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Although tree peony  (Paeonia ostii) is widely cultivated in China, it has not been fully utilized as an 

arable resource. To investigate the suitability of tree peony in intercropping systems, we examined the 

allelopathic effects of aqueous extracts from the leaves and roots of P. ostii ‘Fengdan’ on the seed ger-

mination, growth, and physiological responses of tatsoi, spinach, and bok choy. Among these vegeta-

bles, tatsoi exhibited the best seed germination and seedling growth. Lower concentrations of aque-

ous extracts of ‘Fengdan’ roots (5–10 g·L-1 for tatsoi and 5 g·L-1 for spinach and bok choy) promoted 

seed germination, biomass, chlorophyll content, root activity, photosynthetic rate, intercellular CO2 

concentration, stomatal conductance, and antioxidant enzyme activity. However, high concentrations 

of the leaf extract (40 g·L-1 for tatsoi and 20–40 g·L-1 for spinach and bok choy) significantly increased 

levels of malondialdehyde and reduced seed germination, dry weight, chlorophyll content, root activ-

ity, and antioxidant enzyme activity. These deleterious effects increased with higher extract concen-

trations. The allelopathic effect of the leaf extract was greater than that of the root extract. The order 

of the allelopathic effect of tree peonies on the three vegetables was bok choy, spinach, and tatsoi. 

Therefore, tatsoi is the most suitable vegetable for interplanting with tree peonies. 
 
 
Allelopathy is an important ecological phenomenon in which biochemicals released by one plant can affect 
the growth of other plants1,2. Vegetable agroforestry farming systems (VAFS) are a model of crop management 
that aims to increase food production and more efficiently utilize arable land. VAFS involves the cultivation 
of woody plants and vegetable crops in specified temporal or spatial arrangements3–5. The allelopathic com-
patibility between vegetable crops and woody plants may be key to the success of a vegetable agroforestry 
system4,6. Woody plants release a number of biochemicals into the soil that inhibit the germination and devel-
opment of understory crops7,8. There have been a number of studies in which researchers have investigated 
tree-crop interactions in cereal based systems7–9; however, there is as yet little information about the interac-
tions between trees and vegetables, which is essential for planning VAFS. It has been reported that most of 
the tree species used in agroforestry have negative impacts on the growth of food crops7,8,10. For example, leaf 
extracts from four woody plants, including Acacia auriculiformi and Tectona grandis, were reported to inhibit 
the germination rate of tomato, brinjal, and chilli; inhibition of radical and plumule growth was more pro-
nounced in these systems11. The authors hypothesized that certain compounds from these tree species may 
negatively affect the physiology of understory crops. Lawrence et al.12 reported that aqueous extracts of leaves 
and stems of Ailanthus altissima negatively affect seed germination and seedling growth of eight North Amer-
ican native plants. Bauer et al.13 found that leaf extracts from Lonicera maackii inhibited seed germination in 
several herbaceous plants: Bredia hirsuta, Alliaria petiolata, and Impatiens capensis. Furthermore, Phyllosta-
chys edulis was found to contain high levels of allelopathic compounds that inhibit the growth of lower 
weeds14.  

The level of malondialdehyde (MDA) in a plant reflects the balance of oxidative stress. Since allelo-
chemicals affect antioxidant enzymes and MDA levels, MDA measurements are used to indicate oxidative 
damage to biomaterials15–17. The process by which superoxide dismutase (SOD) dismutates O2

− to H2O2 by 
integration with metal ions is considered the first line of the antioxidant defense system18,19. Peroxidase (POD) 
and catalase (CAT) mainly remove H2O2 and maintain the intracellular concentration of H2O2 within a con-
trollable range20,21. Researchers have shown that plants generate large amounts of ROS under stress from 
allelopathic biochemicals released by other plants in intercropping systems22–24. The increase in MDA levels 
during germination of Jatropha seeds is associated with increased POD, SOD, and CAT activity25. The effect 
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of these allelopathic biochemicals on the growth of other plants is unclear. Therefore, further study in this 
field is needed to promote the growth of vegetables or crops in VAFS where companion trees have little to no 
negative allelopathic effect, or have a positive one. 

Paeonia ostii ‘Fengdan’ (Paeoniaceae)26 can grow to a height of up to 2 m. It is a woody plant with 
important medical use and ornamental value, and is widely cultivated in China, Japan, Korea, and other coun-
tries. Its oil effectively lowers blood lipids and prevents cardiovascular diseases. The plant also has anti-in-
flammatory, antioxidant, and anti-tumor properties27,28. Its flowers are usually pink or white, and bloom in 
early spring, attracting many tourists and photographers. In the first few years after planting, P. ostii ‘Fengdan’ 
has no or relatively few fruits, and its crown is also small. In addition, it has no leaves from October to February 
of the following year. Consequently, there is potential to plant additional crops on the arable land where tree 
peonies are grown. Intercropping vegetables in the open spaces between trees can improve land use and pro-
vide benefits in the same year. More efficient use of arable resources, such as implementing appropriate veg-
etable agroforestry systems, can help address China's land scarcity problem. These systems would also develop 
vegetable resources and reduce the use of pesticides and chemical fertilizers in vegetable production. 

