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Abstract: In a greenhouse experiment, the effects of soil microorganisms and extracts of Achnatherum inebrians on the seed germination and seedling growth of Elymus nutans were studied. The results showed that both the extracts from aboveground and belowground parts of A. inebrians significantly inhibited the germination rate, germination potential, germination index, vigor index, seedling height, root length, and fresh weight of E. nutans, but increased malondialdehyde content, catalase, peroxidase and superoxide dismutase activity of E. nutans seedlings (p < 0.05). The allelopathy of aqueous extracts of the aboveground parts of A. inebrians was stronger than that of the precipitates. Aqueous extracts of the aboveground parts of A. inebrians decreased seed germination rate, germination potential, germination index, vigor index, seedling length, root length, and seedling fresh weight by 10.45%–74.63%, 24.18%–32.50%, 19.03%–73.36%, 37.83%–88.41%, 21.42%–53.14%, 2.65%–40.21%, and 20.45%–61.36%, respectively, and malondialdehyde content, peroxidase, catalase, and superoxide dismutase activity increased by 8.09%–62.24%, 27.83%–86.47%, 22.90%–93.17%, and 11.15%–75.91%, respectively. The above indexes were higher in live soil than in sterilized soil. Soil microorganisms increased the allelopathy of A. inebrians. The seed germination rate, germination potential, germination index, vigor index, seedling length, and seedling fresh weight of E. nutans planted in live soil decreased by 8.22%–48.48%, 10.00%–51.85%, 8.19%–53.26%, 16.43%–60.03%, 12.91%–28.81%, and 9.09%–22.86% compared with sterilized soil, respectively. Malondialdehyde content, peroxidase, catalase, and superoxide dismutase activity of E. nutans planted in live soil increased by 53.91%–81.06%, 15.71%–57.34%, 33.33%–86.31%, and 9.78%–52.51% compared with sterilized soil, respectively. The existence of soil microorganisms enhanced the allelopathy of the secondary metabolites of A. inebrians. A combination of microorganisms and aqueous extracts from the aboveground parts of A. inebrians had the strongest allelopathic effect on E. nutans.
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1  Introduction

Grass that causes poisoning and even the death of livestock is referred to as poisonous grass. Such grasses grow widely in natural grasslands around the world. The average number of dead livestock caused by poisonous grasses in China is approximately 8.4 × 105 head per year, with a direct economic loss of approximately $410 million [1]. More than 4.5 × 107 hm2 of the Chinese natural grasslands have been invaded by poisonous grasses. Among them, 1.12 × 107 hm2 of this area has been seriously infested with these invasive plants. These dangerous grasses primarily include species of the Poaceae, Ranunculaceae, Euphorbiaceae, Thymelaeaceae, and Leguminosae [2,3].

Drunken horse grass (Achnatherum inebrians) is a common poisonous grass in the Poaceae, and it is widely distributed in the natural grasslands of Northern China [4–6]. Studies have shown that this species has invaded more than 85% of the land in some severely degraded areas [7–9]. A. inebrians grows rapidly on grasslands, and it competes with other plants for space to grow, nutrients, water, and other resources, which leads to degradation of the grassland and a decrease in high-quality forage [10,11]. The strong allelopathic effects of A. inebrians is the most important reason that enables it to compete with other plants. Previous study has reported that the rhizosphere soil of A. inebrians decreased the germination rate and index of the sedge grass Carex alatauensis seeds by 80% and 82.5%, respectively [12]. A water extract of A. inebrians significantly inhibited the seeds germination and seedling growth of the perennial grass (Stipa capillata) [13]. The volatile compounds of A. inebrians increased the malondialdehyde (MDA) content and the activities of superoxide dismutase (SOD) and peroxidase (POD) in perennial ryegrass (Lolium perenne) seedlings by 15.64%, 27.72% and 23.38%, respectively [14].

A variety of compounds are involved in the process of allelopathy, which is often affected by numerous factors [15,16]. Many studies have shown that soil microorganisms alter the activity of allelochemicals in plants, and they can also alter the competitiveness of invasive plants in populations and communities [17–20]. Existing studies have focused on the degradation of toxic compounds into toxic allelochemicals by free-living microbial communities in the soil [19–21], the enhancement of plant tolerance to allelochemicals [22,23], and the expansion of the impact of allelochemicals by soil microorganisms through transfer networks in the soil [24].

