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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* for tatsoi and 5 g-L* for spinach and bok choy) promoted
seed germination, biomass, chlorophyll content, root activity, photosynthetic rate, intercellular CO,
concentration, stomatal conductance, and antioxidant enzyme activity. However, high concentrations
of the leaf extract (40 g-L* for tatsoi and 2040 g-L* 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 plants'~. 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 arrangements® °. The allelopathic com-
patibility between vegetable crops and woody plants may be key to the success of a vegetable agroforestry
system*°. Woody plants release a number of biochemicals into the soil that inhibit the germination and devel-
opment of understory crops’®. There have been a number of studies in which researchers have investigated
tree-crop interactions in cereal based systems’ ’; 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 crops’-*'’. 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 systems''. The authors hypothesized that certain compounds from these tree species may
negatively affect the physiology of understory crops. Lawrence et al.'” 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.'” 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
weeds'*.

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 biomaterials'> '7. The process by which superoxide dismutase (SOD) dismutates Oz~ to H202 by
integration with metal ions is considered the first line of the antioxidant defense system'®!”. Peroxidase (POD)
and catalase (CAT) mainly remove H20: and maintain the intracellular concentration of H202 within a con-
trollable range””?!. Researchers have shown that plants generate large amounts of ROS under stress from
allelopathic biochemicals released by other plants in intercropping systems® >*. The increase in MDA levels
during germination of Jatropha seeds is associated with increased POD, SOD, and CAT activity”. The effect




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’ (Paconiaceae)’® 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 properties’’ . 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-
fits®, 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 consumers*’. 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°C>'. 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!) 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! (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! 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"! 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'! 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 (1040 g-L"), 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 Germination Seedling vigor Ger ti Germination rate
(g'LY) potential (%) (GP) index(SVI) index (GI) (GR) (%)
0(CK) 75.3+1.23b 49.92:+1.28¢ 70.67+2.39a 91.00:£0.58a
Ls 74.7+1.25b 48.07+1.44¢ 69.57+1.67a 91.33+1.20a
Lio 64.0£0.95d 39.310.54d 55.34+0.86¢ 84.100.58b
Lo 46.0+1.50ef 36.65+0.63de 46.03+0.58d 79.05+1.31¢
Lao 41.3+0.88f 29.12+0.72f 40.110.67¢ 72.33+1.76d
) Rs 80.0+2.05a 61.05+1.67a 71.41+1.76a 93.33+1.30a
Tatsoi Rig 70.0+1.35¢ 54.84+0.79b 68.90+2.15a 92.67+0.88a
Rao 62.0+1.07d 45.61+0.94cd 63.00+0.77b 85.33+0.33b
Rao 51.0+1.63¢ 34.44+1.29¢ 61.93+1.65b 76.24+2.03cd
0(CK) 74.7+1.08a 78.03+1.37b 68.26+1.53 a 87.000.58b
Ls 64.0+2.06b 78.90+2.19b 69.2742.14 a 92.33+0.67a
Lio 44.0+2.12cd 53.61+1.26¢ 43.45+0.42¢ 79.20+1.73¢
Lao 39.3+1.57d 35.41+0.47d 38.76+1.38d 67.15+1.15d
Lao 30.7+1.3% 25.10+0.59F 32.90:1.46¢ 60.24+2.52¢
) Rs 48.7+1.62¢ 92.38+3.04a 66.43+2.35a 93.67+0.88a
Spinach Rio 40.7:1.73d 78.09£1.75b 55.40£1.05b 86.05£1.15b




