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Abstract

:

The composition and allelopathy to Phytophthora nicotianae (the causal agent of tobacco black shank disease) of root exudates from a resistant tobacco (Nicotiana tabacum L.) cultivar Gexin 3, a susceptible cultivar Xiaohuangjin 1025 and their reciprocal grafts were investigated. Grafting with disease-resistant rootstock could improve resistance to black shank; this is closely related to the allelopathy of root exudates. The root exudates from the resistant cultivar inhibited the growth of P. nicotianae, while those from the susceptible cultivar promoted the growth; the grafting varieties had intermediate properties. The root exudate composition differed among cultivars. Gexin 3 was rich in esters and fatty acids, while Xiaohuangjin 1025 contained more hydrocarbons and phenolic acids. The composition of root exudates of grafted cultivars as well as their allelopathy to P. nicotianae were altered, and tended to be close to the composition of cultivar used as rootstock. Eugenol, 4-tert-butylphenol, mono (2-ethylhexyl) phthalate, 4-hydroxybenzoic acid, 2,6-di-tert-butylphenol, dipropyl phthalate, and methyl myristate were identified as the main compounds contributing to inhibitory properties of root exudates. Sorbitol was suggested to play a role in disease induction. Overall, rootstock–scion interaction affected the composition of tobacco root exudates, which may be attributed to the different disease resistance among grafted plants, rootstock and scion.






Keywords:


Phytophthora nicotianae; allelopathy; disease resistance mechanism; grafting












1. Introduction


Tobacco black shank, caused by the oomycete pathogen Phytophthora nicotianae, is a destructive disease with worldwide distribution. Because of the wide range of crop hosts, the diversity of disease transmission, and the formation of oospores and other dormant bodies which can survive in the soil for long periods, as well as the low resistance of major cultivated tobacco (Nicotiana tabacum) varieties, there are no effective prevention and control measures at present [1,2]. In commercial production, chemical agents such as metalaxyl mancozeb, propamocarb and dimethomoph are often used for disease control. However, the widespread use of these agents has many negative effects such as environmental pollution, fungicide residues in crops, and increased pathogen resistance [3].



Grafting with disease-resistant rootstock is considered to be an effective way to control plant soil-borne diseases, and has been widely applied in the production of fruits, vegetables, cotton, and other economic crops [4,5,6,7]. Apart from increasing disease resistance, grafting can also enhance plant stress resistance, promote growth and improve some traits [8]. So far, there have only been a few studies on the control of tobacco black shank using grafting. Independent studies performed by Wang et al. [9] and Liu et al. [10] demonstrated that susceptible tobacco grafted onto disease-resistant rootstock could significantly reduce the disease severity of black shank. Therefore, further screening of grafting varieties and understanding the mechanism of disease resistance is important for tobacco black shank control.



However, there are few reports on the mechanism of grafting to improve plant disease resistance. It is generally believed to be associated with the change of morphological structure, physiological and biochemical responses, and the expression of disease-resistant genes [11,12,13]. Root exudates are a mixture of a variety of compounds, which were exuded to rhizosphere through root [14,15,16]. Previous studies have shown that root exudates could affect plant resistance through their direct allelopathic effects (positive or negative) on pathogens [17]. The components and functions of root exudates were different among crop cultivars including grafted cultivars. The species and relative contents of root exudate compounds from grafted eggplant were different from that from the original stock or scion [18]. The inhibition effect of watermelon root against Fusarium oxysporum f.sp. niveum was significantly enhanced after being grafted onto the rootstocks of disease-resistant cultivar [19]. Similar results have been reported for pepper, tobacco, and other crops [9,13]. These results motivated us to hypothesize that root exudates are involved in the enhanced disease resistance mechanism induced by grafting. To verify this, the composition of root exudates, and their allelopathic effects on P. nicotianae of a resistant tobacco cultivar, a susceptible tobacco cultivar, and their reciprocal grafting combinations (rootstocks and scions for each other) were investigated in this study. The results will provide a better insight into the role of root exudates in plant disease resistance.




