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Abstract

:

Pine wilt disease (PWD), a worldwide threat to pine forests, has caused tremendous damage to conifer forest in the world. However, little research has been conducted on the relationship between symbiosis functions of root associated fungi and pine wilt disease. In this study, we assessed the influence of seven ectomycorrhizal fungi (ECMF) and five dark septate endophytic fungi (DSE) on the growth traits and root morphology as well as the correlation of these parameters to the cumulative mortality and the morbidity rates in Pinus tabulaeformis Carr.showed the lowest cumulative mortality rates. We propose that the ECMF/DSE symbiosis enhanced the resistance of pine wilt disease via mitigation the dysfunction of water caused by PWN infection. Our research provided evidence that inoculation of ECMF/DSE could be a potential way for pine wilt disease prevention. To find highly efficient fungi for pine wilt disease management, more ECMF and DSE species should be tested.
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1. Introduction


Pine wilt disease (PWD), one of the most serious worldwide conifer diseases, causes a significant economic and environmental damage to the affected countries, such as Japan, China, and Korea in Asia, and Portugal and Spain in Europe [1,2]. Once outbreaks occur, it leads to huge annual losses of timber, increased costs in management and disease control, and irreversible changes to the forest ecosystems, including loss of biodiversity and wildlife habitat destruction [1,2]. The disease was first discovered in the early 20th century in Japan. However, it was not until 1971 when pinewood nematode (PWN), Bursaphelenchus xylophilus (Steiner & Buhrer) Nickle [3,4], was found to be the causal agent of the disease [5]. B. xylophilus, first described in 1934 in Louisiana, is originally from North America [3]. Under natural conditions, the parasite is transferred by the pine sawyer beetle (Monochamus spp. Dejean), which disperses the nematode from wilt-killed trees to healthy ones during feeding or oviposition [6,7,8,9,10]. Despite the pathogenic mechanism and the spread model of PWD, this disease has been studied for many years and has made many significant advances [1,11,12,13]; however, is still hard to treat effectively, and, just like human “cancer”, it is difficult to cure once it occurs [1].



Previous studies showed Pinaceae trees were obligate to ectomycorrhizal fungi (ECMF) [14], whereas recent research reported that dark septate endophytic fungi (DSE) were also the main root-associated fungi of pine [15,16,17]. It is well known that ECMF had tremendous effects on plants, such as facilitating water and nutrient uptake of host plants, improving plant growth, aiding in the accumulation of metabolites, and conferring resistance for host plants to pathogens and other abiotic stresses [14,18,19,20,21]. DSE has a wide range of ecosystem distribution and variable effects on the growth of host plants [22,23,24]. Much research has indicated that DSE has a similar function to mycorrhizal fungi [22,25].



Several reports have shown that early inoculation by ECMF could improve the performance of tree seedlings by increasing growth and survival ratios [17,26]. At the same time, DSE and ECMF have been demonstrated to protect host plants from attacks by soil pathogens and even aboveground pathogens in the greenhouse or the field [27,28,29,30,31,32]. However, the different species of ECMF and DSE had varying levels of tolerance or resistance to different diseases [33,34]. So far, information about the influence of ECMF and DSE symbiosis on P. tabulaeformis infected by PWN in shoots was little known. The study of Akema and Futai (2005) indicated that the ectomycorrhizal abundance was negatively related to the damage of PWD in the field [35]. Nakashima et al., (2016) investigated the survival rates and ectomycorrhizal composition as well as associated fungi on four kinds of different resistant Japanese black pine seedlings. They found that the abundance of ectomycorrhizal types differed even though seedlings were grown sympatrically in the same areas. Ectomycorrhizae formed by Astraeus sp., Atheliaceae, Boletaceae, and Thelephoraceae of pine seedlings showed the highest survival and growth rates regardless of the variety of black pine [32]. However, Ugawa et al., (2009) showed that the rates of ectomycorrhizal root tips were similar between heavily and lightly damaged pine stands, but a higher number of ECMF sporocarp and lower relative abundance of Cenococcum geophilum Fr. were observed in the lightly damaged pine stands [36]. In addition, our previous study found that PWD could alter the community of root-associated fungi and reduce the colonization rate of ECMF and DSE [14,16]. To understand the influence of ECMF and DSE symbiosis on P. tabulaeformis infected by PWN, we carried out a study to investigate (1) whether the different ECMF/DSE strains have different impacts on the growth of pine seedlings; (2) whether those impacts influence the death rate and tolerance of pine seedlings suffering from an infection of PWN.