Rao 40.0=1.52d 55.56+1.81c 38.97+2.34d 76.34+1.86¢
Rug 38.0+1.29d 30.35+0.94¢ 34.65+1.08de 68.30+1.20d
0(CK) 85.3+1.57a 87.88+1.27a 70.49+2.24a 89.17+1.86a
Ls 78.67+1.68b 79.42+2.17b 67.260.36ab 89.67+1.20a
Lio 72.00+1.28¢ 52.10+2.04c 61.61+1.20b 76.33+0.88b
Lao 68.00+2.13cd 33.41+0.72d 59.14+0.69b 66.35+1.20c
bok choy Lao 52.00+1.37d 19.16+0.67¢ 52.51=1.37¢c 54.00+3.06d
Rs 31.33+1.34ab 89.44+2.04a 70.54+2.41a 90.32+0.33a
Rio 72.00+2.17¢ 75.26+1.39b 62.63+1.53b 87.00+1.15ab
Rao 66.67+2.16¢cd 50.55+0.83¢ 55.16+0.67¢ 78.02+0.58b
Rao 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: Ls, Lio, L2o and Lao represent: 5, 10, 20 and 40 g-L"! of P. ostii ‘Fengdan’ leaf extracts,
respectively. Rs, Rio, Rao and Rao represent: 5, 10, 20 and 40 g-L*! 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 gL' 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.

L10 L20 140 R5 R10 R20 R40

L10 L20 R5 RI10 R20 R40

R5 R10 R20 R40

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! and inhibited RL at
20-40 g-L!. At 5 g-L"! ‘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



extract concentrations of the ‘Fengdan’ leaf extracts. At 40 g-L"!, 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-!), with the exception of spinach, and
almost significant inhibitory impacts were recorded at 2040 g-L! of ‘Fengdan’ root extract (Fig. | & Fig. 2).
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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.
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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') 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,



spinach, and bok choy treated with 40 g-L"! ‘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-! 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-! 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! leaf extract, respectively, and then declined slowly with the increase in leaf extract concentration.
Chlorophyll a in spinach peaked at 5 gL' 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).
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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!, 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! 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°!, respectively and then gradually decreased with the increase in aqueous leaf extract
concentration. At 5-10 g-L"! 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'!
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-! 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! of leaf aqueous extract, Pn, Tr, Ci, and Gs of spinach peaked, and then these four indices declined with



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"! treatment (Fig. 5 & Fig. 6).
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Figure 5. Effect of P. ostii ‘Fengdan’ leaf and root extracts on Pn and Tr in three vegetables.
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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"! (Fig. 7). Low concentration (5—-10 g-L!) of either leaf or root extract of ‘Fengdan’
also promoted the root activity in spinach and bok choy, whereas high concentration (2040 g-L!) of the
‘Fengdan’ extracts had an inhibitory effect (Fig. 7).
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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. §). 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! FW, respectively, at
40 g-L! 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'!, and
the SOD activity at 40 g-L"! of root extract was 55.20 and 73.75 U-g"! 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"! of concentration before decreasing to 56.00 U-g’!

FW at 40 g-L! of leaf extract and 60.05 U-g' FW at 40 g-L! 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"! of concentration. Thereafter, CAT activity decreased rapidly
with increasing concentration, reaching 83.10, 81.00, and 78.25 U-g!, respectively, at 40 g-L! 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’!, respectively, were obtained at the lowest
extract concentration, 5 g-L-!, followed by rapid decrease in CAT activity, the lowest levels being 42.85 and
29.65 U-g’! (at 40 g-L"! 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! a peak in activity occurred, 1,020.5 U-g"'-min"!, 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"! of the tree peony leaf extract,
the maximum POD activity values were 827.50 and 1,105.20 U-g!-min’!, 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,
the peaked POD activity was 834.25, 1,153.15, and 1,120.38 -g'!-min’!, 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! 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™! 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"! FW, re-
spectively, at 40 g-L! 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! of leaf extract. The MDA content of tatsoi, spinach,
and bok choy seedlings decreased at 5 g-L"! root extract compared to control, whereas an apparently further
increase in MDA content was recorded at 1040 g-L! of root extract. MDA content in all tested vegetable
seedlings was significantly increased by root extracts at higher concentrations (40 g-L") (P < 0.05).
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Figure 9. Effect of P. ostii ‘Fengdan’ leaf and root extracts on MDA content in three vegetables.
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Figure 10. Synthetic inhibiting effect of P. ostii ‘Fengdan’ leaf and root extracts on three vegetables