2. Materials and Methods


2.1. Preparation of Test Plant Materials


The tobacco cultivars Gexin 3 (R) and Xiaohuangjin 1025 (S) were provided by the Chinese Tobacco Germplasm Resource Platform. The seeds of Gexin 3 and Xiaohuangjin 1025 were seeded in sterile soil. Grafting experiments were carried out at the rooting stage of seedling (with 6 true leaves). Gexin 3 and Xiaohuangjin 1025 served as rootstock and scion for each other, and were grafted by the splice grafting method [20]. After culturing for 10 days at 26 °C and 60% relative humidity, the survival grafting seedlings were selected for following studies. Two grafting varieties including rootstock/scion union of Gexin 3/Xiaohuangjin 1025 (RS) and Xiaohuangjin 1025/Gexin 3 (SR) were finally obtained. Grafted seedlings with the same growth status, as well as their stock parent and their scion parent were transplanted in vermiculite medium for seven days, and were used to collect root exudates. Plants were used to evaluate tobacco black shank resistance under pot experiment and field conditions according to Zhang et al. method [21]. Each treatment was repeated three times, and every replicate had 15 seedlings for each cultivar.




2.2. Preparation of Inoculum of Phytophthora nicotianae


P. nicotianae race 0 strain JM01 with high pathogenicity was obtained from the Integrated Pest Management Key Laboratory of China Tobacco, Qingdao, China [22]. P. nicotianae cultured on millet were used to field inoculation. Millets kernels were boiled until 2/3 of the husks were cracked, filtered with 2 layers of gauze, and aired to about 40% of water content (which can be held into a mass by hand but scattered when falling down). Then, it put it into a 500 mL of triangular flask and sterilize it at 121 °C for 20 min. After cooling, 3 agar plugs with diameter of 5 mm from five-day-old actively growing colonies were transferred to the millet medium, cultured at 26 °C for 15 d, and used within 24 h.



The zoospores of P. nicotianae were produced according to the method described in Zhang et al. [22]. Briefly, P. nicotianae was cultured for 21 days on an oat medium (OA) plate. Then, 0.1% KNO3 solution was added (10 mL per dish), followed by culturing at 26 °C for 72 h, and immediately chilled to 4 °C for 0.5 h. Spore suspension was carefully drawn, adjusted to 106 colony-forming units (cfu) mL−1 by using a light microscope and a hemocytometer, and stored at −4 °C.




2.3. Disease Resistance Evaluation


The pot experiments were conducted in an artificial climatic chamber (26 °C, 60% relative humidity, light intensity 300 mmol m−2 s−1, 12 h light/12 h dark). Each seedling received 10 mL of P. nicotianae zoospore suspension (106 spore m−1), and the disease severity was investigated after seven days of inoculation. Each treatment was repeated three times, and with each replicate containing 15 plants. The field tests were carried out at Tobacco Resources and Environment Scientific Experiment Station of Chinese Academy of Agricultural Sciences (Jimo, Qingdao) in 2016. Tobacco seedlings were transplanted on May 22th, and inoculated with P. nicotianae on July 10. The millets covered with mycelium were buried into 5 cm deep soil around stem base (5 g millet per plant). The disease severity was scored on July 25th. Each plot included 3 rows with a total of 45 plants. There were three replicates for each treatment. The disease index was calculated by the following formula:


  Disease   index   =    (  a × 0  )  +  (  b × 1  )  +  (  c × 3  )  +  (  d × 5  )  +  (  e × 7  )  +  (  f × 9  )     (  a + b + c + d + e + f  )  × 9   × 100 ,  








where a, b, c, d, e, and f are the number of plants in each disease category.




2.4. Root Exudates Collection


Root exudates were collected based on the method of Badri et al. [23]. Briefly, seedlings were taken from the vermiculite medium, the solid particles adhering to the root were removed, and the plants were rinsed with deionized water. Then, each plant was immersed in 50 mL of distilled water for 12 h in dark. The process was repeated for four plants of each cultivar and each reciprocal graft. The above liquid cultures were merged (total 200 mL), and extracted three times with the same volume of dichloromethane. The organic phases (neutral and basic fractions) were concentrated under a vacuum (−83 °C, 1.0 Pa). The root exudates obtained were resuspended to 1 mL with methanol, dehydrated with sodium sulfate, and stored at −20 °C for use.