2. Materials and Methods


2.1. Plant and Fungal Materials


The fungi applied in the experiment were obtained from Northwest A&F University College of Forestry microbiology laboratory. DSE species of Gaeumannomyces cylindrosporus D. Hornby, Slope, Gutter. & Sivan (Gc), Paraphoma chrysanthemicola (Hollós) Gruyter (Pc), Phialophora mustea Neerg. (Pm), Exophiala salmonis Carmich. (Es), and Cladosporium cladosporioides Fres. (Cc) were isolated from the roots of Astragalus adsurgens Pall, which grew naturally on Qiandongshan lead-zinc mine tailings, Fengxian county, Shaanxi province, China (106°38′ E, 33°49′ N) [37]. ECMF species of Suillus lactifluus A.H. Sm. & Thiers. (Sl), Suillus bovinus L. (Sb), Suillus tomentosus (Kauffman) Singer (St), Handkea utriformis Bull. (Hu), Amanita vaginata (Bull.) Lam. (Av), Suillus laricinus (Sla), and Schizophyllum sp. Fr. (Ss) were isolated from sporocarps harvested from Huoditang forest region in Qinling Mountains in China (108°21′–108°29′ E, 33°18′–33°18′ N) [38]. These ECMF and DSE were selected because of their availability and record of intensive study [17,18,24,37,38,39]. All the ECMF and DSE strains were subcultured in a Petri-dish of half strength potato dextrose agar (PDA) solid medium with a disk of mycelia agar (5 mm) from a culture stored at 4 °C. Five agar disks of mycelium (5 mm) from each of the 12 subcultured strains were used to inoculate one 250 mL Erlenmeyer flask containing 80 mL potato dextrose broth (PDB) and 5 replicates per strain. Then, flasks were incubated on a shaker at 120 rpm at 25 °C for 20 days in the dark. Chinese pine seeds, which were provided by the Forestry Department of Shaanxi Province, were surface sterilized for 30 min in 30% hydrogen peroxide, and washed 4 times with sterilized distilled water. After that, the seeds emerged in 40 °C sterilized distilled water for 24 h. A magnetic stirrer was used to maintain a constant temperature and stirring. The seeds were pre-germinated on sterile gauze in Petri dishes (15 cm) in room temperature. During the incubation period, seeds were rinsed with sterilized water twice a day. Seedlings with fully developed cotyledons were transferred to incubation plates containing autoclaved vermiculite, and incubated in a climate chamber at 25 °C (RQH-250, Jing Hong laboratory instrument Co., Ltd., Shanghai, China).




2.2. Inoculation Method


Twenty days after fungal incubation, the mycelium was filtered out of the PDB using a fine, sterile mesh (230 mesh, 63 µm). The mycelium was then rinsed with sterile distilled water 5 times. We prepared fungal inoculums in a laminar flow hood by transferring the mycelium to a blender cup (Joyoung JYL-C022, Joyoung Company Limited, Jinan, China) and disrupting for 40 s in 500 mL of sterile, distilled water. Before disruption, the blender cup and blade were sterilized with 50% household bleach (4.13% hypochlorite), and rinsed 3 times with sterile distilled water. The mycelium suspensions were used to inoculate pine seedlings. The vitality of each inoculum was tested by plating onto PDA to ensure the mycelium had remained alive after the processing in every case.



Seedlings with a similar size were selected and individually transplanted into plastic cups (88 × 60 × 110 mm) containing 450 ml of growth substrate, which was totally mixed with autoclaved sand, vermiculite, and soil (1:1:1). Soil was collected from the top layer (0–15 cm) in the Nursery of Forestry college, Northwest A&F University in Yangling, Shaanxi Province, China. The soil was air-dried and passed through a 2 mm sieve to remove large stones and plant debris. The sand, collected from Wei River Side near the campus, was washed five times using tap water and dried in the open air before being mixed with soil. The mix was then autoclaved (121 °C, 2 h) to eliminate all microorganisms. During seedlings transplanting, 5 mL mycelium suspension was added to each cup (80 cups seedlings per strains, 80 × (7 ECMF + 5 DSE + 1 control group) total of 1024 cups). All the remaining mycelium suspension of all strains were mixed and autoclaved, and 5 mL mixture were added to control group.



