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Abstract

:

Nitraria roborowskii Kom. seeds have deep dormancy characteristics. Under natural conditions, the germination rate of the seeds is low, and the germination time is long. Therefore, exploring the reasons for seed dormancy is highly important. The results showed that the extracts of the methanol phase, ethyl acetate phase, petroleum ether phase and water phase of N. roborowskii seeds all had a significant inhibitory effect on the germination rate and germination index of Brassica rapa seeds, among which the extract of the methanol phase had the strongest inhibitory effect, and the inhibitory effect decreased in the following order from the strongest to the weakest: methanol phase > ethyl acetate phase > petroleum ether phase > water phase. The components of the methanol phase, ethyl acetate phase and petroleum ether phase ether extracts of N. roborowskii seeds were identified by gas chromatography–mass spectrometry (GC–MS). The experimental results showed that the organic phase extracts of N. roborowskii seeds contained a variety of inhibitory compounds, which included 4H-pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl-dibutyl phthalate; 4-((1E)-3-hydroxy-1-propenyl)-2-methoxyphenol; 13-docosenamide, (Z)-; 3-hydroxy-4-methoxybenzoic acid; vanillin; 2,4-di-tert-butylphenol; and cyclohexane, ethyl-. The seeds of N. roborowskii contain a variety of endogenous inhibitors, which are the main reason for its seed dormancy.
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1. Introduction


Nitraceae are Tertiary relict plants with Mediterranean–West to Central Asian distribution types. In China, they are mainly distributed in the northwestern and northern regions [1]. As saline plants, they not only have important ecological value, such as improving saline and alkaline land and preventing winds and fixing sands, but also have nutritional value, medicinal value and economic value. They are common shrubs in saline soil distribution areas worldwide; they have become the winning and top community builders in desert and arid zones and are often used as the preferred plants for the management of desert and saline and alkaline land in the arid areas of the northwest region of the country. The Nitraria seed oil content is approximately 12%, the unsaturated fatty acid content is up to 95%, the linoleic acid content is 60%–70% and their ability to lower blood lipids prevents atherosclerosis and other effects. Nitraria is an economic tree species for the development of special industries [2].



In 1908, Komapov published the Central Asian species Nitraria roborowskii Kom. based on the samples from Qiemo, Xinjiang [3]. Studies have shown that N. roborowskii fruits are the most abundant [4], with the smallest proportion of reproductive allocation (11.82%) [5]; the greatest fruiting rate is 63.55% [6]; the greatest nutrient content is present [7]; fruits contain five essential macronutrients and ten essential trace elements [8]; the greatest growth benefit is achieved [9] and the greatest initial seed dormancy rate is 88% [9]. N. roborowskii has a greater fruit setting rate and greater ripeness.



N. roborowskii seeds exhibit dormancy characteristics [4,10]. Most N. roborowskii seeds that are collected in a particular year become dormant [10], resulting in a relatively low germination rate of only approximately 30% [11]. Therefore, studying the release of dormancy in the seeds of N. roborowskii is highly important. According to previous studies, the seed embryo of N. roborowskii is fully mature [12] and has the characteristic of sclerotization [13], so this paper focuses on whether the seeds of N. roborowskii contain endogenous inhibitors.



Seed dormancy is the temporary inability of viable seeds to germinate under conditions suitable for germination. Seeds in a dormant state cannot germinate because they receive internal hindrances, and they can only germinate when those internal inhibitors are removed. Due to the presence of genetic material (phenolics, caffeic acid, ferulic acid) in the pulp of Lycopersicon esculentum M. and Cucumis sativus L. fruits, their seeds do not germinate in the fruit but germinate easily if the seeds are removed and rinsed well [14]. Apple cotyledons contain inhibitors that are translocated to the radicle to inhibit its growth so that the degree of embryo dormancy in apples decreases progressively as the cotyledon tissue is removed [15]. Kentzer and Amen considered the presence of inhibitory substances to be one of the main causes of plant seed dormancy [16,17]. During seed germination, endogenous inhibitors can prevent water uptake, inhibit respiration, inhibit enzyme activity, hinder embryo growth or alter osmotic pressure [18]. Endogenous inhibitors are produced in plants, and there are a very large number of inhibitory substances, such as organic acids, phenols, alkaloids, coumarins and abscisic acid (ABA).