Spinach (Spinacia oleracea), a green leafy vegetable that is widely recognized for its nutritional bene-
fits29, is rich in nutrients such as iron, calcium, vitamin A, and vitamin C, which are important for maintaining 
good health. Tatsoi (Braassica campesttris. ssp. chinensis), a cruciferous vegetable, has dark green leaves that 
are both firm and tender and provide a range of nutrients. Every 100 grams of fresh spinach leaves contains 
up to 70 milligrams of vitamin C, 180 milligrams of calcium, iron, phosphorus, magnesium and other minerals. 
Its rich flavor and vibrant color make it very popular with consumers30. Bok choy (Brassica campestris ssp. 
chinensis (L.) Makino), a non-heading Chinese cabbage variety, is resistant to cold temperatures and can grow 
slowly even at –10°C31. Its unique characteristics include nearly round leaves with an outward curl at the tip, 
and a succulent, tender texture with low fiber content. Enriched in essential trace elements, this vegetable is 
widely grown in the northern regions of China during the winter. 

In this study, the seeds of tatsoi, spinach, and bok choy were treated with aqueous extracts of roots and 
leaves of the tree peony cultivar ‘Fengdan’ to simulate the process of leaching from rain in autumn and winter 
in northern China. The effects of different concentrations of the aqueous extracts on seed germination and 
physiological indexes of the three vegetables were analyzed. The objectives of this work were (1) to determine 
the effects of aqueous extracts of ‘Fengdan’ roots and leaves on the germination and seedling growth of tatsoi, 
spinach, and bok choy, (2) to identify suitable vegetables for intercropping with tree peonies, and (3) to im-
prove intercropping systems to promote the efficient use of land resources in the long-term. 

Results 
Seed Germination 
With respect to seed germination, low concentrations of aqueous extract of P. ostii ‘Fengdan’ root had a pro-
motional effect in each of the three vegetables, whereas high concentrations of root extracts had an inhibitory 
effect (P<0.05) (Table 1). At low concentration (5 g·L-1) of tree peony root extract, the seed germination rate 
of tatsoi, spinach, and bok choy increased by 2.33%, 6.67%, and 1.15%, respectively, compared to the control. 
However, the seed germination rate of tatsoi, spinach, and bok choy decreased by 14.76%, 18.70%, and 
21.81%, respectively, compared to the control when the concentration of root extract reached 40 g·L-1 (Table 
1). The germination rate of tatsoi was higher than that of the other two vegetables, at all concentrations of tree 
peony root aqueous extract. 

Tree peony leaf extract had a greater impact than did root extract on the seed germination rate of the 
three vegetables. At 20 g·L-1 leaf extract, the germination rate of tatsoi, spinach, and bok choy was reduced by 
11.95%, 19.85%, and 22.82%, respectively, compared to the control, whereas at 20 g·L-1 root extract, the 
germination rate was reduced by only 5.67%, 10.66%, and 11.15%, respectively, compared to the control. The 
germination index of tatsoi peaked at 5 g·L-1 aqueous leaf extract and decreased with increasing concentration 
compared to the control. Tree peony root and leaf extracts had the strongest allelopathic effect on the germi-
nation rate of bok choy, followed by spinach and tatsoi. Overall, the germination rate of the three vegetables 
was in the following order: tatsoi, spinach, and bok choy. 

Regardless of the leaf or root aqueous extract concentration (10–40 g·L-1), the GR, GI, GP, and SVI 
were lowest in bok choy compared to the control. The GI and GP of spinach decreased with increasing con-
centration of tree peony leaf or root extract as compared to the control (Table 1). 
 

Vegetables Concentration 
(g·L-1) 

Germination 
potential (%) (GP)  

Seedling vigor 
index(SVI) 

Germination 
index (GI) 

Germination rate 
(GR)（%) 

 
 
 
 
 
 

Tatsoi 
 
 

0(CK) 75.3±1.23b  49.92±1.28c 70.67±2.39a 91.00±0.58a 
L5 74.7±1.25b  48.07±1.44c 69.57±1.67a 91.33±1.20a 
L10 64.0±0.95d  39.31±0.54d 55.34±0.86c 84.10±0.58b 
L20 46.0±1.50ef  36.65±0.63de 46.03±0.58d 79.05±1.31c 
L40 41.3±0.88f 29.12±0.72f 40.11±0.67e 72.33±1.76d 
R5 80.0±2.05a  61.05±1.67a 71.41±1.76a 93.33±1.30a 
R10 70.0±1.35c  54.84±0.79b 68.90±2.15a 92.67±0.88a 
R20 62.0±1.07d  45.61±0.94cd 63.00±0.77b 85.33±0.33b 
R40 51.0±1.63e  34.44±1.29e 61.93±1.65b 76.24±2.03cd 

 
 
 
 
 
 

Spinach 

0(CK) 74.7±1.08a  78.03±1.37b 68.26±1.53 a 87.00±0.58b 
L5 64.0±2.06b  78.90±2.19b 69.27±2.14 a 92.33±0.67a 
L10 44.0±2.12cd  53.61±1.26c 43.45±0.42c 79.20±1.73c 
L20 39.3±1.57d  35.41±0.47d 38.76±1.38d 67.15±1.15d 
L40 30.7±1.39e  25.10±0.59f 32.90±1.46e 60.24±2.52e 
R5 48.7±1.62c  92.38±3.04a 66.43±2.35a 93.67±0.88a 
R10 40.7±1.73d  78.09±1.75b 55.40±1.05b 86.05±1.15b 
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R20 40.0±1.52d  55.56±1.81c  38.97±2.34d 76.34±1.86c 
R40 38.0±1.29d  30.35±0.94e 34.65±1.08de 68.30±1.20d 

