor at 4-position and a H-bond acceptor at 2-position.  
 
Keywords: Allelopathy, Citrullus lanatus, germination, phenolic acids, QSAR, 
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INTRODUCTION 

 
Phenolic acids (a big group of secondary metabolites), are found throughout the 

plant kingdom. Benzoic acid, syringic acid, salicylic acid, p-hydroxybenzoic acid, ferulic 
acid, gallic acid, vanillic acid, caffeic acid, p-coumaric acid and cinnamic acid have been 
identified by HPLC in extracts of plant parts and root exudates (5,17). Potential 
biological functions of phenolic acids viz., antioxidant (6), anticarcinogenic, 
antimicrobial (16) and allelopathic activities, are currently hot research topic. Phenolic 
acids enter the environment through root exudation, residue decomposition, pollen 
transfer, rain leachates etc., however, the plant residues decay is major mode of their 
production. Allelopathy occurs when the phenolic acids accumulate in the medium in 
relatively large amounts. The allelopathic potential of phenolic acids affects both the soil 
ecosystem and plant physiology (18,19,22,26). In soil, evidence shows that phenolic 
acids stimulates the soil dehydrogenase activity, soil microbial biomass carbon content 
and size of soil bacterial and fungal community (29). Additionally, experimental results 
have confirmed that plants residues rich in phenolic acids stimulates the invasion of 
soil-borne pathogens (12,14,21,28). Regarding plant physiology, concentration of 
phenolic acids and sensitivity of the recipient species are the key factors, determining the 
allelopathic activity of phenolic acids in plants. Generally phenolic acids are stimulatory 
to plants at very low concentrations, but inhibitory at high concentrations (15,20). The 
phenolic acids changes the plant physiology in many ways viz., gene expression, enzyme 
activity, membrane permeability, photosynthesis, protein and nucleic acid synthesis, etc. 
(2,4,8,9,24,27). 
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Watermelon (Citrullus lanatus Thunb) is major cash crop worldwide and the China, 
ranks first in the world in its area ( > 1.5 million hm2). However, the rotation of 
watermelon is becoming more and more difficult due to the unknown factors leading to 
the development of soil sickness, which reduces its yield and quality. Extracts from roots, 
leaves or stems of various plants rich in phenolic acids, significantly inhibited the 
germination, seedling growth and radicle elongation (3,13,19,28); hence, phenolic acids 
are considered to play an important part in continuous cropping problem. To better 
understand the effects of phenolic acids on watermelon, the dose-effect relationship of 
individual compounds to watermelon need to be explored. The quantitative 
structure-activity relationship (QSAR) technique, which is already used in the field of 
biological activity evaluation and molecular design (7,10), may be used to explore the 
structure-antioxidant activity relationships of phenolic compounds (1,6). However, the 
structure-allelopathic activity relationship for phenolic compounds is still unknown. The 
3D-QSAR of comparative molecular field analysis (CoMFA) and comparative molecular 
similarity index analysis (CoMSIA) can provide a 3D view to investigate the structural 
parts of phenolic compounds responsible for their inhibitory activity. Hence, the 
watermelon germination bioassay was done to determine the harmful biological effects 
of 21- phenolic acids, and their dose-effect relationships on watermelon seeds 
germination. The respective contribution of each key substituent to the allelopathy of 
phenolic acids was elucidated by the molecular field information in the 3D-QSAR 
(CoMFA & CoMSIA) models. This study aimed to elucidate the effects of phenolic acids 
on watermelon seed germination, and to provide a feasible method to evaluate the 
allelopathic and environmental risks of phenolic acid analogues.  

 
METHODS AND MATERIALS 

 
Chemicals 

Information regarding the 21- test phenolic acids is given in Table 1. All 
compounds were purchased from Aladdin Company (Shanghai, China) and were of 
reagent grade (purity > 97%). Stock solutions of phenolic acids were prepared and 
diluted with double distilled water.  
 
Seed Germination  

Seeds of watermelon (Citrullus lanatus Thunb) were purchased from a seed 
supplier shop. The seeds were soaked for 10 min in sterile water at 60 oC and then for 6 
h at 25 oC. Ten cm dia plastic Petri dishes with double layers of filter papers (Whatman 
filter paper No. 1) were sterilized at 121 oC for 20 min. Five sterilized seeds were sown 
per Petri dish and either 7 mL sterile water (blank control) or phenolic compound 
solution (concentration 0 to 200 µg/mL) was added per petri dish as per treatments on 
the 1st day and 2 mL on the 5th day. Petri dishes were kept in constant-temperature 
incubator, with 28±0.2 oC in dark. The germination (%) was recorded on the 3rd day after 
sowing and the radicle and hypocotyl length were measured on the 7th day with scale. 
The experiments of dose-response relationship of each phenolic acid were repeated 
thrice and the average IC50 (half-maximal inhibitory concentration) was calculated.  