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"! 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-!. The synthetic allelopathic index
for spinach and bok choy were negative at 20-40 g-L'!, 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

VAEFS is a system in which vegetables and trees are grown together, with potential for greater economic ben-
efits’>*, Different trees and vegetables differ in their ability to complement or compete in VAFS**, Allelopa-
thy is an important factor affecting seed germination® 3. As early as 1937, H. Molisch already pointed out
that it has two different effects, inhibition and promotion®’*’. 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!) clearly promoted the germi-
nation rate, HL, and RL, whereas the germination was most inhibited by the leaf extract, with statistically



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
previously*®*!, The low concentration of plant allelochemicals usually have a promoting effect on plant growth
and development***. 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)**. 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.’’; 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 shoot*. Numerous stud-
ies have reported that the growth of receptor plant roots is more susceptible to inhibition by allelopathic sub-
stances compared to shoot growth?-4%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'. 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). 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 firigida extract was stronger on lettuce root length than shoot length®.

Allelochemicals can affect all aspects of plant growth, both plant physiological and biochemical pro-
cesses*® 92, 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 Ludmita 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-
hibits**. The low concentration (8.3-12.5 g-L*") 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 woad*®. The suppression of aerial parts extracts on the seedling
growth of the weeds increased with increasing concentrations of extracts applied’. Aqueous extracts of Arte-
misia firigida had hormetic effects on lettuce seedling weight*’. Allelochemicals can have a negative effect on
seedling photosynthesis, thereby reducing biomass assimilation®°. Allelochemicals can alter the structure of
soil microbial communities*®, which can be beneficial for the growth of neighboring plants. Our results show
that the 5 g-L! of tree peony ‘Fengdan’ leaf extract and 5-10 g-L-! 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 toisolate 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 (<10g-L') of P. ostii ‘Fengdan’ leaf and root extracts and was inhibited at high concentrations
(>20 g:L"). At low concentrations (<10 g-L"). 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 stress'**>°, Normally, intracellular ROS and antioxidant
molecules show a good balance in aerobic organisms®’**, 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 damage™. The MDA can directly reflect the degree of damage to plant cells®’®'. 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. Kupidtowska et al.®> and
Oracz et al.** 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
plants®.

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 activities®>-*°. 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 al*’, 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



extract in Brassica napus germinating seeds'’. Deng et al.® found that light-leafed alfalfa extracts dramatically
lower SOD activity in alfalfa seedlings. Wang et al.* 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 extracts**. Furthermore, the
efficacy of organic or soil amendments in mitigating weed interference in the soybean cropping system is well
documented®®. These amendments have been shown to significantly influence the bioactivity of allelochemi-
cals through sorption and degradation mechanisms within the soil environment®’. 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") 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™!") 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 h'7-°%, 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! 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"! 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 x 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) x seed germination rate) / 100.

4) Germination potential (GP) = the number of seed germination in the third day /the total number of
seeds x100.



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 X 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. ®. The chlorophyll content of the fresh leaves of the
three vegetables was measured by applying the method detailed in Hartmut et at.”’. 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 level’!. The extraction buffer solution was prepared by titrating 39.0 mL 0.2 M NaH2POs
into 61.0 mL 0.2 M Na;HPO4 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.””, Lagrimin’® and Aebi et al.”,
respectively. MDA level was measured using the method detailed by Velikova et al.**.

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.

References

1. Ain, Q., Mushtaq, W., Shadab, M. & Siddiqui, M. Allelopathy: an alternative tool for sustainable agriculture. Physiology and
Molecular Biology of Plants. 29, 495-511. https://doi.org/10.1007/s12298-023-01305-9 (2023).