 
 
 
 

bok choy 
 
 
 

0(CK) 85.3±1.57a  87.88±1.27a 70.49±2.24a 89.17±1.86a 
L5 78.67±1.68b  79.42±2.17b 67.26±0.36ab 89.67±1.20a 
L10 72.00±1.28c  52.10±2.04c 61.61±1.20b 76.33±0.88b 
L20 68.00±2.13cd  33.41±0.72d 59.14±0.69b 66.35±1.20c 
L40 52.00±1.37d  19.16±0.67e 52.51±1.37c 54.00±3.06d 
R5 81.33±1.34ab  89.44±2.04a 70.54±2.41a 90.32±0.33a 
R10 72.00±2.17c  75.26±1.39b 62.68±1.53b 87.00±1.15ab 
R20 66.67±2.16cd  50.55±0.83c 55.16±0.67c 78.02±0.58b 
R40 44.67±2.24f  30.55±0.77d 39.32±0.39d 67.36±1.20c 

Mean ± SD, n = 3. Different lowercase letters among treatments indicate significant differences (p < 0.05). 
 
Table 1. Germination and seedling vigor of three vegetables treated with P. ostii ‘Fengdan’ leaf and root 
extracts..Note: L5, L10, L20 and L40 represent: 5, 10, 20 and 40 g·L-1 of P. ostii ‘Fengdan’ leaf extracts, 
respectively. R5, R10, R20 and R40 represent: 5, 10, 20 and 40 g·L-1 of P. ostii ‘Fengdan’ root extracts, 
respectively. The same below. 

Seedling Growth 
Leaf extract of the tree peony cultivar ‘Fengdan’ showed stronger inhibitory effects than did root extracts on 
the root length (RL) and hypocotyl length (HL) of tatsoi, spinach, and bok choy. Different concentrations of 
‘Fengdan’ leaf extracts all had an obvious inhibitory effect on the shoot growth of the three vegetables. The 
higher the concentration of ‘Fengdan’ leaf extract, the stronger the inhibitory effect on the RL and HL of the 
vegetable seedlings. Higher concentrations of leaf extracts resulted in stronger inhibition of hypocotyl growth 
(Fig. 1). At 40 g·L-1 of leaf extract, the hypocotyl length of tatsoi, spinach, and bok choy decreased by 3.10, 
21.05, and 23.01 mm, respectively, compared to the corresponding measure in the control group, and the root 
length decreased by 13.24, 20.48, and 35.58 mm, respectively.  

 
Figure 1. Effects of P. ostii ‘Fengdan’ leaf and root extracts on hypocotyl length and root length of three 
vegetables. (A) tatsoi, (B) spinach, (C) bok choy. Bar=1.0 cm.  

‘Fengdan’ root extract promoted the RL of tatsoi, spinach, and bok choy at 5 g·L-1 and inhibited RL at 
20–40 g·L-1. At 5 g·L-1 ‘Fengdan’ root extract, the RL of the three vegetables was noticeably different from 
that in the control seedling. On the other hand, RL of each of the three vegetables was inhibited with increasing 
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extract concentrations of the ‘Fengdan’ leaf extracts. At 40 g·L-1, the significant inhibitory effects were ob-
served in the HL of the three vegetables compared to that of the control, with spinach showing the greatest 
reduction (54.02%) in RL compared to the control, followed by bok choy (51.98%), and tatsoi (38.19%). The 
changes in HL of the three vegetables treated with ‘Fengdan’ root extract showed the same trend; the root 
extract was found to be bio-stimulatory at low concentrations (5–10 g·L-1), with the exception of spinach, and 
almost significant inhibitory impacts were recorded at 20–40 g·L-1 of ‘Fengdan’ root extract (Fig. 1 & Fig. 2).  

 
Figure 2. Effects of P. ostii ‘Fengdan’ leaf and root extracts on hypocotyl length and root length of three 
vegetables. (TC) tatsoi, (SP) spinach, (BC) bok choy. the same below. Different lowercase letters among treat-
ments indicate significant differences (p < 0.05). The same below. 

 

FW and DW  

 
Figure 3. Effects of P. ostii ‘Fengdan’ leaf and root extracts on FW and DW in three vegetables seedlings. 

The seedling FW and DW of the three vegetables varied depending on the concentration of ‘Fengdan’ 
leaf or root extracts. The changes in FW and DW of the three vegetables treated with ‘Fengdan’ leaf or root 
aqueous extracts (from 5 to 40 g·L-1) were consistent: there was an initial increase in FW and DW followed 
by a decrease as the concentration of root or leaf extract increased (Fig. 3). The seedling FW values of tatsoi, 
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spinach, and bok choy treated with 40 g·L-1 ‘Fengdan’ leaf extract decreased by 0.09, 0.21, and 0.67 g respec-
tively; DW decreased by 0.02, 0.10, and 0.03 g. 

The FW and DW of tatsoi, spinach, and bok choy seedlings treated with 5 g·L-1 leaf or root extract were 
significantly higher than the corresponding measures in the control and showed a decreasing trend with in-
creasing concentration (Fig. 3). The FW of tatsoi seedling treated with 5 to 40 g·L-1 leaf or root water extract 
was apparently higher than that of the control. The DW of each of the three vegetables treated with ‘Fengdan’ 
leaf extract was lower than DW of plants treated with the root extract. The effects of ‘Fengdan’ leaf or root 
extract on DW and FW of the three vegetables are in the following order: spinach, bok choy, and tatsoi. 