Therefore, this paper mainly explores whether N. roborowskii seeds contain endogenous inhibitors. The selection of nondormant seeds that are more prone to germination in response to extracts can determine whether the experimental seeds have endogenous inhibitors [19]. The existence and intensity of endogenous seed inhibitors are indicated by the germination rate of nondormant seeds (Brassica rapa) [20]. Generally, the methanol phase, ethyl acetate phase and ether phase extracts of plant seeds are used to explore whether plant seeds contain substances that inhibit germination and seedling growth [21]. To date, there have been no studies on endogenous inhibitors in the seeds of N. roborowskii, and to further investigate the causes of its seed dormancy, the present study raises two scientific questions for investigation: (1) whether N. roborowskii seeds contain endogenous inhibitors? and (2) what are the endogenous inhibitors in the seeds?




2. Materials and Methods


2.1. Experimental Materials


The plump and healthy seeds of N. roborowskii used in the experiment were purchased from the planting base of Linquan Ecological Seed Industry Co., Ltd., in Minqin County, Wuwei, China. B. rapa (Xiaoza 56) seeds with a purity ≥ 98.0% and a germination rate ≥ 85.0% were purchased from Shandong Denghai Seed Co., Ltd. (Yantai, China).



Analytical purity: methanol, ethyl acetate and petroleum ether. Chromatographic purity: methanol, acetonitrile and acetone. All chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).




2.2. Experimental Design and Research Methodology


2.2.1. Extraction of Inhibitors from N. roborowskii Seeds


A 10.0 g sample of N. roborowskii seeds was weighed using an electronic column (1/10,000) and then crushed in a triangular flask. Then, 50 mL of 80% methanol was added and extracted in a closed chamber at 4 °C with stirring at regular intervals, and the clarified filtrate was filtered after 24 h. The clarified filtrate was kept as a reserve, and the precipitate was extracted by adding 50 mL of 80% methanol again. The extraction was repeated three times, and the extracted solutions were combined and centrifuged at 4000 r/min for 10 min, after which the supernatant was retained (Figure 1).




2.2.2. Separation of Inhibitors from N. roborowskii Seeds


The methanol-phase extract of N. roborowskii seeds was separated using the systematic solvent method [22]. The extract was concentrated under reduced pressure at 56 °C to remove the methanol phase, and the remaining concentrated liquid was centrifuged at 4000 r/min for 10 min. Then, 50 mL of petroleum ether was added to the concentrated liquid of the seed inhibitors and extracted 3 times in succession, and the extracted liquid was combined to obtain the petroleum ether phase of the inhibitors of N. roborowskii seeds. Fifty milliliters of the ethyl acetate phase was added to the water phase for further extraction, which was repeated 3 times, and the extract liquid was combined to obtain the ethyl acetate phase of the inhibitors of N. roborowskii seeds. Finally, the water phase of the seed inhibitor extract was concentrated and evaporated under reduced pressure at 65 °C. The dry matter was dissolved in methanol and filtered to obtain the methanol phase and residue, and the residue was added to water to obtain the water phase.




2.2.3. Bioassay of the Inhibitory Activity of the Seeds of N. roborowskii


The inhibitory activity of N. roborovskii seeds was tested on nondormant seeds of B. rapa under laboratory conditions. Solutions with concentrations of 0%, 25%, 50%, 75% and 100% were prepared for the methanol phase, ethyl acetate phase, petroleum ether phase and water phase, respectively, of N. roborowskii seeds for bioassays. Three milliliters of each solution containing the inhibitors was added to separate the Petri dishes. After the organic solvents in each phase had completely evaporated [23], 40 B. rapa seeds were placed in Petri dishes with 5 mL of distilled water and the control with distilled water, with 3 replications for each treatment, and placed at 25 ± 1 °C, 80% humidity, 3000 l× light, and 12 h light/12 h dark for germination experiments. The germination and germination indices of the B. rapa seeds were determined after 24 h and 48 h, respectively.