The primary distribution of allelochemicals in A. inebrians, their form of existence, and the effects of soil microorganisms on allelopathy have not been examined to date. In this study, the allelopathy of aqueous extracts and aqueous extract sediments of different parts of A. inebrians on Elymus nutans in sterilized and live soil were examined. Pot germination tests were conducted in a greenhouse using both the aboveground and belowground parts of drunken horse grass as test materials to assess morphological, physiological, and biochemical indicators. This study proposed the following hypotheses: (1) There is variable distribution of the allelochemicals in the different parts of A. inebrians; (2) Most of the allelochemicals in A. inebrians are soluble; and (3) Soil microorganisms affect the degree of stress imposed on the plants by allelochemicals.

2  Materials and Methods

2.1 Soil Samples and Plant Materials

In October 2021, the A. inebrians were collected from the experimental field of Jinniushan Park, Yuzhong County, Lanzhou City, Gansu Province, China (103°49′15″E, 35°34′20″N), and transported to the laboratory. The seeds of E. nutans were wild resources, collected in September 2020 in Maqu County, Gannan Tibetan Autonomous Prefecture, Gansu Province, China (100°45′45″–102°29′00″E, 33°06′30″–34°30′15″N), and were stored in a dry and ventilated place in the laboratory after cleaning. Soil samples were taken from a bare field of Lanzhou University (Yuzhong campus) that had not been cultivated for several years. Sterilized soil was obtained by heating live soil in an oven at 150°C for 12 h. Each treatment was repeated three times.

2.2 Preparation of Allelochemicals from A. inebrians

The aboveground and belowground parts of A. inebrians plants were separated after washing; 75.0 g of biomass was weighed and ground with a grinder and put it in a 1000 ml conical bottle. Then, extract is obtained by adding 1000 ml of distilled water to the conical bottle and shaking it on a shaker for 48 h. The aqueous extract of A. inebrians was filtered with double filter paper to obtain 75 g·L−1 aqueous extract of the stems, leaves, and roots of A. inebrians. The precipitate on the filter paper was recovered. The aqueous extract and the precipitate were irradiated under an ultraviolet lamp for 1 h and then stored at 4°C.

2.3 Determination of Allelopathy

The germination experiment was conducted in the greenhouse of the Yuzhong Campus of Lanzhou University. The average daytime greenhouse temperature was 25°C, the average nighttime greenhouse temperature was 18°C, the average daytime relative humidity was 72%, and the average nighttime relative humidity was 81%. Ten uniform and plump E. nutans seeds of the same size were selected, soaked in 2% NaClO for 10 min, and then soaked in distilled water for 10 min, dried, and scattered in flowerpots containing sterilized soil and fresh live soil. A total of 150 ml of A. inebrians stem, leaf, and root aqueous extract was added to 9.4 g of aqueous extract of sediment of A. inebrians [23], using distilled water as control (CK). The appropriate quantity of distilled water was supplemented every day, and the germinated seeds were counted every day (seedlings exposed to the soil surface formed the germination standard). The germination experiment was completed after 15 days. Other indicators were measured after the plants had been taken back to the laboratory on day 16. Each treatment was repeated three times.

2.4 Seed Germination Index, Enzymatic Activity, and MDA Content

The germination rate (GR), germination index (GI), and vigor index (VI) were calculated on the 15th day. The germination potential (GP) was calculated on the 5th day of germination. On the 15th day of germination, 10 seedlings were randomly selected from each flowerpot, and the seedling length (SL), root length (RL), and seeding fresh weight were measured after excess water had been absorbed by filter paper. The average value was taken to calculate the allelopathic effect index (RI). If there were less than 10 plants, all available plants were measured and the average value was taken.

The calculation formula of each index is as follows [25–27]:


Germination potential (%)=Number of seeds germinated on day 5/Total number of tested seeds×100%;


Germination rate (%)=Number of seeds germinated on day 15/Total number of tested seeds×100%;


Germination index (GI)=∑Gt/Dt;

In this formula, Gt is the daily germination number, and Dt is the corresponding germination day.


Viability Index (VI)=GI×S;

In this formula, GI is the germination index, and S is the root length.


Allelopathy index (RI)=(C/T−1);

In this formula, C represents the data of the control group, T represents the data of the treatment group, RI < 0 represents an inhibitory effect, and RI > 0 represents a promoting effect.

SOD, POD, and CAT activities as well as MDA content were calculated according to the method of Sun et al. [28].