Pn, Tr, Ci, Gs and Chlorophyll content 
In the ‘Fengdan’ aqueous leaf extract treatment groups, chlorophyll a and b in tatsoi and spinach peaked at 10 
and 5 g·L-1 leaf extract, respectively, and then declined slowly with the increase in leaf extract concentration. 
Chlorophyll a in spinach peaked at 5 g·L-1 aqueous extract of ‘Fengdan’ leaves and then decreased signifi-
cantly (P < 0.05), whereas chlorophyll b in spinach decreased gradually as the concentration of leaf aqueous 
extract rose (Fig. 4). 

 
Figure 4. Effect of P. ostii ‘Fengdan’ leaf and root extracts on chlorophyll a and b in three vegetables.  

 
In the aqueous root extract treatments, chlorophyll a and b in tatsoi and bok choy peaked at 10 and 5 

g·L-1, respectively and then decreased slowly with increasing concentration of the root extract (Fig. 4). Chlo-
rophyll a in spinach showed a tendency to first decrease, increase, and then slowly decline with the increase 
in the root extract; chlorophyll b in spinach peaked at 5 g·L-1 of root extract and then decreased significantly 
(P < 0.05). 

In the aqueous leaf extract treatments, the measured values of Pn, Tr, Ci, and Gs in tatsoi and spinach 
peaked at 10 and 5 g·L-1, respectively and then gradually decreased with the increase in aqueous leaf extract 
concentration. At 5–10 g·L-1 the tree peony leaf extract significantly promoted Pn, Tr, Gs, and Ci values in 
tatsoi (increased by 0.95, 0.43, 6 and 14, respectively) (Fig. 5 & Fig. 6) (P < 0.05). Pn, Tr, Gs, and Ci values 
in bok choy were lower than the corresponding values in the control group, with the exception of the 5 g·L-1 
leaf extract treatment group. Pn, Tr, Gs, and Ci of treated bok choy were lower than the control value (Fig. 5 
& Fig. 6). 

In the ‘Fengdan’ root aqueous extract treatment, Pn, Tr, and Ci values in tatsoi and spinach first rose 
and then fell with increasing concentration of root extract. Under 20 g·L-1 of ‘Fengdan’ root extract, Pn, Tr, 
Gs, and Ci in tatsoi increased only by 0.49, 0.17, 2, and 13, respectively, as compared to the control. Under 5 
g·L-1 of leaf aqueous extract, Pn, Tr, Ci, and Gs of spinach peaked, and then these four indices declined with 
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the rise in root aqueous extract concentration. In the case of spinach seeds and plants under ‘Fengdan’ root 
aqueous extract treatments, Pn, Tr, Gs, and Ci values were lower than those of the control, with the exception 
of the 5 g·L-1 treatment (Fig. 5 & Fig. 6). 

 

Figure 5. Effect of P. ostii ‘Fengdan’ leaf and root extracts on Pn and Tr in three vegetables. 

 
Figure 6. Effect of P. ostii ‘Fengdan’ leaf and root extracts on Gs and Ci in three vegetables. 

Root Activity 
In tatsoi seedlings, root activity responded favorably to increasing concentration of either root or leaf extract 
and then declined at 20 g·L-1 (Fig. 7). Low concentration (5–10 g·L-1) of either leaf or root extract of ‘Fengdan’ 
also promoted the root activity in spinach and bok choy, whereas high concentration (20–40 g·L-1) of the 
‘Fengdan’ extracts had an inhibitory effect (Fig. 7). 
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Figure 7. Effect of P. ostii ‘Fengdan’ leaf and root extracts on root activities in three vegetables. 

Antioxidant Enzyme and MDA 
Both the leaf and root extract of ‘Fengdan’ were found to have a significant effect (P < 0.05) on the activity 
of SOD, POD, and CAT in tatsoi, spinach, and bok choy seedlings (Fig. 8). In the case of the leaf extract 
treatment, the SOD activity of spinach and bok choy seedlings showed an initial increase followed by a rapid 
decrease with increasing extract concentration, and decreased to 49.23 and 67.35 U·g-1 FW, respectively, at 
40 g·L-1 of extract. The trend in the root extract treatment groups was similar: the SOD activity of spinach and 
bok choy seedlings gradually decreased with increasing concentration of root extract, from 5 to 40 g·L-1, and 
the SOD activity at 40 g·L-1 of root extract was 55.20 and 73.75 U·g-1 FW, which was 73.94% and 69.20% of 
the control values. In tatsoi seedlings, the SOD activities increased quickly with increasing concentration of 
leaf and root extracts and reached a maximum at 20 g·L-1 of concentration before decreasing to 56.00 U·g-1 
FW at 40 g·L-1 of leaf extract and 60.05 U·g-1 FW at 40 g·L-1 of root extract (Fig. 8). 
 