2.2.4. GC–MS Identification of Inhibitors from N. roborowskii Seeds


A total of 100 mL of the organic phase extract of the seeds of N. roborowskii in an RE-2000A rotary evaporator with a circulating multipurpose vacuum pump (SHB-IIIA) was used for decompression and concentration, and concentrated dry matter with a light brown color was obtained. Then, concentrated dry samples of the phases were made into concentrated samples of the various organic phase extracts of the seeds by using the corresponding organic solvents with shaking, solubilization and condensation to 2 mL.



GC–MS was conducted at the Physical and Chemical Testing Center of Xinjiang University. The instrument used was an Agilent 7890B/5977A gas chromatography–mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). The ionization source was electron impact (EI), and the chromatographic column used was a DB-5ms5% phenyl-methyl polysiloxane capillary column (30 m × 0.25 mm). The chromatographic conditions were as follows: injection port temperature, 280 °C; injection method, 5:1; programmed temperature increase, 50 °C (10 min) raised to 280 °C at 5 °C/min (15 min); carrier gas, helium; flow rate, 1.0 mL/min and injection volume, 1.0 µL. The mass spectrometry conditions were as follows: ionization method: electron impact source (EI), ionization energy 70 eV; ion source temperature 230 °C, interface temperature 280 °C; scanning method: full scan (SCAN), scanning range 35 amu–650 amu, scanning time 0.45 s and solvent delay 3 min. After injection, the mass spectra of each component in the sample were compared with the stock signals of all compounds controlled by the computer to identify the sample components and verify them against standard spectra.





2.3. Data Statistics


This experiment used a completely random design, and the data were processed using SPSS 17.0 (IBM, Armonk, NY, USA). One-way ANOVA was performed at the p < 0.05 level, and the least significant difference method (LSD) was used to test for significant differences between means and for multiple comparisons. All charts and graphical processing were completed using GraphPad Prism 5.0.





3. Results


3.1. Bioassay of the Extracts of Various Organic Phases from the Seeds of N. roborowskii


Compared with the germination rate of CK (84.18%), the germination rate of B. rapa seeds treated with various organic phase extracts at different concentrations tended to decrease (Figure 2). After variance analysis, the inhibitory effects of various organic phase extracts at different concentrations on the germination of B. rapa seeds were significantly different (p < 0.05), indicating that there were substances in the methanol phase, ethyl acetate phase, petroleum ether phase and water phase of N. roborowskii seeds at different concentrations that inhibited the germination of B. rapa seeds, but the inhibitory effects of the various organic phase extracts on the germination of B. rapa seeds were different (Figure 2). The germination rate of B. rapa seeds treated with the 100% methanol phase extract was the lowest, at 61.68%. Through comparative experiments, it was found that the methanol phase extract of N. roborowskii seeds had the strongest inhibitory effect on the germination of B. rapa seeds (Figure 2A).



After treatment with 100% methanol, ethyl acetate, petroleum ether, or water for 48 h, the germination rates of the seeds decreased by 22.50%, 17.50%, 13.35% and 11.68%, respectively, compared with those of the control group (84.18%) (Figure 2), and the germination indices decreased by 11.84, 9.84, 6.67 and 5.67%, respectively, compared with those of the control group (44.84) (Figure 3). This proves that the extracts of each separation phase of N. roborowskii seeds had a very significant inhibitory effect on the germination rate and germination index of B. rapa seeds (p < 0.05). The 25% water phase and 25%, 50%, 75% and 100% methanol phase extracts had stronger inhibitory effects on the germination of B. rapa seeds than did the other organic phase extracts (Figure 2 and Figure 3). The inhibition of B. rapa seeds by extracts from each isolated phase of N. roborowskii seeds at the same concentration differed (Figure 4), and the inhibitory effects of the various organic phase extracts on the germination rate and germination index of B. rapa seeds decreased in the following order: methanol phase > ethyl acetate phase > petroleum ether phase > water phase.