MDA content=[6.452×(A532−A600)−0.559×A450]×VT/(VS×W);

In this formula, A532 is the absorbance at 532 nm, A600 is the absorbance at 600 nm, and A450 is the absorbance at 450 nm. VT is the total volume of extracted enzyme liquid (ml), and Vs is the volume of enzyme liquid taken during determination (mL).


POD activity=ΔA470×VT/W×VS×0.01×t;

In this formula, ΔA470 is the change of absorbance value during the reaction time, and W is the plant fresh weight (g). VT is the total volume of extracted enzyme liquid (ml), and Vs is the volume of enzyme liquid taken during determination (mL). t is the reaction time (min).


CAT activity=ΔA240×VT/0.1×t×V1×FW,AA240=As0−(AS1+AS2)/2;

In this formula, AS0 is the absorption value of the added deactivated enzyme solution, and AS1 and AS2 are the absorbance values of the sample tube. VT is the total volume of crude enzyme extract (ml), V1 is the volume of liquid extracted by the crude enzyme (ml), and FW is the sample fresh weight (g). The factor of 0.1 indicates that every 0.1 decrease in A240 represents 1 enzyme activity unit (μ). t is the time from the first reading to the last reading (min).


SOD activity=[(ACK−AE)×V]/(0.5×ACK×W×Vt);

In this formula, SOD activity is expressed in fresh-weight enzyme units per gram, ACK is the absorbance value of CK, and AE is the absorbance value of the sample tube. V is the total volume of the sample liquid (mL), Vt is the sample dosage at the time of determination (mL), and W is the sample fresh weight (g).

2.5 Data Analysis

Data analysis were performed with SPSS 25.0 (SPSS, Inc., Chicago, IL, USA). One-way ANOVA was used to determine the effects of allelochemical treatment and soil treatment on germination parameters. ANOVA was also used to analyze differences in the length of seedling, root, biomass, MDA content, as well as POD, SOD, and CAT activities. Significant differences between all parameters in plants grown on sterilized and live soil under the same allelochemical treatment conditions were determined using an independent t-test. Statistical significance was defined at the 95% confidence level. Data in figures are shown as means with standard errors. MDA content as well as POD, SOD, and CAT activities are depicted using GraphPad Prism 8.3.0 (GraphPad Software, San Diego, California, USA).

3  Results

3.1 Seed Germination Characteristics of E. nutans

The GR of E. nutans seeds in both sterilized and live soil were decreased under allelochemical treatment (Table 1), but a significant difference in GR was not found between sterilized and live soil. In both sterilized and live soil, the order of GR under different allelochemicals was D > C > B > A. There were no significant differences in the GR of A, B, C, and D treatments in sterilized soil. Compared with CK, the GR in A, B, C, and D treatments decreased significantly by 54.79%, 49.32%, 41.10%, and 27.40% (p < 0.05). In live soil, compared with CK, the GR under A and B treatments decreased significantly by 74.63% and 40.30%, respectively (p < 0.05).
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The GP of E. nutans seeds in sterilized and live soil decreased under all allelochemical treatments (Table 1). The GP of CK, A, B, and D treatments was higher than that of live soil. Compared with sterilized soil, C treatment in live soil decreased significantly by 50%. The existence of soil microorganisms under allelochemical treatment inhibited the GP. In sterilized soil, compared with CK, the GP of treatments A, B, C, and D decreased significantly by 57.14%, 52.38%, 63.49%, and 25.40%, respectively. In live soil, compared with CK, the GP in A treatment decreased significantly by 67.50% (p < 0.05).

In the same column, different lowercase letters indicate significant differences between treatments under one-way ANOVA at the p < 0.05. In the same row, different capital letters indicate significant differences between treatments under the t-test at the p < 0.05.