 
Figure 8. Effect of P. ostii ‘Fengdan’ leaf and root extracts on SOD, POD and CAT activities of three vege-
tables. 
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In the root extract treatment, CAT activity in tatsoi, spinach, and bok choy seedlings increased rapidly 
with increasing concentration, peaking at 5 g·L-1 of concentration. Thereafter, CAT activity decreased rapidly 
with increasing concentration, reaching 83.10, 81.00, and 78.25 U·g-1, respectively, at 40 g·L-1 of root extract 
(Fig. 8). In the case of the leaf extract treatment, with increasing concentration, CAT activities in tatsoi and 
spinach seedlings—but not in bok choy—showed a rapid increase with increasing concentration of the extract, 
followed by a rapid decrease; peak values of 66.75 and 79.48 U·g-1, respectively, were obtained at the lowest 
extract concentration, 5 g·L-1, followed by rapid decrease in CAT activity, the lowest levels being 42.85 and 
29.65 U·g-1 (at 40 g·L-1 of extract), which were 77.21% and 44.65%, respectively, of the control values. 

As for the leaf extract treatment groups, POD activity in spinach seedlings gradually increased and then 
decreased; at 5 g·L-1 a peak in activity occurred, 1,020.5 U·g-1·min-1, which was 118.32% of the control. In 
the case of tatsoi and bok choy, the trend in POD activity was similar; at 10 g·L-1 of the tree peony leaf extract, 
the maximum POD activity values were 827.50 and 1,105.20 U·g-1·min-1, respectively, which were 189.48% 
and 132.99% of the control values. As for the root extract treatment, POD activity in tatsoi, spinach, and bok 
choy seedlings exhibited a trend of first rising and then declining; as extract concentration reached 10 g·L-1, 
the peaked POD activity was 834.25, 1,153.15, and 1,120.38 ·g-1·min-1, respectively, which were 191.05%, 
133.70%, and 334.82% of that of the control, indicating the high level of enzymatic activity in the case of 
POD (Fig. 8).  

The basal level of MDA content in spinach seedlings was found to be significantly higher than that of 
tatsoi and bok choy. Different concentrations of P. ostii ‘Fengdan’ leaf or root extracts have a significant effect 
on MDA levels in tatsoi, spinach, and bok choy seedlings (Fig. 9). MDA content in three vegetable seedlings 
gradually decreased and then rapidly increased with increasing root and leaf extracts. At 5 g·L-1 leaf extract, 
the MDA content of tatsoi, spinach, and bok choy seedlings was 88.89%, 92.72%, and 96.43% of that in 
control, respectively, whereas at 40 g·L-1 leaf extract, the MDA level in tatsoi, spinach, and bok choy seedlings 
was 0.39, 0.75, and 1.86 times higher than that in control, respectively. Compared to the control, the MDA 
content of three vegetables at leaf extracts increased significantly by 3.50, 10.58, and 5.90 mol∙g-1 FW, re-
spectively, at 40 g·L-1 leaf extract treatment (P < 0.05). Among the test vegetables, bok choy seedling showed 
more sensitivity to the allelochemicals of leaf extracts than did the other vegetables; the significant increase 
in the MDA level in bok choy was observed at 40 g·L-1 of leaf extract. The MDA content of tatsoi, spinach, 
and bok choy seedlings decreased at 5 g·L-1 root extract compared to control, whereas an apparently further 
increase in MDA content was recorded at 10–40 g·L-1 of root extract. MDA content in all tested vegetable 
seedlings was significantly increased by root extracts at higher concentrations (40 g·L-1) (P < 0.05). 

 
Figure 9. Effect of P. ostii ‘Fengdan’ leaf and root extracts on MDA content in three vegetables. 

Synthetic allelopathic effect 

 

 

Figure 10. Synthetic inhibiting effect of P. ostii ‘Fengdan’ leaf and root extracts on three vegetables 
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Thirteen indicators, including GR, GI, SVI, GP, enzyme activities, MDA content, root activities, photosyn-
thetic parameters, and chlorophyll content, were used to evaluate the synthetic allelopathy effect and to spec-
ulate the total allelopathic intensity of different concentrations of P. ostii ‘Fengdan’ leaf and root extracts 
on three vegetables (Fig. 10). 5–10 g·L-1 of P. ostii ‘Fengdan’ leaf or root extracts promoted the growth 
of tatsoi, and the maximum synthetic allelopathic index was 0.246 at 10 g·L-1. The synthetic allelopathic index 
for spinach and bok choy were negative at 20–40 g·L-1, indicating inhibitory effects on spinach and bok choy. 
The order of the allelopathic effect of the root or leaf extract on the three vegetables was bok choy, spinach, 
and tatsoi (Fig. 11).  

 

Figure 11. Effect of P. ostii ‘Fengdan’ leaf and root extracts on three vegetable seedlings 

Discussion 
VAFS is a system in which vegetables and trees are grown together, with potential for greater economic ben-
efits32,33. Different trees and vegetables differ in their ability to complement or compete in VAFS34. Allelopa-
thy is an important factor affecting seed germination35–38. As early as 1937, H. Molisch already pointed out 
that it has two different effects, inhibition and promotion39,40. In this study, the leaf or root extracts of tree 
peony were used to investigate the effect on seed germination of three vegetables. Our results indicate that 
leaf or root extracts from P. ostii ‘Fengdan’ showed allelopathy effects on the HL, RL, and seed germination 
of three vegetables. In particular, root extract at low concentrations (5–10 g·L-1) clearly promoted the germi-
nation rate, HL, and RL, whereas the germination was most inhibited by the leaf extract, with statistically 
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significant results. Aqueous leaf extract of tree peony has more allelopathic effect than does aqueous root 
extract. The higher the concentration of P. ostii ‘Fengdan’ leaf or root extracts, the more intense the suppres-
sion on the germination rate of tatsoi, spinach, and bok choy seeds, which is in line with the results reported 
previously36,41. The low concentration of plant allelochemicals usually have a promoting effect on plant growth 
and development42,43. The effect of P. ostii ‘Fengdan’ leaf extract on tatsoi seed germination was greater than 
that of the root extract. However, even at high concentrations, the germination rate of tatsoi seeds remained 
high. This may be because tatsoi seeds are more adaptable to tree peony’s allelopathic substances (ferulic acid, 
cinnamic acid, vanillin coumarin, and paeonol)44. Tatsoi is a suitable vegetable for intercropping with tree 
peonies. These findings are in line with results reported in the study by Li et al.36; the authors found that the 
mint is the suitable medicinal plant for interplanting with fig trees. 