The half maximal inhibitory concentration (IC50) were calculated in 3- ways: (i) 
IC50, germination  was calculated using inhibition of germination induced by phenolic acids, 
(ii) IC50, radicle was calculated using inhibition  of radicle length induced by phenolic 
acids, and (iii) IC50, hypocotyl was calculated using inhibition of hypocotyl length induced 
by phenolic acids. 
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QSAR method 
Software SYBYL 8.0 (Tripos Inc., USA) was used to perform all the QSAR 

analyses. The 3D structures of all compounds were assessed using the standard tools; the 
main steps were: partial atomic charges were done by the Gasteiger-Huckel method, 
energy minimizations were conducted by the Tripos force field (energy gradient 
convergence criterion was 0.005 kcal/Å). The compound sinapic acid, with high 
inhibitory activity and most substituents on the benzene ring, was used as a template. 
Using the database alignment method, the other molecules were aligned to the template. 
The 3D view of aligned molecules is shown in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. 3D-view of aligned molecules based on sinapic acid. 
Note：atoms marked with * were selected for alignment of all structures. 

 
For the CoMFA (comparative molecular field analysis) calculation, the 

molecules were placed into a 3D cubic lattice with 2 Å grid. A sp3 carbon probe atom 
with +1 charge was used to calculate the interaction energies. The cutoff value for both 
steric and electrostatic fields was set to 30 kcal/mol. The CoMSIA (comparative 
molecular similarity index analysis) model was constructed by the same alignment used 
in CoMFA. Five fields of steric, electrostatic, hydrophobic, H-bond donor, and H-bond 
acceptor were generated using the standard settings.  

In the CoMFA/CoMSIA modeling, IC50, radicle (µmol/L) values were used as 
dependent variables, and CoMFA/CoMSIA descriptors were used as the independent 
variables. Partial least square (PLS) regression was used for the statistical analysis. The 
leave-one-out (LOO) cross-validation was performed; the optimum number of 
components (N) and cross-validated correlation coefficient (Q2) were obtained. Then, 
non-cross-validation analysis was conducted to yield the conventional multiple 
correlation coefficient (R2), the standard error of estimate (SEE) and the Fisher test (F) 
values. 

 
RESULTS 

 
Dose-effect relationships 

Twenty one phenolic acids were selected and tested based on two parameters: 
(i). compounds frequently detected in plant rhizospheres and (ii). compounds with 
typical structure suitable for QSAR modeling. The results were shown in Table 1. All the 
tested compounds suppressed the watermelon seeds germination at high concentrations, 
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IC50, germination, IC50, radicle and IC50, hypocotyl from 87.74-139.26, 67.86-98.45 and 
59.26-108.91 µg/mL, respectively. Growth indices of radicle and hypocotyl were more 
sensitive to phenolic acids inhibition than seeds germination. Statistical analysis showed 
that IC50, germination and IC50, radicle were positively correlated at 0.05 level, with Pearson 
correlation coefficient of 0.50; in contrast, IC50, hypocotyl was not correlated with the above 
two indicators.  

Due to the structural diversity of phenolic acids, the inhibitory activities of 
these allelopathic compounds on germination were expected to be different. However, 
what kind of substituent and which substitution position contributed more to the 
inhibitory activity was unclear. Hence, the 3D-QSAR (by CoMFA and CoMSIA analyses) 
models were constructed to obtain more comprehensive and precise information.  
 
3D-QSAR analysis 
 
CoMFA and CoMSIA statistical results 

The statistical results of the 3D-QSAR models were summarized in Table 2. For 
the CoMFA model, LOO analysis gave a cross-validated Q2 value of 0.619 for three 
optimal components. The correlation coefficient R2 was determined to be 0.819 for the 
non-cross validated PLS (partial least squares) analysis, SEE was 38.598 and F value 
was 25.657. The correlation between the experimental and predicted values were shown 
in Fig. 2(a). These indices suggested that a reliable CoMFA model was constructed 
successfully.  