Compared with seeds without allelochemical treatment, the GI of E. nutans seeds in sterilized and live soil were decreased under all allelochemical treatments (Table 2). The GI of CK, A, C, and D treatments in sterilized soil were higher than those in live soil. Compared with sterilized soil, in live soil, the GI of A and D treatments significantly decreased by 53.26% and 33.54%, respectively (p < 0.05). Soil microorganisms had an inhibitory effect on the GI treated with allelochemicals. In both sterilized and live soil, the GI treated with allelochemicals can be ordered according to D > C > B > A. In sterilized soil, compared with CK, the GI of A, B, and C treatments significantly decreased by 49.79%, 60.10%, and 40.57%, respectively (p < 0.05). In live soil, the GI of A and B treatments were significantly lower than that of the CK treatment by 73.36% and 54.71%, respectively (p < 0.05).
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The seed VI of E. nutans in sterilized and live soil decreased under all allelochemical treatments. The VI in sterilized soil was higher than that in live soil of CK, A, B, C, and D treatments. Compared with sterilized soil, CK and A treatments in live soil significantly decreased by 16.43% and 60.03%, respectively (p < 0.05). Soil microorganisms had an inhibitory effect on the VI treated with allelochemicals. In both sterilized and live soil, the order of the VI under different allelochemicals was D > C > B > A. In sterilized soil, compared with CK, the seed VI of A, B, C, and D treatments significantly decreased by 75.77%, 59.88%, 54.48%, and 37.83%, respectively (p < 0.05). Compared with CK planted in live soil, the VI planted in live soil of A, B, C, and D treatments significantly decreased by 88.41%, 74.07%, 54.82%, and 48.25%, respectively (p < 0.05).

In the same column, different lowercase letters indicate significant differences between treatments under one-way ANOVA at the p < 0.05. In the same row, different capital letters indicate significant differences between treatments under the t-test at the p < 0.05.

3.2 Growth Characteristics of E. nutans Seedlings

The SL of E. nutans under any allelochemical treatment planted in sterilized and live soil decreased compared with E. nutans without treatment (Table 3). The SL of E. nutans planted in sterilized soil exceeded that of seeds planted in live soil under CK, A, B, C, and D treatments. Compared with sterilized soil, B treatment in live soil decreased significantly by 28.82% (p < 0.05). Soil microorganisms had an inhibitory effect on the SL o treated with allelochemicals. The SL planted in sterilized and live soil and treated with allelochemicals could be ordered according to C > D > B > A. In sterilized soil, significant differences were found between A, B, C, D, and CK treatments. Compared with E. nutans in the CK treatment planted in sterilized soil, the SL of A, B, C, and D treatments significantly decreased by 48.30%, 24.18%, 21.42%, and 23.19%, respectively (p < 0.05). Compared with E. nutans planted in live soil of the CK treatment, the SL of A, B, C, and D treatments decreased significantly by 53.14%, 43.12%, 27.88%, and 34.83%, respectively (p < 0.05).
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After any form of allelochemical treatment, the RL of E. nutans seedlings planted in both sterilized and live soil was significantly decreased (p < 0.05). The RL seedlings planted in sterilized soil of CK, A, B, C, and D treatments were similar to the lengths of seedlings planted in live soil. In both sterilized and live soil, the RL under D treatment was slightly shorter than that under C treatment except for the sterilized soil treatment. The RL of seedlings under different allelochemical treatments can be ordered according to D > C > B > A. Compared with CK, the RL seedlings of A, B, C, and D treatments significantly decreased by 36.28%, 30.44%, 18.23%, and 20.18%, respectively (p < 0.05). There was no difference between treatments in live soil.

The fresh weight of E. nutans seedlings planted in both sterilized and live soil decreased under any allelochemical treatment (Table 3). The fresh weight of seedlings planted in sterilized soil of CK, A, B, C, and D treatments was similar to weights obtained in live soil. In response to treatment with different allelochemicals, the fresh weight of seedlings planted in sterilized and live soil decreased in the order of D > C > B > A. In sterilized soil, significant differences were found between treatments A, B, and CK. Compared with CK, the fresh weight under A and B treatments significantly decreased by 50.00% and 61.36%, respectively (p < 0.05). Compared with CK, the fresh weight under A, B, and C treatments significantly decreased by 55.56%, 48.89%, and 48.89%, respectively (p < 0.05).

In the same column, different lowercase letters indicate significant differences between treatments under one-way ANOVA at the p < 0.05. In the same row, different capital letters indicate significant differences between treatments under the t-test at the p < 0.05.