3.2. Organic Compound Types in Extracts of N. roborowskii Seeds


3.2.1. Methanolic Phase Extract of N. roborowskii Seeds


The methanolic phase extract of N. roborowskii seeds was analyzed by GC–MS to determine the total ion flow, and eight peaks were separated (Figure 5). In this study, the relative content of each organic phase extract substance was calculated using the peak area normalization method, i.e., the sum of the peak areas of the separated phases was taken as 100%, and the ratio of the area of each peak to the total area represented the relative content of the component in the extract. A search through the mass spectrometry system and comparison with standard maps will result in substances with a good match (>80% similarity) [24]. Thirty-nine types of organic compounds were identified, twenty-eight of which were esters and ketones (Supplementary Materials). Eleven substances with good agreement were obtained (Table 1), and their relative contents decreased in order from high to low: 4H-pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl-(34.48%), dibutyl phthalate (12.99%), triethyl phosphate (4.79%), 13-docosenamide, (Z)-(3.44%), 2-furancarboxaldehyde, 5-methyl-(3.12%), hexanedioic acid, bis(2-ethylhexyl) ester (2.95%), 1,2-cyclopentanedione (2.77%), furan (2.75%), formamide (2.67%), 2,4-dihydroxy-2,5-dimethyl-3(2H)-furan-3-one (2.50%) and 2,5-dimethylfuran-3,4(2H,5H)-dione (2.10%).




3.2.2. Extracts of the Ethyl Acetate Phase of N. roborowskii Seeds


The total ion flow of the ethyl acetate phase extract of N. roborowskii seeds was separated into 11 peaks by GC–MS analysis. By searching the computer mass spectrometry system and checking the sample spectrum obtained by mass spectrometry scanning with the standard spectrum, a total of 164 compounds were identified in the ethyl acetate phase of N. roborowskii seeds (Supplementary Materials), 26 of which were identified, mainly phenols, organic acids and aldehydes. Thirteen substances with good agreement were obtained (Table 2), and their relative contents decreased in order from high to low: 4-((1E)-3-hydroxy-1-propenyl)-2-methoxyphenol (20.05%), Unknown 1 (8.37%), Unknown 2 (4.92%), Unknown 3 (4.64%), 13-docosenamide, (Z)-(4.60%), Coniferyl aldehyde (3.30%), 3-hydroxy-4-methoxybenzoic acid (3.06%), vanillin (2.74%), Benzofuran, 2,3-dihydro-(2.29%), Unknown 4 (2.10%), Carbamic acid, methylphenyl-, ethyl ester (2.00%), Unknown 5 (1.94%) and Butanoic acid, 3-methyl-(1.83%) (Figure 6).




3.2.3. Extracts of the Petroleum Ether Phase of N. roborowskii Seeds


The total ion flow of the petroleum ether phase extract of N. roborowskii seeds was separated into nine peaks by GC–MS analysis. By searching the computer mass spectrometry system and checking the sample spectrum obtained by mass spectrometry scanning with the standard spectrum, a total of 139 compounds were identified in the petroleum ether phase of N. roborowskii seeds (Supplementary Materials), 113 of which were identified, mainly alkanes. Fifteen substances with good agreement were obtained (Table 3), and their relative contents decreased in order from high to low: 13-docosenamide, (Z)-(16.31%), cyclohexane, ethyl-(5.13%), heptane, 2,2,4,6,6-pentamethyl-(3.20%), Unknown 1 (3.02%), 2,4-ddi-tert-butylphenol (2.64%), 1,5,9-uundradecatriene, 2,6,10-trimethyl-, (Z)-(2.63%), cyclohexane, 1,2-dimethyl-, cis-(2.02%), heptane, 2,6-dimethyl-(1.84%), nonane (1.83%), decane (1.74%), nonane, 3-methyl-(1.44%), heptane, 2,4-dimethyl-(1.44%), heptane, 2,3,4-trimethyl-(1.37%), Unknown 2 (1.37%) and Unknown 3 (1.34%) (Figure 7).