For the CoMSIA models, the statistical results of CoMSIA I revealed that the 
electrostatic, H-bond donor, H-bond acceptor and hydrophobic fields made the major 
contribution, whereas, the steric fields made a much smaller contribution. Hence, the 
CoMSIA II was constructed, in which the steric field was excluded. For the CoMSIA II 
model, a cross-validated Q2 value of 0.645 was obtained with two optimal components, 
together with an R2 value of 0.797, SEE value of 39.699 and F value of 35.475. The 
relationship between the experimental and predicted values (Fig. 2b) revealed that a 
better statistical correlation was achieved with the COMSIA II in comparison to the 
CoMSIA I model.  
 
Interpretation of CoMFA contour maps 

The CoMFA contour maps were depicted in Fig. 3. In the steric fields, green 
and yellow colours represented contours that were, sterically favorable and unfavorable 
to inhibitory activity, respectively. Hence, the green contours near R1, R2, R3 and R4 of 
the benzene ring indicated that substituents with big volume could increase the 
inhibitory activity of the molecules. The structure-activity relationship of substituents at 
R1/2/3/4 of phenolic acids were depicted in Table 3. For the R1 substituents, this finding 
was clearly supported by the higher activities of cinnamic acid derivatives with 
-C2H2COOH substituent at the R1 position, whereas, the benzoic acid derivatives had 
-COOH at this site. For the substituents at R2/3/4, compounds with -OH or -OCH3 
groups at those sites exhibited higher inhibitory activity than unsubstituted compounds.  

In the electrostatic fields, contours in blue and red represented positive charge 
groups favourable and unfavourable, respectively, to inhibitory activity. A small red 
contour near the area connecting R1 of the benzene ring indicated that greater electron 
density in this region was favourable, which was clearly supported by the higher 
inhibitory activity of cinnamic acid derivatives carrying the acrylic group at the 
substituent compared with benzoic acid derivatives that had the carboxyl group. 
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Figure 3. Contour maps of CoMFA model，(a) steric fields, (b) electrostatic fields. 
 
Table 3. The structure-activity relationship of substituents at C-1/2/3/4 positon of phenolic acids 
 
No. Name Structure IC50  

(µmol/L) 
Name Structure IC50  

(µmol/L) 

(a) The structure-activity relationship of substituents at C-1 positon of phenolic acids 

1 Benzoic acid(BA) 

 

555.69 Cinnamic 

acid(CA)  

521.01 

2 4-Hydroxy BA 

 

573.87 p-Coumaric acid 

 

468.48 

3 3,4-Dihydroxy 

BA  

638.78 Caffeic acid 

 

379.26 

4 Vanillic acid 

 

513.25 Ferulic acid 

 

424.42 

5 Syringic acid 

 

472.74 Sinapic acid 

 

331.44 

(b) The structure-activity relationship of substituents at C-2 positon of phenolic acids 

1 Benzoic acid 

 

555.69 Salicylic acid 

 

533.45 

2 Cinnamic acid 

 

521.01 2-MethoxyCA 

 

480.21 

3 p-Coumaric acid 

 

468.48 2,4-DihydroxyCA 

 

471.11 

4 3-MethoxyCA 

 

478.95 2,3-DimethoxyCA 

 

400.41 

（a） （b）

1
2

3

4

5
6
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(c) The structure-activity relationship of substituents at C-3 positon of phenolic acids 

1 4-HydroxyBA 

 

573.87 Vanillic acid 

 

513.25 

2 Cinnamic acid 

 

521.01 3-MethoxyCA 

 

478.95 

3 p-Coumaric acid 

 

468.48 Ferulic acid 

 

424.42 

4 2-MethoxyCA 

 

480.21 2,3-Dimethoxy 

CA  

400.41 

(d) The structure-activity relationship of substituents at C-4 positon of phenolic acids 

1 Benzoic acid 

 

555.69 4-Hydroxy BA 

 

573.87 

2 Cinnamic acid 

 

521.01 p-Coumaric acid 

 

468.48 

3 3-HydroxyCA 

 

596.42 Caffeic acid 

 

379.26 

4 3,5-DimethoxyCA 

 

465.29 Sinapic acid 

 

331.44 

 
Interpretation of CoMSIA contour maps 
 
(i). Electrostatic fields of CoMSIA II: These shown in Fig. 4(a), were generally in 
accordance with the electrostatic field distribution of CoMFA. However, an additional 
red contour was obtained in the region surrounding the R3 substituent, indicating that 
substituents with more negative charge at this site could be associated with increased 
inhibitory activity. This finding was well supported by the high inhibitory activities of 
vanillic acid, 3-methoxyCA, ferulic acid and 2,3-dimethoxyCA that carry the methyl 
group at the R3 substituent, whereas, the remaining compounds were unsubstituted. 
 