Aqueous herb extracts of three plants, including Achnatherum splendens and Stellera chamaejasme, 
inhibited the seed germination and RL in lettuce, and promoted the growth of lettuce shoot45. Numerous stud-
ies have reported that the growth of receptor plant roots is more susceptible to inhibition by allelopathic sub-
stances compared to shoot growth35,46,47. We observed that aqueous extracts of P. ostii ‘Fengdan’ leaves or 
roots had positive effects on the growth of tatsoi, spinach, and bok choy seedlings at lower concentrations and 
negative effects at higher concentrations, especially at >20 g·L⁻¹. Paeonia ostii ‘Fengdan’ root or leaf extracts 
inhibited the root length of the three vegetables more than their hypocotyl length. Leaf extracts had a greater 
influence on the shoot and root growth of the three vegetables than root extracts did. The greatest decrease in 
root and hypocotyl length occurred in the three vegetables at the highest concentration of aqueous P. ostii 
‘Fengdan’ leaf extract (40 g·L-1). The ratio of root length to shoot length declined in tatsoi, spinach, and bok 
choy in response to tree peony leaf or root extracts. Our findings are consistent with a previous report that the 
effect of Artemisia frigida extract was stronger on lettuce root length than shoot length45. 

Allelochemicals can affect all aspects of plant growth, both plant physiological and biochemical pro-
cesses48–52. The FW and DW of seedlings are the accumulation of photosynthetically produced substances in 
plants, and are commonly used indicators to evaluate plant growth. The study by Ludmiła et al (2020) on 
mosquito motherwort (Veronica peregrina) showed that the positive or negative effect of chemosensitization 
on growth depends on the concentration of the extract: low concentration stimulates; high concentration in-
hibits53. The low concentration (8.3–12.5 g·L-1) of fig tree leaves extract promoted the chlorophyll content, 
Pn, Tr, FW, DW, Gs, and Ci in mint and dandelion; the Pn, Tr, chlorophyll content, Gs, and Ci were positively 
correlated with the DW of mint, dandelion, and woad36. The suppression of aerial parts extracts on the seedling 
growth of the weeds increased with increasing concentrations of extracts applied54. Aqueous extracts of Arte-
misia frigida had hormetic effects on lettuce seedling weight45. Allelochemicals can have a negative effect on 
seedling photosynthesis, thereby reducing biomass assimilation36. Allelochemicals can alter the structure of 
soil microbial communities36, which can be beneficial for the growth of neighboring plants. Our results show 
that the 5 g·L-1 of tree peony ‘Fengdan’ leaf extract and 5–10 g·L-1 of root extract significantly raised the 
chlorophyll a and chlorophyll b content and have a promoted effects on Pn, Tr, Gs, Ci, FW, and DW of three 
vegetables. This suggest that some allelopathic substances in the roots and leaves of tree peonies may have 
promote the formation of roots, thus enhancing the growth of three vegetables. Therefore, further research is 
necessary to isolate and identify the allelochemicals in tree peony that promote the growth of three vegetables. 
Furthermore, chlorophyll content, FW, and DW of tatsoi, spinach and bok choy seedlings increased at low 
concentration（≤10 g·L-1）of P. ostii ‘Fengdan’ leaf and root extracts and was inhibited at high concentrations 
(≥20 g·L-1). At low concentrations (≤10 g·L-1). This suggests that the increase in DW of the three vegetables 
is due to increased photosynthetic capacity resulting from higher chlorophyll content—certain allelochemicals 
present at higher concentrations in P. ostii ‘Fengdan’ leaf extract may affect the photosynthesis of tatsoi, 
spinach, and bok choy seedlings, resulting in a decline in FW and DW. Overall, tatsoi is the most suitable 
vegetable for intercropping with tree peony. 

The drastic changes of antioxidant enzymes, root activity, and MDA levels in plants during intercrop-
ping have been reported to be related to allelopathic stress15,55,56. Normally, intracellular ROS and antioxidant 
molecules show a good balance in aerobic organisms57,58. When plants are subjected to external biological 
stress, a large number of ROS and MDA are produced, which severely hindered plant seedling growth, and 
the plant could adjust the activity of antioxidant enzymes to scavenge these harmful substances and prevent 
cellular damage59. The MDA can directly reflect the degree of damage to plant cells60,61. Therefore, the study 
of the changes in antioxidant enzyme activities and MDA levels of the three vegetables could allow us to 
understand the extent of the effect of P. ostii ‘Fengdan’ extracts on their growth. Kupidłowska et al.62 and 
Oracz et al.63 found that sunflower leaf extract affected the metabolic processes in cells and reduced the ger-
mination rate of white mustard seed. Chlorophyll content affects the efficiency of light energy utilization by 
plants35. 