The methanol phase extract contained 11 organic compounds in five categories, the ethyl acetate phase extract contained seven organic compounds in six categories, and the petroleum ether phase extract contained 12 organic compounds in three categories. The 30 compounds with high contents in each organic phase of N. roborowskii seeds were divided into nine classes (Table 4): alkanes, amides, ketones, esters, organic acids, phenols, aldehydes, furans and vanillin. Among them, there are 10 alkanes, accounting for 33.33% of the total number of organic compounds; four amides and ketones, accounting for 13.33% of the total; three esters and aldehydes, accounting for 10.00% of the total and two organic acids, phenols and furans, accounting for 6.67% of the total. Erucic acid amide was common and had a high content of organic matter in the three organic phase extracts (Table 1, Table 2 and Table 3).






4. Discussion


Many dormant plant seeds contain endogenous inhibitors of germination, which prevent seeds from germinating normally and are an important reason for seed dormancy. The degree of seed dormancy is altered in parent plants, and the maternal plant detects certain stimulants that affect seed dormancy and transports specific substances to the seeds to regulate their dormancy level [25]. None of the individual methanol, ethyl acetate or petroleum ether organic solvents had a significant effect on B. rapa seed germination, so all the changes in B. rapa seed germination after treatment with the extracts in this study were caused by endogenous inhibitors in the extracts [26].



4.1. Bioassay of Endogenous Inhibitors in N. roborowskii Seeds


The studies have shown that the seed coat and embryo may contain different endogenous inhibitors. Due to the complex nature of N. roborowskii seeds, it is very difficult to separate the seed coat and embryo. Studies have shown that there is no significant difference in the inhibitory effect of the seed coat and embryo [27]. Therefore, in this study, organic phase extracts of intact N. roborowskii seeds were used to verify the presence of inhibitory substances.



After treatment with different organic phase extracts of N. roborowskii seeds at the same concentration, the germination rate, germination index and number of B. rapa seeds significantly decreased (p < 0.05). The order of the inhibitory effect on the germination rate and germination index of B. rapa seeds was methanol phase > ethyl acetate phase > petroleum ether phase > water phase, among which the methanol phase had the strongest inhibitory effect. Some studies have concluded that the methanol phase contains the most inhibitors [28]. An experiment also proved that Nitraria tangutorum Bobr. seeds also contain endogenous inhibitors, and the water extract of their seeds has a significant impact on the germination quality and growth of wheat plants [29].




4.2. Types of Inhibitory Substances in N. roborowskii Seeds


The compounds in the methanol phase, ethyl acetate phase and petroleum ether phase were separated and identified by GC–MS, which confirmed that the methanol phase of N. roborowskii seeds mainly contained 4H-pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl-dibutyl phthalate, triethyl phosphate, 13-docosenamide, (Z)-furan carboxaldehyde, 5-methyl-hexanedioic acid, bis(2-ethylhexyl) ester and 1,2-cyclopentanedione. Some scholars have shown that 4H-pyran-4-one,2,3-dihydro-3,5-dihydroxy-6-methyl- may be a germination inhibitor in Taxus chinensis (Pilger) Rehd. seeds [12] and can inhibit the germination and seedling growth of Stipa capillata [30]. Dibutyl phthalate can inhibit and affect the germination of Paeonia lactiflora [31], Glycine max [32] and B. rapa seeds [33]. 13-Docosenamide (Z) has broad-spectrum antibacterial properties and can have a certain inhibitory effect on seed germination [34]. It has a significant inhibitory effect on the germination and growth of Pinellia ternata seeds [35].