2. Kostina-Bednarz, M., Plonka, J. & Barchanska, H. Allelopathy as a source of bioherbicides: challenges and prospects for
sustainable agriculture. Reviews in Environmental Science and Bio/Technology. 22,471-504. https://doi.org/10.1007/s11157-
023-09656-1 (2023).

3. Hoang, L. T., Roshetko, J. M., Huu, T. P., Pagella, T. & Mai, P. N. Agroforestry-the most resilient farming system for the
hilly Northwest of Vietnam. International Journal of Agriculture System. 5, 1-23. https://doi.org/10.20956/ijas.v5i1.1166
(2017).

4. Gautam, D. K., Bajracharya, R. M. & Sitaula, B. K. Effects of biochar and farm yard manure on soil properties and crop
growth in an agroforestry system in the Himalaya. Sustainable Agriculture  Research. 6, T74.
https://doi.org/10.5539/sar.von4p74 (2017).

5. Mercado Jr, A. R. Arcinal, G. A., Duque, C., Palada, M. C., & Reyes, M. R. Vegetable-agroforestry (VAF) system:
understanding vegetable-tree interaction is a key to successful vegetable farming enterprise. SANREM CRSP Annual Report
Year 3 (Claveria, Misamis Oriental, The Philippines: World Agroforestry Center) (2008).

6. Bijalwan, A. et al. Trends and insights of agroforestry practices in Madhya Pradesh, India. Current Science. 117, 597-605.
https://doi.org/10.18520/cs/v117/i4/597-605 (2019).

7. Lal, N. & Biswas, A. Allelopathic interaction and eco-physiological mechanisms in agri-horticultural systems: a review.

Erwerbs-Obstbau. 65, 1861-1872. https://doi.org/10.1007/s10341-023-00864-1 (2023).

Devi, M. Allelopathy in agroforestry: A review. Journal of Pharmacognosy and Phytochemistry. 6, 686-688 (2017).

Gongalves, B., Morais, M. C., Pereira, S., Mosquera-Losada, M. R. & Santos, M. Tree—crop ecological and physiological

interactions within climate change contexts: a mini-review. Frontiers in Ecology and Evolution. 9, 661978.

https://doi.org/10.3389/fev0.2021.661978 (2021).

10. Kugedera, A. & Kokerai, L. Agroforestry species have negative allelopathic effect on food and fodder crops. International
Journal of Agriculture & Agribusiness. 2, 78-83 (2019).

o >



20.

2

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—_

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.
47.

48.

. Krishna, A., Manjunath, G., Ramesh Rathod, R. R. & Siddappa Kannur, S. K. Allelopathic effect of four agroforestry tree

species leaf leachates on seed germination of certain vegetable crops. Journal of Agricultural Science. 16, 430-433 (2003).

. Lawrence, J. G., Colwell, A. & Sexton, O. J. The ecological impact of allelopathy in Ailanthus Altissima (Simaroubaceae).

American journal of Botany. 78, 948-958. https://doi.org/10.1002/.1537-2197.1991.tb 14498 .x (1991).

. Bauer, J. T., Shannon, S. M., Stoops, R. E. & Reynolds, H. L. Context dependency of the allelopathic effects of Lonicera

maackii on seed germination. Plant Ecology. 213, 1907-1916. https://doi.org/10.1007/s11258-012-0036-2 (2012).

. Chou, C. H. & Yang, C. M. Allelopathic research of subtropical vegetation in Taiwan II. comparative exclusion of understory

by Phyllostachys edulis and  Cryptomeria japonica. Journal of Chemical Ecology. 8, 1489-1507.
https://doi.org/10.1007/bf00989105 (1982).

. Wang, S., Zhao, Y., Guo, J. & Liu, Y. Antioxidative response in leaves and allelochemical changes in root exudates of Ricinus

communis under Cu, Zn, and Cd Stress. Environmental Science and Pollution Research. 25, 32747-32755.
https://doi.org/10.1007/s11356-018-3283-5 (2018).