High concentrations of donor plant extracts significantly reduced chlorophyll content, root activities, the 
activities of antioxidant enzymes of recipient plant seedlings, whereas low concentrations of extracts stimu-
lated their activities35,36. Low concentrations of leaf or root extracts of P. ostii ‘Fengdan’ increased root activity 
and chlorophyll content as well as the activity of SOD, CAT, and POD in seedlings of all three vegetables, 
whereas high concentrations of leaf or root extract had an inhibitory effect on root activity and CAT and POD 
activity. The opposite trend was observed for MDA content, indicating that the tree peony allelochemicals at 
higher concentrations are toxic to the vegetable, severely affecting the root vigor and photosynthesis of the 
seedlings, which in turn reduced the DW values of the seedlings. These results are in line with the findings of 
Wang et al45, who reported that CAT and POD decreased with increasing concentration of four shrub leaf 
extracts, whereas MDA showed a tendency to decrease and then increase. However, in the present study, we 
found that the SOD activity decreased with increasing concentration of P. ostii ‘Fengdan’ root or leaf extracts 
in both bok choy and spinach seedlings but not in tatsoi. Our findings are consistent with the results from 
Wang et al., who stated that the activity of SOD was significantly decreased by Phytolacca latbenia root 
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extract in Brassica napus germinating seeds17. Deng et al.64 found that light-leafed alfalfa extracts dramatically 
lower SOD activity in alfalfa seedlings. Wang et al.65 also found that SOD activity in Amygdalus thrpeduncu-
lata seedlings gradually decreased with increasing concentration of leaf extracts of four woody plants, includ-
ing Pinus sylvestris and Populus simonii. It is likely that the decrease in SOD activity at higher concentration 
of P. ostii ‘Fengdan’ leaf or root extract is related to the allelochemical produced from the tree peony. The 
leaf and root extracts of P. ostii ‘Fengdan’ exhibited varying levels of allelopathic activity with respect to seed 
germination, seedling growth, enzyme activity, malondialdehyde (MDA) content, and photosynthetic param-
eters in three vegetable crops. This variation may be attributed to the presence of allelochemicals such as 
ferulic acid, cinnamic acid, vanillin, coumarin, and paeonol in the leaf and root extracts44. Furthermore, the 
efficacy of organic or soil amendments in mitigating weed interference in the soybean cropping system is well 
documented66. These amendments have been shown to significantly influence the bioactivity of allelochemi-
cals through sorption and degradation mechanisms within the soil environment67. Additional research is 
needed to substantiate the potential of organic amendments to mitigate the impact of P. ostii ‘Fengdan’ 
chemosensory substances on the growth of the three vegetables. 

Conclusions 
Tatsoi, spinach, and bok choy varied in terms of sensitivity to the leaf and root allelochemicals of P. ostii 
‘Fengdan’. The root or leaf aqueous extracts at low concentrations (5 g·L-1) significant promoted seed germi-
nation as well as seedling growth, as evidenced by increases in HL, RL, FW, DW, chlorophyll content, Pn, 
Gs, Ci, Tr, and root activity in the three vegetables. However, the tree peony root and leaf extracts at higher 
concentrations (20 and 40 g·L-1) significantly inhibited the seed germination and all of the plant growth pa-
rameters in all three vegetables. As well, enzymatic activity (SOD, POD and CAT) in seedlings of all three 
vegetables increased and then decreased with increasing concentration of leaf or root extracts, whereas the 
level of MDA decreased and significantly increased. We note that the trend in MDA level is counter to the 
changes in root activity and chlorophyll. spinach and bok choy were more sensitive to the tree peony allelo-
chemicals than was tatsoi. The seedling growth in tatsoi was significantly higher than that in spinach and bok 
choy under treatment with the tree peony leaf or root extracts. The allelopathic effect of ‘Fengdan’ leaf extracts 
were greater than that of the root extracts. The order of the allelopathic effect of tree peony on the three 
vegetables was bok choy, spinach, and tatsoi. Based on this thorough analysis we conclude that tatsoi is the 
most suitable crop for intercropping with tree peony, but long-term field trials are needed for further validation. 
The results of this study contribute to further development of vegetable agroforestry systems, in particular the 
intercropping of vegetables with tree peony.  

Materials and Methods 

Plant Materials  
The seeds of the recipient plants—tatsoi (‘Beishu’), spinach (‘Jinglu No.2’), and bok choy (‘Liangfeng’)—
were brought from the Zhengzhou seed wholesale market, Zhengzhou City, Henan Province, China. Leaves 
and roots of ‘Fengdan’ were collected from Henan tree peony resource nursery, Xinxiang City, Henan Prov-
ince, China (35.464928 N, 113.769141 E).  

Preparation of Aqueous Extracts Solutions 
The pest-free leaves and roots of P. ostii ‘Fengdan’ were rinsed three times with super-purified water, and 
dried in a blower drying oven at 30°C for 48 h. The leaves and roots were then ground to 0.1-0.4 mm, and 160 
g of either the dried root or leaf powder was soaked in 1,000 mL of super-purified water and shaken at 25°C 
for 48 h17,68. The water extract was filtered through a three-layer filter bag, after which the extract was centri-
fuged and the supernatant was collected; the water extract was diluted to 40 mg·mL-1 with distilled deionized 
water and stored in brown bottles at 2°C until use.  