The main substances identified in the ethyl acetate phase were esters, including phenol, benzoic acid and erucamide. The most abundant compounds identified were 4-((1E)-3-hydroxy-1-propenyl)-2-methoxyphenol, 13-docosenamide, (Z)-, coniferyl aldehyde, 3-hydroxy-4-methoxybenzoic acid, vanillin, benzofuran and 2,3-dihydro-. Phenolic compounds are widely present in nature and have certain antibacterial and antioxidant activities. These compounds may be converted into polyphenolic substances through oxygen in the seed coat, resulting in oxygen consumption by the seed coat and a lack of oxygen supply to the embryo or interference with cell oxidation [11,36]. Seeds containing phenolic compounds can inhibit their own germination or penetrate into the soil to inhibit the germination of neighboring seeds [11]. Root bark extract of Michelia macclurei Dandy (REMMD) containing 4-((1E)-3-hydroxy-1-propenyl)-2-methoxyphenol can significantly inhibit the growth of NIH/3T3 cells, and the inhibitory effect is dependent on its concentration [37].



The organic compounds identified in the petroleum ether phase extract mainly belonged to the alkane class, and the compounds with the highest contents were 13-docosenamide (Z)-; cyclohexane, ethyl-; heptane, 2,2,4,6,6-pentamethyl-; 2,4-di-tert-butylphenol; 1,5,9-undidecatriene, 2,6,10-trimethyl-, (Z)-; cyclohexane, 1,2-dimethyl-,cis-; heptane, 2,6-dimethyl-; nonane and decane. The results showed that the compounds in the petroleum ether phase had a relatively low inhibitory effect on the germination of B. rapa seeds, indicating that the compounds in the petroleum ether phase had relatively weak activity or a lower content of germination inhibitors. 2,4-Di-tert-butylphenol has an inhibitory effect on the growth of Nicotiana benthamiana and Ramie [38,39].



This study revealed that the endogenous inhibitors in the seeds of N. roborowskii mainly included amides (13-docosenamide, (Z)-), esters (dibutyl phthalate; trimethyl phosphate; hexanedioic acid, bis(2-ethylhexyl) ester), ketones (4H-pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl-; 1,2-ccyclopentanedione), aldehydes (2-furancarboxaldehyde, 5-methyl-; coniferyl aldehyde), alkanes (cyclohexane, ethyl-; heptane, 2,2,4,6,6-pentamethyl-; cyclohexane, 1,2-dimethyl-, cis-; heptane, 2,6-dimethyl-; nonane; decane) and phenols (2,4-ddi-tert-butylphenol; 4-(1E)-3-hydroxy-1-propenyl)-2-methoxyphenol). The seeds of N. roborowskii may contain one or several inhibitors that interact with each other to inhibit seed germination. The water phase also has a certain inhibitory effect on the germination of B. rapa seeds, but due to instrument limitations, specific inhibitors in the water phase have not yet been identified [26,27]. These issues require further investigation.



Chemical treatment, lamination, flushing, low-temperature treatment and other physical methods are commonly used for the elimination of inhibitory substances [18]. Many plant extracts inhibit seed germination in Petri dishes, but this effect often disappears in soil because the leaching, adsorption and degradation in the soil can reduce the effectiveness of toxins [40]. Most natural seed germination inhibitors are water soluble, so plants can be rinsed with rainwater or soaked in warm or flowing water to remove inhibitors from the pericarp or seed coat and accelerate seed germination [41]. N. roborowskii generally grows in arid desert areas with extremely rare precipitation, which reduces the possibility of its seeds naturally breaking dormancy to a certain extent. Therefore, it is of great practical significance to investigate the causes of seed dormancy in N. roborowskii, especially through the study of its endogenous inhibitors, which can guide the artificial reversal of seed dormancy. Plant inhibitors have a certain autotoxic effect and can prevent seeds from being consumed and infected by bacteria, ensuring the survival and reproduction of their natural populations [42]. The deep dormancy of the seeds of N. roborowskii severely restricts the natural renewal rate of its population, and artificial cultivation has become an important way to compensate for the shortage of wild resources, while the release of its seed dormancy is one of the key problems of N. roborowskii that urgently needs to be solved. The present study demonstrated for the first time the existence of endogenous inhibitors with high activity in the seeds of N. roborowskii, which lays a foundation for explaining the mechanism of seed dormancy in N. roborowskii and for decreasing the dormancy of the seeds of N. roborowskii.