3.3 MDA Content as Well as POD, CAT, and SOD Activity of E. nutans

The MDA content of E. nutans under any allelochemical treatment was higher than that of CK. The MDA content of E. nutans in sterilized soil under any allelochemical treatment was lower than that in live soil (Fig. 1). Compared with sterilized soil, the MDA contents of CK, A, B, C, and D treatments in live soil significantly increased by 116.94%, 428.03%, 167.67%, 157.08%, and 157.01%, respectively (p < 0.05). Soil microorganisms had an inhibitory effect on the MDA activity of E. nutans treated with allelochemicals. In sterilized soil, there were no significant differences between A, B, C, D, and CK. The MDA contents of E. nutans in live soil of A, B, C, and D treatments were significantly higher than that of CK by 164.82%, 138.23%, 69.93%, and 67.65%, respectively (p < 0.05).
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Figure 1: MDA content of E. nutans under allelochemical treatments. CK: Without allelochemical treatment; A: An aqueous extract of an above-ground part of A. inebrians; B: A part of aqueous extract sediments on that ground of the A. inebrians; C: Aqueous extract of that belowground part of A. inebrians, D: A part of aqueous extract sediments on that belowground part of A. inebrians. Different lowercase letters on top of bars indicate significant differences (p < 0.05) of plants between the different allelochemical treatments

The POD activity of E. nutans under allelochemical treatment was higher than that of CK. The POD activity of E. nutans in sterilized soil under any allelochemical treatment was lower than that in live soil (Fig. 2). Compared with sterilized soil, A and C treatments in live soil increased significantly by 73.46% and 119.00%, respectively (p < 0.05). Soil microorganisms inhibited the POD activity of E. nutans treated with allelochemicals. In sterilized soil, the POD activity was higher under A than under CK by 392.61% and 230.95%, respectively. Compared with CK, the POD activity of E. nutans planted in live soil under A, B, C, and D treatments increased by 640.00%, 240.00%, 206.60%, and 80.00%, respectively.
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Figure 2: POD activity of E. nutans under allelochemical treatments. CK: Without allelochemical treatment; A: An aqueous extract of an above-ground part of A. inebrians; B: A part of aqueous extract sediments on that ground of the A. inebrians; C: Aqueous extract of that belowground part of A. inebrians, D: A part of aqueous extract sediments on that belowground part of A. inebrians. Different lowercase letters on top of bars indicate significant differences (p < 0.05) of plants between the different allelochemical treatments

The CAT activity of E. nutans with allelochemical treatment was higher than that of CK. The CAT activity in sterilized soil under any allelochemical treatment was lower than that in live soil (Fig. 3). Compared with sterilized soil, the CAT activities of A, B, and D treatments in live soil significantly increased by 87.44%, 81.24%, and 229.00%, respectively (p < 0.05). Soil microorganisms had an inhibitory effect on the CAT activity of E. nutans treated with allelochemicals. In sterilized soil, compared with CK, the CAT activity under treatment A significantly increased by 188.73%. In live soil, compared with CK, the CAT activities under A, B, and D treatments significantly increased by 441.18%, 242.86%, and 191.19%, respectively.
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Figure 3: CAT activity of E. nutans under allelochemical treatments. CK: Without allelochemical treatment; A: An aqueous extract of an above-ground part of A. inebrians; B: A part of aqueous extract sediments on that ground of the A. inebrians; C: Aqueous extract of that belowground part of A. inebrians, D: A part of aqueous extract sediments on that belowground part of A. inebrians. Different lowercase letters on top of bars indicate significant differences (p < 0.05) of plants between the different allelochemical treatments

The SOD activity of E. nutans under any allelochemical treatment was higher than that of CK. Except for the SOD activity of E. nutans treated with allelochemicals in sterilized soil under CK treatment, which was higher than that in the live soil. The SOD activities in sterilized soil under all other treatments were significantly lower than in live soil (p < 0.05) (Fig. 4). Compared with sterilized soil, the SOD activities in A and B treatments in live soil significantly increased by 110.55% and 99.03%, respectively (p < 0.05). Soil microorganisms had an inhibitory effect on the SOD activity of E. nutans treated with allelochemicals. In sterilized soil, compared with CK, the SOD activity of A treatment increased by 125.91%. In live soil, compared with CK, the SOD activities under A and B treatments were significantly higher than that of CK by 315.30% and 126.85%, respectively (p < 0.05).
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Figure 4: SOD activity of E. nutans under allelochemical treatments. CK: Without allelochemical treatment; A: An aqueous extract of an above-ground part of A. inebrians; B: A part of aqueous extract sediments on that ground of the A. inebrians; C: Aqueous extract of that belowground part of A. inebrians, D: A part of aqueous extract sediments on that belowground part of A. inebrians. Different lowercasee letters on top of bars indicate significant differences (p < 0.05) of plants between the different allelochemical treatments