. Singh, N. Alleviation of Allelopathic Stress of benzoic acid by indole acetic acid in Solanum lycopersicum. Scientia

horticulturae. 192, 211-217. https://doi.org/10.1016/j.scienta.2015.06.013 (2015).

. Ullah, N., Haq, I. U., Safdar, N. & Mirza, B. Physiological and biochemical mechanisms of allelopathy mediated by the

allelochemical extracts of Phytolacca latbenia (Moq.) H. Walter. Toxicology and industrial health. 31, 931-937.
https://doi.org/10.1177/0748233713483205 (2015).

. Cakmak, 1. & Horst, W. J. Effect of aluminium on lipid peroxidation, superoxide dismutase, catalase, and peroxidase activities

in root tips of soybean (Glycine max). Physiologia plantarum. 83, 463-468. https://doi.org/10.1111/1.1399-
3054.1991.tb00121.x (1991).

. Dumanovi¢, J., Nepovimova, E., Nati¢, M., Kuca, K. & Jacevi¢, V. The significance of reactive oxygen species and antioxidant

defense system in plants: a concise overview. Frontiers in plant science. 11, 552969. https://doi.org/10.3389/fpls.2020.552969
(2021).

Lin, C. C. & Kao, C. H. Effect of NaCl stress on H202 metabolism in rice leaves. Plant growth regulation. 30, 151-155.
https://doi.org/10.1023/A:1006345126589 (2000).

. Cuypers, A., Vangronsveld, J. & Clijsters, H. Peroxidases in roots and primary leaves of Phaseolus vulgaris copper and zinc

phytotoxicity: a comparison. Journal of Plant Physiology. 159, 869-876. https://doi.org/10.1078/0176-1617-00676 (2002).

Yan, Z. et al. Phytotoxicity mechanisms of two coumarin allelochemicals from Stellera chamaejasme in lettuce seedlings. Acta
Physiologiae Plantarum. 38, 1-10. https://doi.org/10.1007/s11738-016-2270-z (2016).

Sun, X. et al. Allelopathic effects of pyrogallic acid secreted by submerged macrophytes on Microcystis aeruginosa: role of
ROS generation. Allelopathy Journal. 33, 121-129 (2014).

Chen, F. et al. Effect of plant allelochemicals on seed germination and its ecological significance. Chinese Journal of Eco-
Agriculture. 25, 3646 (2017).

Cai, F. et al. Lipid peroxidation and antioxidant responses during seed germination of Jatropha curcas. International Journal
of Agriculture and Biology. 13, 25-30 (2011).

Wang, C. et al. Effect of spatial position on twig resource allocation of Fengdan (Paeonia Ostii). Annals of Applied Biology.
181, 347-356. https://doi.org/10.1111/aab.12780 (2022).

He, C., Zhang, K., Hou, X., Han, D. & Wang, S. Foraging behavior and pollination efficiency of Apis mellifera L. on the oil
tree peony ‘Feng Dan’ (Paeonia Ostii T. Hong et JX Zhang). Insects. 10, 116. https://doi.org/10.3390/insects 10040116 (2019).

He, C. et al. Foraging behavior of honeybees (4pis mellifera L.) and ground bumblebees (Bombus terrestris L.) and its influence
on seed yield and oil quality of 0il tree peony cultivar ‘Fengdan’ (Paeonia ostii T. Hong et JX Zhang). Journal of apicultural
science. 64, 131-142. https://doi.org/10.2478/jas-2020-0014 (2020).

Roberts, J. L. & Moreau, R. Functional properties of tacai (Spinacia oleracea L.) phytochemicals and bioactives. Food &
Sunction. 7, 3337-3353. https://doi.org/10.1039/c6f000051g (2016).

Song, B., Xu, H., Chen L. Z. & Yuan, X. H. Comparison of heterosis between ogura male sterile line combination and
maintainer line combination in wutai vegetable. Jiangsu Agricultural Science. 12, 197-199 (2015).

. Honma, S. & Heeckt, O. Results of crossing Brassica pekinensis (Lour.) Rupr. with B. oleracea L. Var. Acephala Dc. Euphytica.