5. Conclusions


The methanol phase, ethyl acetate phase, petroleum ether phase and water phases of extracts isolated from the seeds of N. roborowskii had certain inhibitory effects on the germination of B. rapa. The order of the inhibitory effects of the four separation phase extracts was methanol phase > ethyl acetate phase > petroleum ether phase > water phase. GC–MS of the organic phase extract of the seeds of N. roborowskii revealed 4H-pyran-4-one,2,3-dihydro-3,5-dihydroxy-6-methyl-dibutyl phthalate; 4-((1E)-3-hydroxy-1-propenyl)-2-methoxyphenol; 13-docosenamide, (Z)-; 3-hydroxy-4-methoxybenzoic acid; vanillin; 2,4-di-tert-butylphenol; cyclohexane and ethyl and other inhibitors. In this study, we investigated the causes of dormancy in the seeds of N. roborowskii from the perspective of endogenous inhibitors, and identified that it is still necessary to explore the role of inhibitors by determining the effective effective half-inhibitory concentration (IC50).
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Figure 1. Flow chart of the extraction of endogenous inhibitors from the seeds of N. roborowskii. 
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Figure 2. The effect of inhibitors from N. roborowskii seeds on the percentage of B. rapa that germinated (mean (M) ± standard error (SE)). (A): methanol phase; (B): ethyl acetate phase; (C): petroleum ether phase; (D): waterphase). Different lowercase letters indicate significant differences between different treatments (p < 0.05), n = 3. 
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Figure 3. Effects of the same concentration of different phase inhibitors on the germination index of B. rapa seeds (mean (M) ± standard error (SE)). The inhibition of germination index of B. rapa seeds by control, water phase, petroleum ether phase, ethyl acetate phase and methanol phase extracts became increasingly significant. (A: methanol phase; B: ethyl acetate phase; C: petroleum ether phase; D: water phase). Different lowercase letters indicate significant differences between different treatments (p < 0.05), n = 3. 
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Figure 4. Effects of different endogenous phases at the same concentration on the germination rate of B. rapa seeds. (A: methanol phase; B: ethyl acetate phase; C: petroleum ether phase; D: water phase). Lowercase letters represent significant differences in comparisons at the 0.05 level. 
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Figure 5. Chromatographs of methanol-phase inhibitors from N. roborowskii seeds. 
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Figure 6. Chromatographs of the ethyl acetate phase inhibitors from N. roborowskii seeds. 
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Figure 7. Chromatographs of petroleum ether phase inhibitors from N. roborowskii seeds. 
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Table 1. Types and relative contents of organic compounds extracted from the methanol phase of N. roborowskii seeds.






Table 1. Types and relative contents of organic compounds extracted from the methanol phase of N. roborowskii seeds.





	Peak Time (min)
	Molecular Formula
	Molecular Weight (Da)
	Name
	Peck Area Percentage Content (%)
	Class Compounds





	12.871
	C6H8O4
	144
	4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl-
	34.08
	Ketone



	32.097
	C16H22O4
	278
	Dibutyl phthalate
	12.99
	Salts



	12.222
	C6H15O4P
	182
	Triethyl phosphate
	4.79
	Salts



	45.431
	C22H43NO
	337
	13-Docosenamide, (Z)-
	3.44
	Amides



	7.616
	C6H6O2
	110
	2-Furancarboxaldehyde, 5-methyl-
	3.12
	Aldehydes



	39.126
	C22H42O4
	370
	Hexanedioic acid, bis(2-ethylhexyl) ester
	2.95
	Salts



	6.698
	C5H6O2
	98
	1,2-Cyclopentanedione
	2.77
	Ketone



	7.157
	C4H4O
	68
	Furan
	2.75
	Furans



	6.604
	CH3NO
	45
	Formamide
	2.67
	Amides



	8.012
	C6H8O4
	144
	2,4-Dihydroxy-2,5-dimethyl-3(2H)-furan-3-one
	2.50
	Ketone



	10.622
	C6H8O3
	128
	2,5-Dimethylfuran-3,4(2H,5H)-dione
	2.10
	Ketone










 