2.5. Effects of Root Exudates on Phytophthora Nicotianae


The effects of root exudates on P. nicotianae were evaluated by testing the effects of the exudates on the mycelium growth rate and spore germination [22]. P. nicotianae strain JM01 tested was preserved in our laboratory [22]. Root exudates were diluted to the final content 20 mg ml−1, filtered with a 0.22 µm millipore filtration membrane, and blended to sterilized OA (cooled to 45 °C) with the volume ratio of 1:1, followed by pouring into Petri dishes. To avoid bacterial contamination, 0.03 g of chloramphenicol was added to every 100 mL of medium (with final content of chloramphenicol 0.3 mg/mL). An agar plug from an actively growing colony of P. nicotianae (0.6 cm diameter) was placed at the center of the Petri dish, incubated at 26 °C, and the colony diameter was measured from 3 to 7 days by using the cross method. OA medium containing the same content of chloramphenicol served as the control. Each treatment was repeated three times.



An amount of 100 μL of spore suspension (diluted to 106 cfu ml−1) was transferred to a concave slide. It was blended with an equal volume of root exudate with a final concentration equal to 0.05 g mL−1, and incubated at 26 °C in the dark with a relative humidity of 80%. After 10 h of incubation, the zoospore germination was examined under a microscope (Olympus CX41RF, Tokyo, Japan). About 200 spores were examined for each treatment, and germination rate was expressed as percentage of the total number of spores examined. There were three replicates for each treatment.




2.6. Gas Chromatography-Mass Spectrometer (GC-MS) Analysis of Root Exudates


The components of root exudates were identified by gas chromatography-mass spectrometry (GC-MS) (Agilent 7890a-5975c, Santa Clara, CA, USA). A mid-polarity HP-5 MS capillary column (30 mm × 0.25 mm × 0.25 μm) was used under the following conditions: inlet temperature of 250 °C, initial column temperature of 50 °C maintained for 2 min, then increased to 250 °C at 6 °C/min, and maintained at 250 °C for 15 min. The carrier gas was helium, with a flow rate of 1.0 mL/min, and an injection volume of 1.0 mL. Mass condition: electron bombardment ion source, electron energy of 70 eV, interface, the scanning range of M/Z 30–600 AMU, a scanning speed of 0.2 S, and an ion source temperature of 230 °C. The extraction solvents methanol and dichloromethane were used as a blank test under the same conditions.




2.7. Identification of Root Exudates Composition


The identification of root exudates components was performed by the calculated retention indices (RI) and comparing the obtained mass spectra with those in reference compounds available in the NIST14 library (National Institute of Standards and Technology, Gaithersburg, MD, USA). The RI were determined in relation to a homologous series of n-alkanes (C7–C30) under the same operating conditions. The relative percentage amounts of the separated compounds were calculated from the integration of the peaks in flame ionization detector (FID) chromatograms. The composition of different root exudates samples was displayed with a heatmap, and an unsupervised hierarchical cluster analysis (HCA) was performed to investigate the overall differences of sample distribution and chemical composition.




2.8. Effects of Compounds on Phytophthora nicotianae Mycelia Growth


A total of 34 compounds were isolated and identified. Fourteen compounds were selected for the evaluation of their effects on P. nicotianae mycelia growth. The compounds tested were dissolved by dimethyl sulfoxide (DMSO), diluted to the required concentration as follows with ultrapure water, and filtered with 0.22 µm millipore filtration membrane. The prepared compound solutions were added to an oats culture medium plate to ensure the final concentrations as 5 μg L−1, 50 µg L−1 and 500 µg L−1, respectively. Then, an agar plug from an actively growing colony of P. nicotianae (0.6 cm diameter) was placed in the center of the plate, and incubated in dark at 27 °C for 5 days. The colony diameter was measured by the cross method. The DMSO and distilled water served as the control. Each treatment included three plates with three replicates. Additionally, sorbitol can affect the osmotic potential of culture medium, which in turn influences P. nicotianae mycelium growth. Therefore, the effect of sorbitol on P. nicotianae mycelium growth was further assayed at 6.25 mmol/L, 12.5 mmol L−1, 25 mmol L−1, 50 mmol L−1, and 100 mmol L−1, for comparison to glucose, a compound with a similar osmotic potential.




2.9. Data Statistics


Excel 2013 and DPS 7.05 software were used for data analysis. Differences between groups were tested by using one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test. p < 0.05 indicates that the differences are statistically significant. The correlation analysis between disease index (pot experiment) and mycelium inhibition rate of root exudates was performed with Excel 2013.