The experiment was conducted in the greenhouse of Northwest A&F University in Shaanxi province of China (34° 15′ 59′′ N, 108° 03′ 39′′ E) from May to September, 2013. The temperature was between 24 and 35 °C, the day light was 12–14 h, and the relative air humidity was 55%–78%. Each cup was irrigated once a week with 50 ml Hoagland nutrition solution [40] throughout the growth period. Five weeks after transplanting, 70 cups of uniform growth seedlings of each treatment were taken for the experiment. All cups were arranged in a randomized complete block design.




2.3. Parameter Measurement and Harvest


Four months after transplantation, 15 seedlings of each treatment were randomly sampled for assessment of the colonization rate, biomass, chlorophyll, root morphological characters, and root activity. Seedling roots were carefully washed with tap water to remove all soil particles, and then dried with paper towels. Five seedlings were used for recording of the fresh weight of the shoot and root, and oven-dried at 80 °C to constant weight (about 48 h) to calculate the dry weight, water content, and ratio of root to shoot. Roots of five seedlings were applied for root activity measurement by triphenyl tetrazolium chloride (TTC) reduction. The shoot of the seedlings was used for chlorophyll content determination. Fresh roots (0.25 g) were cut into 1 cm segments, put into a test tube with 5 mL of 0.4% (m/v) TTC and 5 mL of 0.1 mol/L Na2HPO4-KH2PO4, and incubated for 1 h at 37 °C. Then, 2 mL of 2 mol/L H2SO4 was added. After that, the roots were taken out, dried with paper towels, and ground with quartz sand and 10 mL of acetic ether. The absorbance of the extract was recorded at 485 nm. Root activity was expressed as TTC reduction intensity (mg g−1 h−1) [41].


TTC reduction intensity=TTC reduction mass (mg)Root fresh mass(g)×time(h)











The concentration of chlorophyll a, chlorophyll b, and carotenoids were calculated according to Chappelle’s method (1992) [42]. Fresh leaf samples were cleaned with sterilized distilled water to remove any surface contamination and 100 mg fresh sample was homogenized in 15 mL dimethyl sulfoxide in the dark at room temperature for 12 h. A UV/V spectrophotometer was used to measure chlorophyll concentration at 648, 664, and 470 nm. Chlorophyll concentrations and carotenoids were calculated using the following formula:




Chlorophyll a=12.25A664nm−2.79A648nmFW










Chlorophyll b=21.50A648nm−5.10A664nmFW










Carotenoid=1000A470nm−1.82chl a−85.02chl b198









A = absorbance.



The remaining five seedlings were scanned, and the images of roots were stored in the computer via a digital scanner (STD1600 Epson, Long Beach, CA, USA)". Total root length, root surface area, root volume, average diameter, tip number, and number of forks were determined, and root was classified (diameter 0–0.2 mm, 0.2–0.4 mm, 0.4–0.6 mm, 0.6–0.8 mm, and >1.0 mm) by the scanner supporting WinRhizo 5.0B (Regent Instrument Inc, Quebec, Canada) root analysis system software (Regent Instrument Inc, Quebec, Canada). After the image scanned, roots were stained with trypan blue [43], and the colonization rate of fungi we applied was measured by the gridline intercept method [44].



Pinewood nematode was obtained by Baermann funnels from P. tabulaeformis samples collected from an area with pine wilt disease: Zhashui county, Shangluo city, Shaanxi province, China. The morphology of the nematodes separated from P. tabulaeformis was observed by a compound microscope (Olympus BX51, Olympus Corporation, Tokyo, Japan). The nematodes were cultured on PDA plates covered with a colony of Botrytis cinerea at 25 °C for 5 days, and isolated by Baermann funnels, then collected by centrifugation at 3000 rpm for 5 min. The nematodes were washed three times with sterile distilled water before inoculation. The density of nematode suspension was counted using the compound microscope.