3.4 Allelopathic Effect Indices of E. nutans

The RI was used to evaluate the allelopathic effect of A. inebrians on E. nutans using the GR, GP, GI, VI, SL, RL, and seedling fresh weight (Table 4). As shown by the RI means, GP, GR, GI, VI, SL, RL, and seedling fresh weight had negative values (from −0.02 to −0.79). The synthetical allelopathic indexes of A. inebrians of aboveground and belowground extracts were negative (from −0.17 to −0.79 and from −0.02 to −0.69). The synthetical allelopathic indexes of sterilized soil and live soil were negative (from −0.17 to −0.79 and from −0.02 to −0.74) (Table 4).
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In the same column, different lowercase letters indicate significant differences between treatments under one-way ANOVA at the p < 0.05. In the same row, different capital letters indicate significant differences between treatments under the t-test at the p < 0.05.

4  Discussion

4.1 Seed Germination, Seedling Growth, and Physiological Characteristics of E. nutans Seeds

The bases of plant growth, development, and adaptation to adversity are seed germination and seedling growth, which are sensitive and vulnerable to allelopathic stress. After treatment with allelochemicals, the seed germination rate, vigor, as well as growth of seedlings and radicles decreased [29–31]. The results of the present study showed that the GR, GP, GI, and VI of E. nutans decreased by any A. inebrians extract. Compared with aqueous extract and aqueous extract precipitate of belowground parts of A. inebrians, the inhibitory effect of aboveground parts on seed germination was particularly strong; the inhibitory effect of the aqueous extracts of aboveground parts on seed germination was the strongest [32].

The decline of seedling and radicle length is the most intuitive response to stress. Research has shown that allelopathic stress can cause the growth of seedlings and radicles to slow down or even stagnate, resulting in a decrease in biomass [33–35]. The results of this study showed that the growth of E. nutans seedlings was inhibited by allelopathic stress at the seed germination. The inhibitory effect was reflected by decreases in seedling length, root length, and fresh weight. Compared with belowground parts, the allelopathic effects of the aqueous extracts of A. inebrians on seedling growth were the strongest. Zhu et al. found that the aqueous extracts from the aboveground parts of A. inebrians have a stronger inhibitory effect on the germination of four other plants than the extracts of the belowground parts [34].

SOD, POD, and CAT constitute the active oxygen scavenging system in cells and play a key role in the metabolism of active oxygen [16,36,37]. MDA is the product when the plant is subjected to stress, and its content reflects the degree of injury to cells [38,39]. Plant responses to allelochemicals include decreasing ROS breakdown products and enhancing the activities of antioxidant defense enzymes [40,41]. The results showed that the activities of SOD, POD, and CAT as well as the MDA content in seedlings increased significantly under A. inebrians plant aqueous extract and aqueous extract treatments. This result indicates that the seedlings were stressed by allelochemicals, which led to increases in the activities of antioxidant defense enzymes and cell damage [42,43]. The MDA content, as well as POD, SOD, and CAT activities of E. nutans seedlings treated with aboveground parts of water immersion and water immersion sediment, were generally higher than that of the belowground part of water immersion and water immersion sediment. Moreover, the water extract treatment with the aboveground part of A. inebrians had the most significant effects on antioxidant defense enzyme activity and ROS decomposition products. The above results indicate that seed germination, seedling growth, and physiological characteristics support hypotheses (1) and (2): Allelochemicals in shoots and roots of A. inebrians inhibit seed germination and seedling growth of E. nutans; however, the allelopathic potentials of aboveground and belowground parts of A. inebrians differ. Allelochemicals of A. inebrians are mainly distributed in the aboveground part and are mainly water-soluble substances.

The positive or negative of RI value indicates whether allelopathy has a positive effect on plants [44–46]. In terms of the average values of seed germination and seedling growth, the RI values were negative, indicating that all allelochemicals exerted inhibitory effects on the growth of E. nutans. The magnitude of inhibition could be ordered according to A > B > C > D, where A had the strongest inhibitory effect on E. nutans.