3. Results


3.1. Variety Resistance Evaluation for Tobacco Black Shank


The results of the pot experiment and field evaluation are shown in Figure 1. Although the disease severity was significantly different among the two cultivars and their grafting materials tested, each cultivar exhibited similar characteristics in both the seedling stage and the mature stage. Gexin 3 (R) showed high resistance with a disease index < 10, followed by the combination SR (with rootstock of R) which showed moderate resistance (less than 30 for the pot experiment, and about 30 in the field test). Xiaohuangjin 1025 (S) and its combination as rootstock (RS) displayed high susceptibility and moderate susceptibility, respectively.




3.2. GC-MS Analysis of Root Exudates


A total of 34 compounds were identified from the root exudates of the four tobacco cultivars (Figure 2, Table S1). There were 14 hydrocarbons, 4 benzenes, 7 esters, 3 phenols, 2 fatty acids, 1 organic acid, 1 terpene, 1 alcohol and 1 alkaloid. Benzenes were the main components (accounting for 37.9–47.04%), followed by hydrocarbons (10.56.12–28.91%) (Figure 3). There were great differences in composition and relative contents of root exudates among cultivars assayed. Twenty compounds were detected in R root exudates, and 18 compounds were detected in S root exudates. There were significant differences in the composition of root exudates between resistant and susceptible varieties. Compared to S, the root exudates of R contained more esters (23.29% and 8.21% in R and S, respectively) and fatty acids (6.58% and 2.43% in R and S, respectively) but less hydrocarbons (20.12% and 30.12% in R and S, respectively) and phenolic acids (4.29% and 14.25% in R and S, respectively) (Figure 2). Obviously, grafting altered the composition of exudates as supported by hierarchical cluster analysis (HCA) analysis (Figure 2), where R and S were separated from SR and RS.



Methyl palmitate, mono (2-ethylhexyl) phthalate, methyl myristate, palmitic acid, methyl laurate, eugenol and nicotine were rich in R root exudates (R/S > 1.6), while 4-hydroxybenzoic acid and sorbitol were abundant in S (S/R > 1.6). Dipropyl phthalate, dibutyl phthalate and octadecanoic acid were only detected in R and grafting varieties, while 4-tert-butylphenol and 2,6-di-tert-butylphenol were only found in S root exudates and grafting varieties. More compounds were detected in root exudates of the grafted cultivars than in the stock parent and scion parent, with 21 and 29 compounds in RS and SR, respectively. Most of them were hydrocarbons and benzene. Grafting also induced the change in the relative content (indicated as peak area percentage) of compounds. Most compounds with relatively high content in R were lower in grafted cultivars but higher than that in S. Moreover, most of these compounds in SR were higher than those in RS except for nicotine. Dipropyl phthalate, dibutyl phthalate, methyl laurate, and octadecanoic acid were only found in SR and its rootstock parents. The compounds with high relative content in S showed the same trend. These results suggested that rootstock had more effect on those differential compounds than scion.




3.3. Allelopathy of Root Exudates on Phytophthora nicotianae


The effects of root exudates on P. nicotianae mycelium growth varied for the different cultivars tested. The mycelium growth treated with different root exudates began to show significant differences on the third day of treatment (Figure 4a, Figure S1). Compared with control, root exudates of S displayed a certain stimulation on P. nicotianae mycelium growth with a promotion rate of 1.01–20.16% (Figure 4). Root exudates of R and SR showed significant inhibitory effects (p < 0.05) with inhibition rates of 19.32–42.80% and 11.24–22.22%, respectively. Compared to the control, no obvious effect was observed in RS. It can be seen that the allelopathy of root exudates was associated with the disease resistance of the cultivars. Root exudates from the disease-resistant cultivar inhibited the mycelium growth of P. nicotianae, while root exudates from the susceptible cultivar stimulated mycelium growth. The allelopathy of root exudates was affected by grafting, and more greatly influenced by rootstocks. The results of correlation analysis showed that the mycelium inhibitory activity had a significant correlation with the resistance of the cultivars and grafting materials (R2 = 0.6673).