Table 2. Types and relative contents of organic compounds extracted from the ethyl acetate phase of N. roborowskii seeds.
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	Peak Time (min)
	Molecular Formula
	Molecular Weight (Da)
	Name
	Peck Area Percentage Content (%)
	Class Compounds





	27.885
	C10H12O3
	180
	4-((1E)-3-Hydroxy-1-propenyl)-2-methoxyphenol
	20.05
	Phenols



	12.034
	-
	-
	Unknown 1
	8.37
	-



	39.191
	-
	-
	Unknown 2
	4.92
	-



	52.354
	-
	-
	Unknown 3
	4.64
	-



	45.435
	C22H43NO
	337
	13-Docosenamide, (Z)-
	4.60
	Amides



	27.703
	C10H10O3
	178
	Coniferyl aldehyde
	3.30
	Aldehydes



	24.309
	C8H8O4
	168
	3-Hydroxy-4-methoxybenzoic acid
	3.06
	Acids



	19.827
	C8H8O3
	152
	Vanillin
	2.74
	Vanillin



	15.257
	C8H8O
	120
	Benzofuran, 2,3-dihydro-
	2.29
	Furans



	29.462
	-
	-
	Unknown 4
	2.10
	-



	24.621
	C10H13NO2
	179
	Carbamic acid, methylphenyl-, ethyl ester
	2.00
	Salts



	32.967
	-
	-
	Unknown 5
	1.94
	-



	4.714
	C5H10O2
	102
	Butanoic acid, 3-methyl-
	1.83
	Acids










 





Table 3. Types and relative contents of organic compounds extracted from the petroleum ether phase of N. roborowskii seeds.






Table 3. Types and relative contents of organic compounds extracted from the petroleum ether phase of N. roborowskii seeds.





	Peak Time (min)
	Molecular Formula
	Molecular Weight (Da)
	Name
	Peck Area Percentage Content (%)
	Class Compounds





	45.467
	C22H43NO
	337
	13-Docosenamide, (Z)-
	16.31
	Amides



	4.381
	C8H16
	112
	Cyclohexane, ethyl-
	5.13
	Alkanes



	8.246
	C12H26
	170
	Heptane, 2,2,4,6,6-pentamethyl-
	3.20
	Alkanes



	39.185
	-
	-
	Unknown 1
	3.02
	-



	22.636
	C14H22O
	206
	2,4-Di-tert-butylphenol
	2.64
	Phenols



	46.025
	C14H24
	192
	1,5,9-Undecatriene, 2,6,10-trimethyl-, (Z)-
	2.63
	Alkenes



	4.293
	C8H16
	112
	Cyclohexane, 1,2-dimethyl-, cis-
	2.02
	Alkanes



	4.24
	C9H20
	128
	Heptane, 2,6-dimethyl-
	1.84
	Alkanes



	5.834
	C9H20
	128
	Nonane
	1.83
	Alkanes



	8.534
	C10H22
	142
	Decane
	1.74
	Alkanes



	7.716
	C10H22
	142
	Nonane, 3-methyl-
	1.44
	Alkanes



	4.115
	C9H20
	128
	Heptane, 2,4-dimethyl-
	1.44
	Alkanes



	7.457
	C10H22
	142
	Heptane, 2,3,4-trimethyl-
	1.37
	Alkanes



	4.987
	-
	-
	Unknown 2
	1.37
	-



	5.163
	-
	-
	Unknown 3
	1.34
	-










 





Table 4. Distribution of the number of compounds in each organic phase extract.
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	Component
	Number
	Methanol
	Ethyl Acetate
	Petroleum Ether





	Alkanes
	10
	0
	0
	10



	Amides
	4
	2
	1
	1



	Ketones
	4
	4
	0
	0



	Esters
	3
	3
	0
	0



	Organic acids
	2
	0
	2
	0



	Phenols
	2
	0
	1
	1



	Aldehydes
	2
	1
	1
	0



	Furans
	2
	1
	1
	0



	Vanillin
	1
	0
	0
	0



	Number of categories
	9
	5
	6
	3



	Number of organic compounds
	30
	11
	7
	12
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