4.2 Influence of Soil Microorganisms on Allelopathy

Soil microbial species are diverse and their composition varies greatly in both space and time. The complex composition of soil microorganisms causes allelochemicals to change when they enter the soil [47–49]. Existing research showed that in response to the leaves of Rhododendron formosanum entering the soil, Pseudomonas transformed the main allelochemical (−)-catechin into the more phytotoxic protocatechuic acid. Moreover, protocatechuic acid could enhance the inhibitory effect of (−)-catechin on seed germination at low concentrations [50]. Combined with the results of this study, soil microorganisms enhanced the allelopathy of A. inebrians to seedings of E. nutans, as reflected by seed germination, seedling growth, MDA content, as well as POD, SOD, and CAT activities of E. nutans seedings. The results are also consistent with hypothesis (3). Soil microorganisms significantly enhance the allelopathy of A. inebrians, which may be associated with the decomposition of allelochemicals by soil microorganisms into other chemical substances. The allelopathic effect of the transformed chemical substances on plants may impose stronger inhibition than allelochemicals before their decomposition and transformation [51,52].

5  Conclusion

The response of E. nutans to A. inebrians extracts and soil microorganisms through the determination of seed germination and seedling physiological indexes were studied. The changes in seed germination under allelochemical treatment directly reflect the damage caused by allelopathic stress on plants. Physiological indicators also reflected the strong allelopathic effect of A. inebrians on E. nutans. The germination and seedling growth of E. nutans were examined in both sterilized soil and live soil treated with the aqueous extract of the aboveground parts, the sediment of the aqueous extract of the aboveground parts, the aqueous extracts of the belowground parts, and the sediment of the belowground parts of A. inebrians. The results showed that A. inebrians had strong allelopathy. The inhibitory effect of the aboveground parts of A. inebrians on seed germination and seedling growth of E. nutans was stronger than that of aerial parts. The allelochemicals of A. inebrians were mainly distributed in the aboveground parts. The growth of E. nutans was inhibited by increasing activities of antioxidant defense enzymes and membrane peroxidation. In addition, the allelopathy of A. inebrians was stronger in live soil than in sterilized soil. Soil microorganisms effectively improve the allelopathy of A. inebrians.
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Table 1: Seed germination rate and germination potential of E. nutans

Allelochemical Germination rate (%) Germination potential (%)
reatment Sterilized soil Live soil Sterilized soil Live soil

CK 73.33 £ 15.28Aa 66.677 £ 11.55Aa 56.67 £ 11.55Aa  40.00+017.32Aa
A 33.33 £5.77Ac 16.67 £ 5.74Ac 26.67 £ 5.77Ac 13.33 £ 5.77Bc¢

B 36.67 £ 5.77Ac 36.67 £ 11.55AD 30.00 £ 10.00Ac 26.67 £ 5.77Aab
C 43.33 £ 5.77Abc 53.33 £ 11.55Aab 23.33 £ 5.77Ac 30.00 + 10.00Aab
D 53.33 £5.77Abc 60.00 + 10.00Aab 46.67 £ 11.55Ab 26.67 £ 15.28 Aab

Note: CK: Without allelochemical treatment; A: An aqueous extract of an above-ground part of Achnatherum inebrians; B: A part of aqueous extract
sediments on that ground of the A. inebrians; C: Aqueous extract of that belowground part of A. inebrians, D: A part of aqueous extract sediments on
that beloweground nart of 4. inebrians.
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Table 3: Seedling length, root length, and seedling fresh weight of E. nutans

Allelochemical Seedling length (cm) Root length (cm) Seeding fresh weight (g)
treatment
Sterilized soil Live soil Sterilized soil Live soil Sterilized soil Live soil

CK 14.10 £ 1.33Aa 13.38+£2.67Aa 5.65 +£0.93Aa 5.67 £1.73Aa 0.44 £ 0.04Aa 0.45+031Aa
A 7.29 £ 2.97Ac 6.27 £ 2.53Ac 3.60 £ 0.79Ac¢ 339+ 1.06Aa 0.22+0.17Ac 0.20 £ 0.13Ab
B 10.69 £ 3.12Ab 7.61 £3.22Bbc  3.93 £ 0.90Abc 4.27+391Aa 0.17+0.64Abc 0.23 £ 0.19Ab
C 11.08 £ 2.89Ab 9.65 £ 2.05ADb 4.62 £ 0.90Ab 513 £1.52Aa 0.32+0.09Aab 0.23 £0.21Ab
D 10.83 £2.63Ab 8.72 +£ 3.72Ab 4.51 £ 0.78Ab 5.52 +£3.64Aa 0.35+0.18a 0.27 £ 0.16ab