Similar trends were also noted for the effects of root exudates on P. nicotianae zoospore germination. As shown in Figure 5, there were obvious differences in the effect of root exudates on zoospore germination of P. nicotianae among cultivars (Figure 4). Germination of zoospores treated with root exudates of R and its grafting combinations (RS and SR) was significantly inhibited. R showed the strongest inhibitory effect with an inhibition rate of 56.56%, followed by SR with an inhibition rate of 33.61%. Zoospore germination was greatest for zoospores treated with root exudates of S, but there was no statistical difference between zoospores treated with S root exudates and the control.




3.4. Allelopathy of Compounds on Phytophthora nicotianae Mycelium Growth


Esters, fatty acids, organic acids, phenols, alcohols, alkaloids and terpenes were known as possible allelochemicals. Therefore, 14 compounds belonging to the above types were selected to determine the allelopathy effect on P. nicotianae. They included six compounds only being detected in exudates of R (dipropyl phthalate, dibutyl phthalate, methyl laurate and octadecanoic acid) or S (4-tert-butylphenol and 2,6-di-tert-butylphenol), and eight compounds significantly differing between R and S (fold change of R/S > 1.5 or < 0.6) (Table S2). Most of the compounds tested showed a dose effect, i.e., as the concentration increased, the inhibition of the growth of P. nicotianae mycelia also increased (Table 1). At 5 μg/mL, only 4-tert-butylphenol and mono (2-ethylhexyl) phthalate exhibited a significant inhibitory effect compared to the DMSO control. Under treatment with high concentration (50 μg/mL and 500 μg/mL), nine compounds showed different inhibition ability. Eugenol, 4-tert-butylphenol and mono (2-ethylhexyl) phthalate displayed higher inhibitory effects, which reached more than 50% of inhibition rate by 50 μg/mL treatment, and completely suppressed the growth of P. nicotianae by 500 μg/mL treatment. A 500 μg/mL concentration of 4-hydroxybenzoic acid also completely inhibited the growth of P. nicotianae, but a 50 μg/mL concentration 4-hydroxybenzoic acid showed a weak inhibition rate (18.82%). Similar to 4-hydroxybenzoic acid, 2,6-di-tert-butylphenol, dipropyl phthalate and methyl myristate showed strong inhibitory effect (over 50% of inhibition rate) only at 500 μg/mL, while weak or no inhibitory ability were found for octadecanoic acid, hexadecanoic acid, nicotine, sorbitol, and methyl palmitate. A 50 μg/mL concentration of nicotine stimulated P. nicotianae mycelium growth significantly (p < 0.05) compared to DMSO.



P. nicotianae mycelium grew better in sorbitol medium than in glucose medium (Table 2). Under relatively low osmotic potential (6.25 mM and 12.5 mM of solute), the effect of sorbitol on the growth of P. nicotianae was significantly higher than that of glucose (p < 0.05). High concentration of sorbitol (>50 mM) can be more effective than glucose to increase P. nicotianae mycelium growth.





4. Discussion


Grafting technology is widely used in the production of vegetables, fruits, and other important economic crops, and has been used to protect many important crops from soil-borne diseases [4,5,6,7]. The current study found that a resistant tobacco cultivar used as the rootstock or scion improved the disease resistance of the susceptible cultivar, and the difference in exudate composition might contribute to that. Our results are beneficial for filling the gap in understanding how grafting or using resistant cultivars can help reduce crop infection.



Accumulating evidence has demonstrated that root exudates are closely related to plant disease resistance. The root exudate composition can be species and genotype-specific, and these exudates can affect plant pathogenesis [24,25,26]. For example, root exudates secreted from tomato and pea, can promote mycelium growth and spore germination of F. oxysporum [27,28]. In contrast, root exudates from some disease-resistant varieties of lentils, capsicum, chickpea and cotton inhibited F. oxysporum [29,30]. These studies have aroused interest in selecting resistant plant varieties to study the effect of root exudates. Wu et al. [31] reported that root exudates of watermelon resistant varieties can inhibit the growth of F. oxysporum f. sp. niveum, while those of susceptible varieties promoted growth. Schalchli et al. [32] reported that the allelopathy of root exudates of different wheat varieties to Gaeumannomyces grainis var. tritici was significantly different. Similar results have been found in other crop-disease systems: egglant-Verticillium dahliae [18], faba bean-F. oxysporum f. sp. fabae [33], pepper-Phytophthora capsici [34], and cotton-F. oxysporum f.sp. vasinfectum [35]. Consistent with previous studies, the mycelium growth and spore germination of P. nicotianae were inhibited significantly by the root exudates of tobacco resistant cultivar Gexin 3 and its combination as a rootstock SR, while the root exudates of the susceptible cultivar Xiaohuangjin 1025 stimulated mycelium growth. The above results indicated that plant disease resistance can be partly manifested by the allelopathy of root exudates to pathogens. Generally, root exudates of resistant varieties inhibit the growth of pathogens, while those of susceptible varieties often show a stimulatory effect. However, it has also been reported that the root exudates of different plant resistant varieties had no significant effect in the allelopathy against pathogens [27]. Other studies have reported that although there are differences among varieties, root exudates can promote the growth of pathogens [36], suggesting the complex relationship between root exudates and plant resistance.