9,243-246. https://doi.org/10.1007/BF00022229 (1960).
de Oliveira, J. et al. Polycultivation and agroforestry systems impact the vegetative growth of vegetables.
Revista de Agricultura Neotropical. 10, €7544—e7544. https://doi.org/10.32404/rean.v10i4.7544 (2023).

Bhat, S. A. Effect of tree spacing and organic manures on growth and yield of vegetable crops under melia composita willd.
based agroforestry system. Ph.D Thesis, Dr. Yashwant Singh Parmar University of Horticulture and Forestry, Nauni, Solan,
H.P (2015).

Velikova, V., Yordanov, I. & Edreva, A. Oxidative stress and some antioxidant systems in acid rain-treated bean plants:
protective role of exogenous polyamines. Plant science. 151, 59—66 (2000).

Ming, Y. et al. Allelopathic effects of Castanea henryi aqueous extracts on the growth and physiology of Brassica pekinensis
and Zea mays. Chemistry & biodiversity. 17, €2000135. https://doi.org/10.1002/cbdv.202000135 (2020).

Li, C. et al. The effects of fig tree (Ficus carica 1.) leaf aqueous extract on seed germination and seedling growth of three
medicinal plants. Agronomy. 11, 2564. https://doi.org/10.3390/agronomy 11122564 (2021).

Kato-Noguchi, H. & Kurniadie, D. Allelopathy and allelopathic substances of mango (Mangifera indica L.). Weed biology and
management. 20, 131-138. https://doi.org/10.1111/wbm.12212 (2020).

Prati, D. & Bossdorf, O. Allelopathic inhibition of germination by Alliaria petiolata (Brassicaceae). American journal of
Botany. 91, 285-288. https://doi.org/10.3732/ajb.91.2.285 (2004).

Narwal, S., Sampietro, D., Catalan, C., Vattuone, M. & Politycka, B. Plant bioassays; Studium Press (India), ISBN 1-62699-
220-7 (2009).

Molisch, H. The Influence of One Plant on Another: Allelopathy.; Scientific publishers (India), ISBN 81-7233-285-8 (2001;).

Mozdzen, K., Barabasz-Krasny, B., Zandi, P., Kliszcz, A. & Puta, J. Effect of aqueous extracts from Solidago canadensis L.
leaves on germination and early growth stages of three cultivars of Raphanus sativus L. Var. Radicula Pers. Plants. 9, 1549.
https://doi.org/10.3390/plants9111549 (2020).

Deng, Y., Zhao, Y., Padilla-Zakour, O. & Yang, G. Polyphenols, antioxidant and antimicrobial activities of leaf and bark
extracts of Solidago canadensis L. Industrial crops and products. 74, 803—809. https://doi.org/10.1016/j.indcrop.2015.06.014
(2015).

Judzentiené, A., Budieng, J., Labanauskas, L., Stancelyté, D. & Nedveckyté, I. Allelopathic activity of canadian goldenrod
(Solidago canadensis L.) extracts on seed germination and growth of lettuce (Lactuca sativa L.) and garden pepper cress
(Lepidium sativum L.). Plants. 12, 1421. https://doi.org/10.3390/plants12071421 (2023).

Tan Y. M., Nie L. W, Huang Y. Q., Wang Q., Liu X., Zhou K. Detection of Paeonia ostii autotoxins and their mechanism,
Acta Ecologica Sinica, 29, 1153-1161(2009).

Wang, K. ef al. Aqueous extracts of three herbs allelopathically inhibit lettuce germination but promote seedling growth at low
concentrations. Plants. 11, 486. https://doi.org/10.3390/plants11040486 (2022).

Mishra, J. Allelopathic effect of Asphodelus tenuifolius on wheat, mustard, lentil and chickpea. Pestology. 25, 48-50 (2001).
Abu-Romman, S. Differential allelopathic expression of different plant parts of Achillea biebersteinii. Acta Biologica
Hungarica. 67, 159-168. https://doi.org/10.1556/018.67.2016.2.4 (2016).