The remaining pine seedlings of each treatment (7 ECMF + 5 DSE + control) were divided into two groups. One group (50 seedlings of each treatment) was inoculated with 500 pinewood nematodes of each seedling, the other group (5 seedlings of each treatment) was inoculated with the same volume of sterile water as a control treatment. Nematodes suspension/sterile distilled water (5 μL) was piped to wounds at the fourth needle of P. tabulaeformis seedlings cut by a razor. To make sure the wilting was caused by PWN, after the mortality rate was measured, the nematode was re-isolated from seedlings that were inoculated with PWN for three weeks. The wilting symptoms development of P. tabulaeformis was observed every 12 h after PWN inoculation. The number of dead seedlings and wilting seedlings was counted according to the serious wilting symptom (Figure 1). The mortality rates and morbidity rates were calculated as follows:


Mortality rate(%)=∑number of dead seedlingsTotal number of seedlings ×100%










Morbidity rate(%)=∑number of wilting seedling+∑number of dead seedlingsTotal number of seedlings×100%












2.4. Statistical Analysis


Analyses were performed using SPSS statistical software package (Version 16.0) (International Business Machines Corp., Chicago, IL, USA). All data were presented as the mean value ± standard deviation (SD) of five replicates. The pictures in the article were drawn using Prism 7.0 (GraphPad Software, CA, USA). The significances of experimental effects of DSE and ECMF on P. tabulaeformis seedlings were tested by one-way analysis of variance (Dancon’s test, p < 0.05). Pearson’s correlation analysis was performed at α = 0.05. For principal component analysis (PCA), all data were standardized and subsequently computed. PCA was implemented to reduce all the parameters to the fewest dimensions keeping the eigenvalue >1. The figure was drawn with the scores on the three dimensions.





3. Results


3.1. P. tabuliformis Seedling Growth and Fungal Colonization


Root colonization of fungi were found in all tested seedling roots. Fungal mantle formed by ECMF and microsclerotia and/or dark hyphae formed by DSE were observed in the roots of the pine seedlings. The dominant forms of ECMF and DSE were dichotomous branching and monoaxial branching, club-shaped mycorrhizas were fewer (data were not shown in this study). Different strains had different colonization rates, but there were no significant differences between ECMF and DSE (Table 1). In our experiment, noninoculated plants also exhibited very little mycelium colonization; it might come from the environment or the water we used. According to ANOVA analysis of the seedling growth, height, basal stem diameter, dry weight, root activity, water content, and root shoot ratio of seedlings varied significant (p < 0.05) among each treatment. Fungal colonization had a significant effect on seedlings’ growth in this study. Compared to the control group, Av, Sla, and Pm significantly improved the seedlings’ height; Av, Cc, and Gc significantly increased seedlings’ diameter; Av and Pm significantly improved the root activity of the seedlings; Av, Sla, Cc, and Pc significantly increased seedlings’ dry weight; Av, Sla, Cc, and Es significantly improved seedlings’ water content. However, not only positive effects were observed for plant growth, but also negative effects of seedlings growth were observed. Strains, such as Sb and Sl, decreased the dry weight; Ss, Hu, Sb, Es, and Pm decreased the basal stem diameter compared to the control group. There was no apparent difference on seedlings’ growth between ECMF and DSE (Table 1).




3.2. Effects of Inoculation ECMF and DSE on Roots Parameters


According to ANOVA results of the root morphological analysis, different effects of ECMF and DSE were observed in root morphological characters. Compared to the control group, Es significantly increased seedlings’ root length, Hu and Es significantly increased root tip numbers, and Ss significantly increased the average root diameter. No significant effects on the root length, root surface area, average root diameter, root volume, number of root tips, and root forks were observed among the other different treatments. Inoculation of ECMF/DSE altered the percentage of root length in different diameter classes of pine seedling roots. Compared to the control group, Gc and Hu significantly increased the percentage of root length in the 0–0.2 mm diameter class; Es, Gc, Pm, and Sl significantly increased the percentage of root length in the 0.2–0.4 mm diameter class; Es significantly increased the percentage of root length in the 0.4–0.6 mm diameter class; Ss significantly increased the percentage of root length in the 0.6–1 mm diameter class. However, Av and Cc significantly decreased the percentage of root length in the 0–0.2 mm diameter class; Ss significantly decreased the percentage of root length in the 0.2–0.4 mm diameter class; and both Es and Gc significantly decreased the percentage of root length in the 0.6–0.8 mm and D > 1 mm root diameter classes (Table 2; Figure 2).