Interestingly, grafting not only changed the resistance of tobacco to black shank, but also the allelopathy of root exudates to pathogens, which showed that allelopathy was positively correlated with resistance (R2 = 0.6673). Irrespective of whether the resistant varieties were used as rootstock or scion, root exudates of the grafting cultivars showed greater inhibitory effects on P. nicotianae than the susceptible parent, but lower inhibitory effects than that of the resistant parent. Similarly, Ling et al. [19] reported that the root exudates of watermelon significantly inhibited F. oxysporum f.sp. niveum after rootstock grafting. Duan et al. [13] found that root exudates of resistant rootstocks and grafted pepper could inhibit the growth of Fusarium solani and Ralstonia solanacearum, compared with root exudates of self-rooted capsicum. Zhao et al. [37] reported that root exudates from bacterial wilt resistant rootstocks and grafted tomatoes could significantly inhibit the growth of R. solanacearum. These results indicated that allelopathy of root exudates was one of the important mechanisms for grafting disease-resistant rootstock to control soil-borne diseases.



The chemical components of root exudates are complex and diverse, including primary metabolites such as sugars, amino acids, and organic acids, as well as secondary metabolites such as flavonoids, glucosides, and auxin. So far, more than 10,000 plant root exudates have been identified [38], mainly including hydrocarbons, esters, phenols, phenolic acids, aldehydes, etc. [39]. Yu et al. [40] and Deng et al. [41] identified root exudates of Burley, K326, NC89 and other tobacco varieties by GC-MS, and found that root exudates mainly include amino acids, organic acids, phenolic acids, fatty acids, sterols, and other organic compounds. Different varieties, growth periods, and collection conditions also have a major impact on the concentration and composition of root exudates. We also found that grafting increased the species of root exudates and changed the relative content of chemical components, and root exudates from grafted cultivar showed more similarity with its rootstock parent. These results indicated that the abundance or composition of the exudates may have a unique effect on the pathogen.



The different allelopathy to pathogens is caused by particular compounds in root exudates, some of which can obviously inhibit the growth or spore germination of soil-borne pathogens [26], while others stimulated growth or spore germination [42]. Hao et al. [26] found that ferulic acid from watermelon root exudates had a stimulatory effect on F. oxysporum growth, and identified it as the key component in the occurrence of continuous cropping fusarium wilt. Tian et al. [43] reported that ferulic acid and coumaric acid from strawberry root exudates significantly promoted the occurrence of Anthracnose crown rot. Our results showed that root exudates of a resistant cultivar contained more compounds with inhibitory effects on P. nicotianae growth. Among the four compounds with the strongest inhibitory activity, 4-tert-butylphenol and p-hydroxybenzoic acid were rich in the root exudates of susceptible varieties. In general, the species and relative content of inhibitory compounds were more abundant in disease-resistant cultivars. Most of the above compounds showed convergence between grafted cultivar and its rootstock parent, indicating that these compounds were closely related to plant disease resistance.



The relative content of sorbitol in root exudates of susceptible varieties is high, which may be closely related to tobacco susceptibility. Sorbitol is a polyol, which is believed to have multiple biological activities and play an important role in the germination and appressorium formation of fungal spores [44,45]. However, unlike fungi, the conidia of oomycetes contain no polyols [46], but it has been reported that exogenous sorbitol can promote the germination of zoospores and formation of germ tubes [47]. Our results show that sorbitol is more beneficial to the growth of P. nicotianae flagella under the condition of iso-osmosis. It is speculated that sorbitol may play a role in the germination of zoospores and the elongation of germ tubes of P. nicotianae, but it needs further experimental confirmation. In addition, when the zoospores of Phytophthora are released, chemotaxis is needed to find the host and initiate the infection process [48]. Therefore, chemotaxis is very important for Phytophthora infection and is considered to be related to plant disease resistance [49]. Sorbitol is also an important chemotactic factor in root exudates. The chemical gradient produced by sorbitol can promote the movement of many microorganisms towards plants [50,51]. Whether sorbitol also has chemotaxis to P. nicotianane zoospores remains to be tested.