Huang, Y., Bai, Y., Wang, Y. & Kong, H. Allelopathic effects of the extracts from an invasive species Solidago canadensis L.
on Microcystis aeruginosa. Letters in applied microbiology. 57, 451-458. https://doi.org/10.1111/lam.12133 (2013).



49.

50.

5

—

52.

5

W

5

55.

56.

57.

58.

59.

60.

6

—_

62.

63.

64.

65.

ks

Borowiak, K. Morphological changes in two tobacco and petunia cultivars under exposure to tropospheric ozone. Acta
Biologica Cracoviensia. Series Botanica. 55, 58-66. https://doi.org/10.2478/abesb-2013-0002 (2013).

Mallik, A. U., Biswas, S. R. & Collier, L. C. S. Belowground interactions between Kalmia angustifolia and Picea mariana:
roles of competition, root exudates and ectomycorrhizal association. Plant and Soil. 403, 471-483.
https://doi.org/10.1007/s11104-016-2819-z (2016).

. Tommasino, E. et al. Malondialdehyde content as a potential biochemical indicator of tolerant Cenchrus ciliaris L. Genotypes

under Heat Stress Treatment. Grass and Forage Science. 67, 456-459. https://doi.org/10.1111/].1365-2494.2012.00851.x
(2012).

Maxwell, K. & Johnson, G. N. Chlorophyll fluorescence—a practical guide. Journal of experimental botany. 51, 659-668.
https://doi.org/10.1093/jxb/51.345.659 (2000).

. Polechonska, L., Glensk, M., Klink, A., Dambiec, M. & Dajdok, Z. Allelopathic potential of invasive wetland plant Veronica

peregrina. Plant Biosystems-An International Journal Dealing with all Aspects of Plant Biology. 154, 481-487.
https://doi.org/10.1080/11263504.2019.1635225 (2020).

Kordali, S., Kabaagac, G., Sen, I., Yilmaz, F. & Najda, A. Phytotoxic effects of three origanum species extracts and essential
oil on seed germinations and seedling growths of four weed species. Agronomy. 12, 2581. https://doi.org/10.3390/agronomy
12102581 (2022).

Weir, T. L., Park, S. W. & Vivanco, J. M. Biochemical and physiological mechanisms mediated by allelochemicals. Current
opinion in plant biology. 7, 472-479. https://doi.org/10.1016/j.pbi.2004.05.007 (2004).

Shen, Y., et al. Role of nano-biochar in attenuating the allelopathic effect from Imperata cylindrica on rice seedlings.
Environmental Science: Nano 7, 116-126. https://doi.org/10.1039/c9en00828d (2020).

He, L. et al. Antioxidants maintain cellular redox homeostasis by elimination of reactive oxygen Species. Cellular Physiology
and Biochemistry. 44, 532-553. https://doi.org/10.1159/000485089 (2017).

Lushchak, V. I. Free Radicals, Reactive oxygen species, oxidative stress and its classification. Chemico-biological interactions.
224, 164-175. https://doi.org/10.1016/1.cb1.2014.10.016 (2014).

Waszczak, C., Carmody, M. & Kangasjirvi, J. Reactive oxygen species in plant signaling. Annual review of plant biology. 69,
209-236. https://doi.org/10.1146/annurev-arplant-042817-040322 (2018).

Ahmed, I. M. et al. Difference in yield and physiological features in response to drought and salinity combined stress during
anthesis in tibetan wild and cultivated barleys. PloS one. 8, €77869. https://doi.org/10.1371/journal.pone.0077869 (2013).

. Baniasadi, F., Saffari, V. R. & Moud, A. A. M. Physiological and growth responses of Calendula officinalis L. plants to the

interaction effects of polyamines and salt stress. Scientia Horticulturae. 234, 312-317. https://doi.org/10.1016,
j-scienta.2018.02.069 (2018).