Note: CK: Without allelochemical treatment; A: An aqueous extract of an above-ground part of Achnatherum inebrians; B: A part of aqueous extract
sediments on that ground of the A. inebrians; C: Aqueous extract of that belowground part of A. inebrians, D: A part of aqueous extract sediments on
that beloweround nart of A. inebrians.
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Table 4: Allelopathic effect index of allelochemicals on seed germination and seedling growth of E. nutans
under different soil treatments

Soil Allelochemical Response index of allelopathy
treatment treatment o o o o . .
Germination Germination Germination Vitality Seedling Root Seedling fresh
rate GR potential GP index GI index VI  length S  length RL weight SFW
Sterilized A —0.5479 £ —0.5714+ -04979+  —0.7943 £ —0.2931 £+ -0.3422+ —-0.4150 £
soil 0.03697Aa  0.1082Aa 0.0208Aa 0.0509Aa 0.0436Aa 0.1661Aa 0.4966Aa
B —0.4932 +  —0.5238+ -0.6010 = —0.6211 £+ —0.2010 £ —0.3028 + —0.5681 +
0.0637Aab  0.1082Aa 0.0277Aa 0.0730Ab 0.0373Aab 0.1768Aa 0.1340Aa
C —-0.4110+  —0.6349+ —-04057+  —0.6010 £ —0.1719+ -0.2618 £ —0.2723 £
0.0610Ab 0.1155Aa 0.0473Aa 0.0503Ab 0.1404Ab 0.0728Aa 0.3087Aa
D —0.2740 +  —0.2540+ -0.1903 £ 04769 £ —0.1906 £ —0.1965 + —0.3509 +
0.08581Ac  0.4286Aa 0.0751Aa 0.0954Ac 0.0497Aa 0.2451Aa 0.1915Aa
Live soil A —0.7463 +  —0.6750+  0.7336 -0.6562 =+ —0.5475+ -0.4701 + -0.3614 +
0.0833Ba OAa 0.2169 Aa  0.1061Ba 0.2487Ba  0.1162Aa 0.5813Aa
B —0.4030 +  —0.3250+  —0.5471 £  -0.6951 £+ —0.4884 + 0.0353+ -0.357 =
0.07217Ab  0.2546Aa 0.0988Aa 0.1897Ab 0.1382Ba  0.1413Bb 0.1931Aa
C —0.2090 +  —0.2500+ -0.3739+ 04678 £ —0.2572+ —0.0813 + —0.3444 +
0.1735Ac 0.1923Aa 0.1315Aa 0.2096Bc 0.1801Ab  0.1198Bb 0.5614Aa
D —0.1045 +  —0.3250+ —-0.3892+ 04864 £ —0.4099 £ —0.0184 + —0.1023
0.08675Ac  0.2307Aa 0.2409Aa 0.3288Ac 0.21Aab 0.2212Ab 0.3914Aa

Note: CK: Without allelochemical treatment; A: An aqueous extract of an above-ground part of Achnatherum inebrians; B: A part of aqueous extract
sediments on that ground of the A. inebrians; C: Aqueous extract of that belowground part of A. inebrians, D: A part of aqueous extract sediments on
that beloweground nart of 4. inebrians.
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Table 2: Seed germination index and vigor index of E. nutans

Allelochemical Germination index Vigor index

reatment Sterilized soil Live soil Sterilized soil Live soil

CK 11.93 £2.43Aa 10.51 £4.53Aa 168.24 £ 12.58Aa 140.59 + 17.89Ba
A 5.99 £ 1.63Ab 2.80 £ 1.37Bb 40.76 + 17.41Ad 16.29 + 9.67Bd
B 476 £0.0.72Ab 476 + 0.99Ab 67.50 £ 20.40Ac 36.22 £ 16.36Ac
C 7.09 £ 0.71Abc 6.58 £ 1.40Aab 76.59 £ 21.32Ac 63.52 £ 17.41Ab
D 9.66 £ 1.50Aab 6.42 £ 0.51Bab 104.60 + 28.29Ab 72.76 + 34.69ADb

Note: CK: Without allelochemical treatment; A: An aqueous extract of an above-ground part of Achnatherum inebrians; B: A part of aqueous extract
sediments on that ground of the A. inebrians; C: Aqueous extract of that belowground part of A. inebrians, D: A part of aqueous extract sediments on
that beloweround nart of A. inebrians.
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