It should be noted that the discovery of the activity of these compounds can only partially explain their relationship with plant disease resistance. Root exudates or their active components can also affect plant growth, soil physical and chemical properties and microbial community structure, indirectly affecting the occurrence and development of diseases [52,53,54]. Among 14 different compounds in root exudates of susceptible and resistant varieties, 4-tert-butylphenol, p-hydroxybenzoic acid, 2,6-di-tert-butylphenol and eugenol are phenolic acids. The accumulation of these compounds in the soil can produce plant autotoxicity, promote the propagation of pathogenic bacteria, lead to an imbalance of soil microflora and reduce soil enzyme activity and nutrient content, etc. These factors are considered to be important factors causing continuous cropping obstacles [52]. P-hydroxybenzoic acid, lauric acid, myristic acid and palmitic acid have been proved to be related to continuous cropping disorders of tobacco [55,56]. 2,4-di-tert-butylphenol was reported to promote the occurrence of Lily wilt [57], while 2,6-di-tert-butylphenol and eugenol were reported to have autotoxic effects on wheat [58], peanut [59], and pepper [60]. The content of phenolic acids in root exudates of susceptible cultivars was higher than that of resistant cultivars, suggesting that these substances might be related to the susceptibility of cultivars.




5. Conclusions


Grafting on disease-resistant rootstock can effectively improve the resistance of tobacco to black shank, which is closely related to the allelopathy of root exudates. The root exudates from resistant cultivar significantly inhibited the growth of P. nicotianae, while root exudates from susceptible cultivars promoted growth of P. nicotianae, and the effect of root exudates from the reciprocal grafts were intermediate between their graft parents. The relative content of esters was rich in resistant varieties, while hydrocarbons and phenolic acids were high in susceptible varieties. The species and content of inhibitory components in root exudates of the resistant cultivar were more than that of the susceptible cultivar. Eugenol, p-hydroxybenzoic acid, 4-tert-butylphenol, p-hydroxybenzoic acid, 2-ethylhexyl-phthalate, and sorbitol were the potential allelochemicals on P. nicotianae. It is speculated that there is a relation between sorbitol and susceptibility of tobacco to P. nicotianae.



It should be noted that the mechanism of root exudates affecting plant disease resistance is very complex. This study only preliminarily revealed that the allelopathy of root exudates is closely related to tobacco disease resistance. Further analysis of the complex networks of root exudates and plant disease control techniques is expected to provide new strategies, techniques, and approaches for disease control.
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Figure 1. Susceptibility to tobacco black shank. R and S represent resistant and susceptible cultivars; SR and RS represent different scion/stock combinations; lower case letters indicate statistical differences within a column (p < 0.05); the error bars represent standard error of the mean. 
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Figure 2. Chemical components of root exudates in different tobacco varieties and grafting combinations. R and S represent resistant and susceptible cultivars; SR and RS represent different scion/stock combinations; values indicate the peak area percentage obtained by GC-MS analysis. 
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Figure 3. Peak area percentage of different kinds of compounds based on GC-MS analysis. R and S represent resistant and susceptible cultivars; SR and RS represent different scion/stock combinations; lower case letters indicate statistical differences within one column (p < 0.05); the error bars represent standard error of the mean. 
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Figure 4. The effect of tobacco root exudates on mycelium growth of Phytophthora nicotianae. R and S represent resistant and susceptible cultivars; SR and RS represent different scion/stock combinations. The error bars in line chart (a) represent standard error of the mean. The border, horizontal line, upper and lower tentacles of box-plot (b) represent the interquartile range (IQR), median value, 1.5 times IQR range beyond the upper and lower quartiles, respectively; lower case letters indicate statistical differences (p < 0.05). 
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Figure 5. Influence of root exudates from different resistant tobaccos on zoospore germination of P. nicotianae. R and S represent resistant and susceptible cultivars; SR and RS represent different scion/stock combinations. Lower case letters indicate statistical differences (p < 0.05); the error bars represent standard error of the mean. 
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Table 1. Effect of tested compounds on mycelium growth of P. nicothianae.
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Compound