Petri Dish Bioassay Experiments 
Tatsoi, spinach and bok choy seeds were sterilized with 2% NaClO for 3 min, after which they were washed 
five times with deionized distilled water. Fifty seeds of each vegetable were placed evenly on two layers of 
filter paper which was then placed in a 9 cm diameter Petri dish. Petri dishes were sorted by treatment: 7 mL 
of 5, 10, 20, or 40 g·L-1 of either the leaf or root extract solutions. All the petri dishes were covered with lids 
and placed in an incubation room at 25°C, 12 h light and 70% relative humidity. Each Petri dish was considered 
as an experimental unit, and each treatment was replicated six times. The number of germinated seeds of each 
of the three vegetables was recorded daily for 10 days. All dishes were kept moist by adding the aqueous 
extract solution (root or leaf, depending on the experimental group) every 24 h. Representative seedlings per 
dish were selected for measurement of root length and hypocotyl length. The growth parameters were deter-
mined as follows: 

1) Germination rate (GR) = number of germinated seeds on the tenth day /total number of seeds × 100%. 

2) Germination index (GI)= ∑ (the number of germinated seeds per day (Gt) /the number of germination 
days (Dt)). 

3) Seedling vigor index (SVI) = (hypocotyl length (cm) × seed germination rate) / 100. 

4) Germination potential (GP) = the number of seed germination in the third day /the total number of 
seeds ×100. 
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Pot Experiment 
To verify the results of Petri dish bioassay, 90 seedlings were randomly selected from each treatment after the 
germination test, and two seedlings of the same vegetable were planted in a pot (10 × 10 cm), pot containing 
300 g of peat soil. The pots were randomly placed in a growth room for 45 days of cultivation, with a cultiva-
tion environment of 25°C, 12 h light, and 70% relative humidity. Every 3 days, 100 mL of the treatment liquid 
(different concentrations of ‘Fengdan’ leaf or root water extract) were added to the designated pots, and the 
control pots was irrigated with 100 mL distilled water. After 15 days, one of the two vegetable seedlings 
growing in each pot was removed. 

After 45 days of cultivation, representative seedlings were selected for measurement of fresh weight 
(FW) and dry weight (DW) of whole seedlings. The FW is the average weight of at least 6 seedlings, while 
DW is the average weight of the seedlings dried to a constant weight at 105 °C in an electric blast drying oven. 
Root activity was evaluated by the method of Wang et al. 69. The chlorophyll content of the fresh leaves of the 
three vegetables was measured by applying the method detailed in Hartmut et at.70. The LI 6400 photosynthe-
sis apparatus (LI-COR, USA) was used to determine the net photosynthetic rate (Pn), transpiration rate (Tr), 
stomatal conductance (Gs) and intercellular CO2 concentration (Ci) of the three vegetables according to the 
manufacturer’s instructions. 

MDA level and enzymatic activity (SOD, POD, and CAT) were measured in the leaves of the three 
different vegetable seedlings. The seedlings were randomly selected from each treatment group and were 
ground in a mortar and pestle to homogenize fresh tissue material for the analysis of antioxidant enzyme 
activity and MDA level71. The extraction buffer solution was prepared by titrating 39.0 mL 0.2 M NaH2PO4 
into 61.0 mL 0.2 M Na2HPO4 and diluting to 200 mL by adding 1% polyvinyl- polypyrrolidone (PVP). The 
solution was adjusted to pH 7. Seedling powder (1 g) was homogenized with 10 mL of the extraction buffer 
solution. The homogenates were then centrifuged in a refrigerated high-speed centrifuge at 15,000 g for 30 
min at 4°C. The supernatants were collected for the assessment of enzymatic activity. The activity levels of 
SOD, POD, and CAT were determined by the methods of Beauchamp et al.72, Lagrimin73 and Aebi et al.74, 
respectively. MDA level was measured using the method detailed by Velikova et al.34.  

The synthetical allelopathic index (SE) was employed to represent the allelopathic effects of aqueous 
leaf or root extracts of P. ostii ‘Fengdan’ on seed germination. The arithmetic mean of the allelopathy respec-
tive index (RI) for 13 parameters was used for the purpose of detection. The parameters included GR, GI, SVI, 
GP, protective enzyme activities, MDA level, root activities, photosynthetic parameters, and chlorophyll con-
tent. The RI was calculated using the following formulas: RI = 1 – C / T (T ≥ C) or RI = T / C–1 (T<C). T: 
treatment, C: control. When RI > 0, it means there is a promotion effect, whereas when RI<0, it means there 
is an inhibitory effect. 

Statistical Analysis 
All data from the Petri dish experiment and pot experiment are expressed as the mean ± standard deviation of 
at least six replicates. One-way ANOVA was performed for germination data, hypocotyl length, root length, 
FW, DW, antioxidant enzyme activity, MDA level, Pn, Tr, Gs, Ci and Chlorophyll content. Graphs were 
generated using SigmaPlot 14.0. 

Plant ethics statement 
In our experimental research/collection of plant/plant material, we strictly comply with the relevant institu-
tional, national and international guidelines and legislation to ensure that our activities comply with the re-
quirements of plant ethics. 

Data availability 
All data are presented in the article, and can be requested from the corresponding author if required. 
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