3.3. Pigment Parameters of Pine Needles in Different ECMF and DSE Inoculation Treatments


Pigments extracted from the seedlings’ needles showed that seedlings inoculated with ECMF and DSE significantly increased the concentration of chlorophyll a and chlorophyll b. Compared to the control group, the content of carotenoids significantly increased in all strains except Sla and Es. The ratio of chlorophyll a/b decreased in the Av, Hu, Sb, St, Cc, Gc, Pc, and Pm treatments significantly (Table 3).




3.4. Comparison Among Strains in Principal Component Analysis


PCA was performed using all the treatments’ experimental data sets. All parameters were reduced to the fewest and most representative dimensions. The PCA figure could be interpreted as a measure of distance among different treatments, sacrificing the information on specific parameters for a global view. Thus, the closer the treatments in a PCA figure, the closer the similarity of the overall status. Among the treatments, principal component 1 (PC1), principal component 2 (PC2), and principal component 3 (PC3) accounted for 35.36%, 27.76%, and 12.08% of the variance, respectively (Figure 2). Among them, three principal components divided the strains into many groups. In detail, the Es, Sl, and Hu were closed to CK and separated from other treatments, indicating that the growth P. tabulaeformis seedlings inoculated with Es, Sl, and Hu was similar to the non-mycorrhizal plants. While Av and Cc, Sla and Pc, Gc, Pm, Sb, St, and Ss were separated from CK by PC1, respectively, which suggested the colonization of these strains differed from the control group. ECMF and DSE treatments were not separated by the principal component, indicating that the ECMF and DSE had no obvious performance differences on seedling parameters (Figure 3).




3.5. Cumulative Morbidity and Mortality of ECMF and DSE Pine Seedlings Caused by PWN


Ten days after the seedlings were inoculated with PWN, wilting and death began to appear. The wilting of seedlings burst in the 11th to 13th day after being inoculated with PWN, and the death of seedlings burst in the 14th to 18th day after being inoculated with PWN. Three weeks after PWN inoculated, the cumulative mortality of Sla, Sl, Es, Gc, Av, and Hu were lower than the control group (80%). However, only Sla, Sl, Hu, Es, Pc, and Gc treatments of the cumulative morbidity were not higher than the control group (90%). Seedlings colonized with Sla had the lowest cumulative mortality (50%) and morbidity (70%), followed by Sl, Es, and Gc, indicating that Sla was the best strain for P. tabulaeformis seedlings’ protection against pine wilt disease in this study (Figure 4). In all cases, PWN could be re-isolated from the death and wilting seedlings. The five non-inoculated seedlings of all treatments were healthy.




3.6. Correlation Analysis of Variables with Cumulative Mortality and Morbidity


The results of correlation analysis showed that the root length, root surface area, and number of root forks was negatively correlated with cumulative morbidity and tissue water content was negatively correlated with cumulative mortality. However, the carotenoids were positively correlated with cumulative morbidity (Table 4).





4. Discussion


In this study, the symbiotic efficiency of seven ECMF and five DSE in P. tabulaeformis seedlings, growth traits and root morphology among P. tabuliformis seedlings colonized with different ECMF/DSE strains as well as the relationship between these parameters and cumulative mortality rates caused by the PWN infection were studied. Both positive and negative effects on the growth occurred in different colonization treatments. For example, seedlings inoculated with ECMF and DSE could significantly increase the concentration of chlorophyll a and b in all treatments. S. laricinus and P. mustea significantly improved seedling height; A. vaginata, C. cladosporioides, and G. cylindrosporus significantly increased seedling diameter; A. vaginata and P. mustea significantly improved the root activity of the seedlings; A. vaginata, S. laricinus, C. cladosporioides, and P. chrysanthemicola significantly increased the dry weight of seedlings. On the other hand, some of the colonized strains significantly decreased or had no effects on these growth parameters, which may result from the excessive carbohydrate demand of the strains from plants [45,46]. In fact, both DSE and ECMF inoculation could range from parasitic to mutualistic [22,45,46,47,48]. Different symbiosis functions of ECMF and DSE on root morphological characters were observed in this study too. For example, E. salmonis significantly increased seedling root length, H. utriformis and E. salmonis significantly increased root tip numbers, and Schizophyllum sp. significantly increased average root diameter. However, no significantly positive or negative effects on the root length, root surface area, average root diameter, root volume, number of root tips, and root forks were observed among other treatments compared to the control group (Table 2). What is more, inoculation of ECMF/DSE altered the percentage of root length in different diameter classes of pine seedlings roots (Figure 2). These could be due to the colonization by ECMF/DSE that could facilitate water and nutrient uptake of host plants and reduce the formation of root for saving carbohydrates formed by photosynthesis of the host [49,50,51]. Principal component analysis showed that three principal components divided the strains into many groups (Figure 3). Different groups divided by principal components may have different plant traits [52], which indicated that the symbiotic function on seedlings of the ECMF and DSE strains applied in this study differed among fungal species.