	
Diameter (cm)

	
Inhibition Rate (%)




	
5 μg/mL

	
50 μg/mL

	
500 μg/mL

	
5 μg/mL

	
50 μg/mL

	
500 μg/mL






	
p-tert-butylphenol

	
3.68 ± 0.20 e

	
0.22 ± 0.03 g

	
0 i

	
13.00 a

	
94.82 a

	
100.00 a




	
4-hydroxybenzoic acid

	
4.25 ± 0.09 b

	
3.45 ± 0.05 d

	
0 i

	
−0.47 d

	
18.82 e

	
100.00 a




	
mono (2-ethylhexyl) phthalate

	
3.65 ± 0.05 e

	
1.78 ± 0.13 f

	
0 i

	
13.71a

	
58.12 b

	
100.00 a




	
lauric acid

	
4.28 ± 0.23 b

	
2.53 ± 0.08 e

	
0.67 ± 0.06 h

	
−1.18 d

	
40.47 d

	
83.78 b




	
2,6-bis (1,1-dimethylethyl) phenol

	
3.92 ± 0.19 d

	
3.92 ± 0.20 c

	
1.15 ± 0.05 g

	
7.33 b

	
7.76 h

	
72.15 c




	
2-benzenedicarboxylic acid dipropyl ester

	
4.32 ± 0.10 ab

	
3.75 ± 0.17 cd

	
1.42 ± 0.08 f

	
−2.13 d

	
11.76 f

	
65.62 d




	
tetradecanoic acid

	
4.38 ± 0.03 a

	
4.05 ± 0.05 bc

	
1.88 ± 0.13 e

	
−3.55 d

	
4.71 i

	
54.48 e




	
dibutyl phthalate

	
4.32 ± 0.24 a

	
4.15 ± 0.25 b

	
3.88 ± 0.03 c

	
−2.13 d

	
2.35 j

	
6.05 h




	
methyl palmitate

	
4.45 ± 0.13 a

	
4.42 ± 0.20 a

	
4.3 ± 0.40 ab

	
−5.20 e

	
−4.00 k

	
−4.12 j




	
nicotine

	
4.18 ± 0.12 bc

	
4.98 ± 0.03 a

	
4.42 ± 0.10 a

	
1.18 d

	
−17.18 l

	
−7.02 k




	
eugenol

	
4.05 ± 0.05 c

	
2.07 ± 0.03 f

	
0 i

	
4.26 c

	
51.29 c

	
100.00 a




	
sorbitol

	
4.26 ± 0.11 b

	
4.37 ± 0.10 a

	
4.05 ± 0.08 b

	
−0.71 d

	
−2.82 k

	
1.94 i




	
octadecanoic acid

	
4.31 ± 0.0.06 a

	
3.96 ± 0.07 c

	
3.34 ± 0.05 d

	
−1.89

	
6.82 h

	
19.13 g




	
n- hexadecanoic acid

	
4.28 ± 0.10 b

	
3.85 ± 0.09 c

	
2.92 ± 0.10 d

	
−1.18

	
9.41 g

	
29.30 f




	
DMSO (control)

	
4.23 ± 0.06 bc

	
4.25 ± 0.09 b

	
4.13 ± 0.15 b

	
-

	
-

	
-








Values are the means of three replicates ± SD; different letters indicate statistically significant differences between the treatments (p < 0.05).
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Table 2. The effects of glucose and sorbitol on P. nicotianae mycelium growth.
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Compound

	
Mycelium Diameter (cm)




	
6.25 mM

	
12.5 mM

	
25 mM

	
50 mM

	
100 mM






	
glucose

	
5.28 ± 0.16 b

	
5.20 ± 0.20 b

	
5.68 ± 0.16 a

	
5.52 ± 0.23 b

	
5.37 ± 0.23 a




	
sorbitol

	
5.90 ± 0.23 a

	
5.80 ± 0.18 a

	
5.62 ± 0.08 a

	
5.90 ± 0.05 a

	
5.63 ± 0.21 a








Values are the mean ± SD of three replicates; values within a column followed by different letters are significantly different (p < 0.05).
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