(ii). Hydrophobic fields of CoMSIA II: These were depicted in Fig. 4(b). Contours in 
yellow and white represented regions where, hydrophobic and hydrophilic substituents 
were favorable to inhibitory activity respectively. A big yellow contour near the R3 and 
R4 substituents indicated that hydrophobic substituents at these two sites were 
favourable for inhibitory activity. This finding corresponded to the steric map provided 
by the CoMFA model, whereby the groups with big volume at the R3 and R4 led to 
strong inhibitory activity. The agreement of the CoMSIA II contour with that of CoMFA 
demonstrated suitability of the constructed models. 
 
(iii). H-bond donor and acceptor fields of CoMSIA II: The H-bond donor fields of 
CoMSIA II were depicted in Fig. 4(c). The contours in cyan and  purple  represented 
the  hydrogen bond donor groups favourable and unfavourable  to  inhibitory activity, 
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Figure 4. Contour maps of CoMSIA II model, (a) Electrostatic fields, (b) Hydrophobic fields, (c) 

H-bond donor fields, (d) H-bond acceptor fields 
 
respectively. Two big purple contours appeared in the R1 region, indicating that the 
H-bond donors derived from carboxyl groups decreased the inhibitory activity. A small 
cyan-colored contour near the R4 substituent indicated that substituents with H-bond 
donor characteristic at R4 increased the inhibitory activity. This argument was further 
supported by the high activity of p-coumaric acid, caffeic acid and sinapic acid with 
hydroxyl group at R4, whereas, the rest of compounds were unsubstituted. The H-bond 
acceptor fields of CoMSIA II were depicted in Fig. 4(d). The contours in magenta and 
red represented the hydrogen-bond acceptor groups favourable and unfavourable to 
inhibitory activity, respectively. A big magenta near the R2 substituent indicated the 
location of H-bond acceptor groups increased the inhibitory activity. For instance, 
compounds 2-methoxyCA and 2,3-dimethoxyCA with the methoxyl substituent at R2, as 
a typical hydrogen-bond acceptor group, increased the inhibitory activity than 
unsubstituted compounds. 

 
DISCUSSION 

 
Long-term monoculture of watermelon leads to the growth inhibition, decreases 

the crop yields and quality due to development of soil sickness (12,25), and allelopathy 
is one of the important contributing factors. Although a variety of phenolic acids co-exist 
in the rhizosphere of watermelon, how many are present and how toxic each compounds 
are the keys to their allelopathic action. Germination is very sensitive phase in plant 
growth cycle. Investigating the suppression of watermelon seeds germination by 
exogenous phenolic acids is of great significance. The dose-effect relationship suggested 
that phenolic acids decreased the seeds germination of watermelon at 59.26-139.26 

（a） （b）

（c) （d）
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µg/mL. However, the concentration of phenolic acids in the rhizosphere soil around 
plant roots was significantly lower than inhibitory concentrations obtained under 
laboratory conditions (4). Hence, it is reasonable to infer that single phenolic acid could 
not lead to allelopathic inhibition of watermelon.  

By sharing the common benzene ring and active carboxylic group, various 
substituent types and positions on the ring contributed to the structural diversity and 
allelopathic activities of phenolic acids. In general, the contour maps of the CoMFA and 
CoMSIA models can be used to explore the toxicity mechanisms of the compounds of 
interest (11,23). In the CoMFA model, the steric fields contributed 50.3 % of inhibition, 
indicating that non-specific reactions accounted for a large proportion of the inhibitory 
action. In both the CoMFA and CoMISA II models, the electrostatic fields made a major 
contribution as well, which suggested that electron transfer might have existed between 
the phenolic acids and watermelon seeds.  

 
CONCLUSIONS 

 
The allelopathic activity of 21 phenolic compounds was studied based on 

watermelon seeds germination assay and 3D-QSAR modeling. The results suggested that 
the inhibitory effects of each individual compound to watermelon seeds germination 
were weak, with the IC50 values in the ~µg/mL range. The 3D-QSAR was done using the 
CoMFA and CoMSIA tools. The Q2 values of CoMFA (Q2 = 0.619, R2 = 0. 819) and 
CoMSIA II (Q2 = 0.645, R2 = 0.797) indicated the statistical validity (Q2 > 0.5). The 
QSAR results suggested that the compounds with bigger moieties and/or negative charge 
at R1, with bigger moieties and/or H-bond acceptor at R2, with bigger moieties and/or 
negative charge at R3, and bigger moieties and/or H-bond donor at R4 increased the 
inhibition of watermelon seeds germination. 
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