Many studies showed that the colonization of ECMF and DSE could confer pathogen resistance to host plants [20,53,54,55], and this phenomenon was confirmed in our study too. In the study, the rates of mortality caused by PWN infection were reduced in most of ECMF and DSE treatments (Figure 4). P. tabulaeformis seedlings colonized with S. laricinus had a lowest cumulative mortality (50%) and cumulative morbidity (70%) in the first three weeks after being inoculated with PWN. Other studies also showed that S. laricinus could inhibit the growth of the pathogen and improve resistance to disease [17,46]. Kikuchi et al. (1991) reported that inoculation of Pinus densiflora with ectomycorrhizal fungi, Suillus luteus and Rhizopogon rubescens, improved seedling growth, thereby decreasing seedling mortality caused by B. xylophilus [55]. Nakashima et al., (2016) found that the seedlings that had plentiful white ectomycorrhizae showed the highest survival and growth rates regardless of the variety of black pine [32]. Not all symbiosis of mycorrhizal could confer a positive effect to host plant [33,56,57] and some reports showed that mycorrhizal may have a neutral effect or even a negative effect on plants’ disease resistance [57,58]. In our study, the seedlings showed a different performance of the resistance to PWD, perhaps simply because of different species of ECMF and DSE having different symbiosis levels of resistance or tolerance to diseases [33,34]. A. vaginata seedlings exhibited the best protective effect against damping-off among the tested strains in our previous study [18,38,39], but in the present study, A. vaginata seedlings showed a relatively low tolerance to PWD.



The mechanism of PWN that caused pine tree death in a short time was that pinewood nematode feeds on the host’s resin duct parenchyma cells, leading to destruction of cambium, cortex, phloem, and resin duct tissues, and the formation of wound periderm in cortex parenchyma cells around resin after vector beetles transport PWNs to a healthy tree [59]. Then, the population of PWNs increases and continues to migrate and feed on host tissues, leading to the accumulation of suberin-like substances, xylem occlusion, cavitation, and embolism in xylem cells [11,12,13]. These modifications in the xylem translate into dysfunction of water conduction in the stem, which result in decreasing water potential, transpiration, and photosynthesis and further lead to the manifestation of external symptoms, wilt, and finally death [60,61,62]. The colonization of ECMF and DSE might alleviate the dysfunction of water conduction in the stem caused by PWNs infection through the adjustment of root morphology, such as length, root surface area, and number of root forks as well as the external mycelium help [63,64]. In our study, the treatments that had lower mortality showed a relatively higher tissue water content (Table 1). Pearson correlation analysis showed that the root length, root surface area, and number of root forks were significantly (p < 0.05) negatively correlated with cumulative morbidity and tissue water content was significantly (p < 0.05) negatively correlated with cumulative mortality (Table 4). This might be one of the reasons that the inoculation of ECMF/DSE reduced the cumulative morbidity and mortality. In addition, ECMF could facilitate water uptake, alleviating harm caused by water deficit of host plants under drought stress [65,66,67]. Furthermore, Akema and Futai (2005) studied the relationship between ectomycorrhizal development and mortality of PWD in a P. thunbergii stand on a slope, and suggested a correlation between mycorrhizal development and resistance to PWD. The abundant mycorrhizae, which mitigate drought stress, may have decreased the rate of tree mortality caused by PWD [35]. However, the carotenoids content was significant positively correlated with cumulative morbidity caused by PWD. This might allow carotenoids content to be used as an indicator for the resistance of pinewood nematode of pine seedlings. What is more, Nakashima et al., (2016) also indicated that P. thunbergii seedlings intra-specific physiological resistance to the PWD might be affected by ectomycorrhizal composition or by the specific ectomycorrhizal species [32].



To our knowledge, this is the first study on the relationship between symbiosis functions of dark septate endophytes/ectomycorrhizal fungi on P. tabulaeformis and PWD. In this study, the root morphology, growth traits, and pigment parameters were surveyed to associate them with cumulative morbidity and mortality caused by infection of PWN for the first time. It constituted an important step for future research to understand the interaction between PWD and root associated fungi, as well as the role of root associated fungi, especially ECMF and DSE, in the resistance of pine trees against PWD.




5. Conclusions


It can be concluded that the growth traits, root morphology, and resistance of pine seedlings to PWD generated by ECMF/DSE varied to different ECMF/DSE species. The resistance of pine wilt disease induced by symbiosis of ECMF/DSE might result from mitigation of the dysfunction of water caused by PWN infection. Our research provided evidence that inoculation of ECMF and DSE should be considered as a potential method for pine wilt disease prevention. More ECMF/DSE should be tested for tolerance of the pine wilt disease. Future research to understand ECMF and DSE in the resistance of pine trees against PWD should be studied.
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Figure 1. Healthy, wilting, and dead Pinus tabulaeformis Carr. seedlings growing in the cup. 
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Figure 2. Percentage of root length in different diameter classes measured in roots colonized by different ECMF and DSE. Means labeled with different letters within each series are significantly different (p < 0.05, n = 5) by Duncan’s test. Av, Hu, Sb, Sl, Sla, Ss, and St represent P. tabulaeformis seedlings were inoculated with ECMF of A. vaginata, H. utriformis, S. bovinus, S. lactifluus, S. laricinus, Schizophyllum sp., and S. tomentosus ECMF, respectively; Cc, Es, Gc, Pc, and Pm represent the P. tabulaeformis seedlings were inoculated with DSE of C. cladosporioides, E. salmonis, G. cylindrosporus, P. chrysanthemicola, and P. mustea, respectively; and CK as the control group; D represents the diameter of the root. 
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Figure 3. Principal component analysis (PCA) plots of three principal components of different inoculation treatments. PC1, principal 1, PC2, principal 2, PC3, Principal 3. Av, Hu, Sb, Sl, Sla, Ss, and St represent P. tabulaeformis seedlings were inoculated with ECMF of A. vaginata, H. utriformis, S. bovinus, S. lactifluus, S. laricinus, Schizophyllum sp., and S. tomentosus ECMF, respectively; Cc, Es, Gc, Pc, and Pm represent the P. tabulaeformis seedlings were inoculated with DSE of C. cladosporioides, E. salmonis, G. cylindrosporus, P. chrysanthemicola, and P. mustea, respectively; and CK as the control group. 
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Figure 4. Cumulative morbidity and mortality of ECMF and DSE P. tabulaeformis seedlings after 10 days of inoculated with PWN. Av, Hu, Sb, Sl, Sla, Ss, and St represent P. tabulaeformis seedlings were inoculated with ECMF of A. vaginata, H. utriformis, S. bovinus, S. lactifluus, S. laricinus, Schizophyllum sp., and S. tomentosus, respectively; Cc, Es, Gc, Pc, and Pm represent the P. tabulaeformis seedlings were inoculated with DSE of C. cladosporioides, E. salmonis, G. cylindrosporus, P. chrysanthemicola, and P. mustea, respectively; and CK as the control group. 
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Table 1. ANOVA analysis of seedlings’ growth and the colonization of ECMF and DSE strains 3 months after transplant.
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Strains

	
R/S Ratio

	
Height

	
Diameter

	
Water Content

	
Dry Weight

(g)

	
Root Activity

	
Root Colonization Rate (%)






	
ECMF

	
Av

	
0.48 ± 0.07 cd

	
5.34 ± 0.26 ab

	
1.67 ± 0.06 a

	
0.77 ± 0.04 a

	
0.26 ± 0.035 bc

	
8.49 ± 1.67 b

	
48.88 ± 8.24 c




	
Hu

	
0.53 ± 0.04 cd

	
4.20 ± 0.17 d

	
1.35 ± 0.06 ef

	
0.63 ± 0.05 e

	
0.19 ± 0.041 efg

	
7.43 ± 1.49 bcde

	
63.45 ± 7.24 b




	
Sb

	
0.57 ± 0.05 cd

	
4.20 ± 0.25 d

	
1.26 ± 0.07 f

	
0.62 ± 0.02 e

	
0.17 ± 0.013 gf

	
5.11 ± 1.76 f

	
69.84 ± 9.38 ab




	
Sl

	
0.37 ± 0.04 d

	
5.22 ± 0.11 abc

	
1.38 ± 0.06 cde

	
0.69 ± 0.03 bcd

	
0.14 ± 0.022 h

	
7.95 ± 1.22 bcd

	
62.53 ± 3.36 b




	
Sla

	
0.62 ± 0.03 bcd

	
5.36 ± 0.32 a

	
1.44 ± 0.09 cd

	
0.72 ± 0.03 ab

	
0.34 ± 0.034 a

	
7.46 ± 1.20 bcde

	
64.33 ± 7.11 b




	
Ss

	
0.61 ± 0.11 bcd

	
4.88 ± 0.33 c

	
1.31 ± 0.09 ef

	
0.65 ± 0.02 cde

	
0.24 ± 0.007 bcd

	
2.98 ± 1.21 g

	
33.33 ± 4.84 d




	
St

	
0.88 ± 0.63 ab

	
5.16 ± 0.32 abc

	
1.39 ± 0.06cde

	
0.54 ± 0.09 f

	
0.19 ± 0.050 fg

	
7.83 ± 0.97 bcd

	
70.72 ± 5.71 ab




	
Control

	
CK

	
0.65 ± 0.15 abcd

	
4.80 ± 0.36 c

	
1.45 ± 0.02 c

	
0.64 ± 0.02 de

	
0.22 ± 0.011 def

	
6.56 ± 1.78 cdef

	
6.48 ± 3.16 e




	
DSE

	
Cc

	
0.49 ± 0.05 cd

	
4.90 ± 0.35 c

	
1.55 ± 0.08 b

	
0.72 ± 0.03 ab

	
0.32 ± 0.017 a

	
7.63 ± 0.80 bcd

	
73.88 ± 7.92 ab




	
Es

	
0.69 ± 0.21 abc

	
4.84±0.30 c

	
1.36 ± 0.03 de

	
0.70 ± 0.01 bc

	
0.22 ± 0.0197 def

	
5.81 ± 0.54 ef

	
48.53 ± 7.63 c




	
Gc

	
0.53 ± 0.06 cd

	
5.12 ± 0.33 abc

	
1.56 ± 0.04 b

	
0.67 ± 0.04 bcde

	
0.18 ± 0.016 fg

	
8.07 ± 1.56 bc

	
79.28 ± 2.72 a




	
Pc

	
0.91 ± 0.12 a

	
5.14 ± 0.11 abc

	
1.45 ± 0.08 cd

	
0.63 ± 0.04 e

	
0.27 ± 0.009 b

	
6.18 ± 0.47 def

	
23.33 ± 2.88 d




	
Pm

	
0.57 ± 0.13 cd

	
4.92 ± 0.39 bc

	
1.33 ± 0.06 ef

	
0.68 ± 0.03 bcde

	
0.23 ± 0.024 bcde

	
10.70 ± 0.55 a

	
46.45 ± 5.91 c




	
ANOVA

	
F

	
2.849

	
8.03

	
14.75

	
9.99

	
23.38

	
10.83

	
35.623




	
Sig.

	
*

	
**

	
**

	
**

	
**

	
**

	
**








Note: ECMF represent ectomycorrhizal fungi; DSE represent dark septate endophytic fungi; Av, Hu, Sb, Sl, Sla, Ss, St represent the seedlings were inoculated with Amanita vaginata, Handkea utriformis, Suillus bovinus, Suillus lactifluus, S. laricinus, Schizophyllum sp., and Suillus tomentosus, respectively; Cc, Es, Gc, Pc, and Pm represent the seedlings were inoculated with Cladosporium cladosporioides, Exophiala salmonis, Gaeumannomyces cylindrosporus, Paraphoma chrysanthemicola, and Phialophora mustea, respectively; and CK as the control group. Significantly differences among the inoculation treatments are shown by a different lowercase within each volume. F represent F-value; Sig. represent P-value. Data expressed as mean ± SD (n = 5). *, significant effect at p < 0.05; **, p < 0.01.
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