Kupidtowska, E. et al. Impact of sunflower (Helianthus annuus L.) extracts upon reserve mobilization and energy metabolism
in germinating mustard (Sinapis alba L.) Seeds. Journal of Chemical Ecology. 32, 2569-2583.
https://doi.org/10.1007/s10886-006-9183-z (2006).

Oracz, K. et al. Induction of oxidative stress by sunflower phytotoxins in germinating mustard Seeds. Journal of chemical
ecology. 33, 251-264. https://doi.org/10.1007/s10886-006-9222-9 (2007).

Deng, L. et al. Alfalfa leaf-derived porous heteroatom-doped carbon materials as efficient cathodic catalysts in microbial fuel
cells. ACS Sustainable Chemistry & Engineering. 5, 9766-9773. https://doi.org/10.102 1/acssuschemeng.7b01585 (2017).

Wang, X. et al. The effects of leaf extracts of four tree species on Amygdalus pedunculata seedlings growth. Frontiers in Plant
Science. 11, 587579. https://doi.org/10.3389/fpls.2020.58 7579 (2021).

66.Saberali, S. F., & Mohammadi, K. Organic amendments application downweight the negative effects of weed competition on

the soybean yield. Ecological Engineering, 82, 451-458. https://doi.org/10.1016/j.ecoleng.2015.05.038 (2015).

67.Galan-Pérez, J. A., Gamiz, B., & Celis, R.. Soil modification with organic amendments and organo-clays: Effects on sorption,

68.

69.

70.

7

72.

73.

74.

degradation, and. bioactivity of the allelochemical scopoletin. Journal of Environmental Management, 302, 114102.
https://doi.org/10.1016/j.jenvman.2021.114102 (2022).

Wang, X. et al. Allelopathic effects of aqueous leaf extracts from four shrub species on seed germination and initial growth of
Amygdalus pedunculata Pall. Forests. 9, 711. https://doi.org/10.3390/f9110711 (2018).

Wang, C. ef al. Allelopathic effects of volatile compounds from eucalyptus grandis on Vigna radiata, Raphanus sativus and
Lactuca sativa. Allelopathy Journal. 36, 273-282 (2015).

Hartmut, K. & Alan, R. Determinations of total carotenoids and chlorophylls b of leaf extracts in different solvents. Analysis.
4, 142-196. https://doi.org/10.1042/bst0110591 (1983).

. Nayyar, H. & Gupta, D. Differential sensitivity of C3 and C4 plants to water deficit stress: association with oxidative stress

and antioxidants. Environmental and Experimental Botany. 58, 106—113. https://doi.org/10.1016/j.envexpbot.2005.06.021
(2006).

Beauchamp, C. & Fridovich, I. Superoxide dismutase: improved assays and an assay applicable to acrylamide gels. Analytical
biochemistry. 44, 276-287. https://doi.org/10.1016/0003-2697(71)90370-8 (1971).

Lagrimini, L. M. Wound-induced deposition of polyphenols in transgenic plants overexpressing peroxidase. Plant physiology.
96, 577-583. https://doi.org/10.1104/pp.96.2.577 (1991).

Aebi, H. Catalase in vitro. Methods in Enzymology. 105, 121-126 (1984).

Author contributions

G.Y.Z.and Zh. S. L. designed and performed the experiments. Zh. S. L. and J. W. Q. analyzed the data and
wrote the manuscript. J. W. Q. and H. S. L. conceived the study. J. W. Q., Sh. L. K., and H. S. L. revised the
manuscript. All authors reviewed and approved the final manuscript.

Funding

This work was funded by Henan Province Key Research and Development Special Project (Grant No.
23111110600), Project of Central Guided Local Science and Technology Development Funds in Henan Prov-
ince (Grant No. Z20231811082) and the Plan Project Science and Technology of Henan Province (Grant No.
232102111107).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to W. J.



Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

6 Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium
or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in
this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is

not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice




