

[image: image1]
Effects of nitrogen addition and root fungal inoculation on the seedling growth and rhizosphere soil microbial community of Pinus tabulaeformis









 


	
	
TYPE Original Research
PUBLISHED 19 October 2022
DOI 10.3389/fmicb.2022.1013023






Effects of nitrogen addition and root fungal inoculation on the seedling growth and rhizosphere soil microbial community of Pinus tabulaeformis

Lingjie Xu1, Xiaoyun Niu1, Xia Li2, Yanyan Zheng1, Hualei Feng1, Qiang Fu1 and Yong Zhou1*


1Country College of Landscape Architecture and Tourism, Hebei Agricultural University, Baoding, China

2School of Life Sciences, Hebei University, Baoding, China

[image: image2]

OPEN ACCESS

EDITED BY
 Yi Luo, Nankai University, China

REVIEWED BY
 Xingang Zhou, Northeast Agricultural University, China
 Padmanabh Dwivedi, Banaras Hindu University, India

*CORRESPONDENCE
 Yong Zhou, zhouyong275@sina.com 

SPECIALTY SECTION
 This article was submitted to Microbial Symbioses, a section of the journal Frontiers in Microbiology

RECEIVED 06 August 2022
 ACCEPTED 04 October 2022
 PUBLISHED 19 October 2022

CITATION
 Xu L, Niu X, Li X, Zheng Y, Feng H, Fu Q and Zhou Y (2022) Effects of nitrogen addition and root fungal inoculation on the seedling growth and rhizosphere soil microbial community of Pinus tabulaeformis. Front. Microbiol. 13:1013023. doi: 10.3389/fmicb.2022.1013023

COPYRIGHT
 © 2022 Xu, Niu, Li, Zheng, Feng, Fu and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Nitrogen (N) availability is significant in different ecosystems, but the response of forest plant-microbial symbionts to global N deposition remains largely unexplored. In this study, the effects of different N concentration levels on four types of fungi, Suillus granulatus (Sg), Pisolithus tinctorius (Pt), Pleotrichocladium opacum (Po), and Pseudopyrenochaeta sp. (Ps), isolated from the roots of Pinus tabulaeformis were investigated in vitro. Then, the effects of the fungi on the growth performance, nutrient uptake, and rhizosphere soil microbial community structure of P. tabulaeformis under different N addition conditions (0, 40, and 80 kg hm−2 year−1) were examined. The biomass and phytohormone contents of the Sg, Pt and Po strains increased with increasing N concentration, while those of the Ps strain first increased and then decreased. All four fungal strains could effectively colonize the plant roots and form a strain-dependent symbiosis with P. tabulaeformis. Although the effects depended on the fungal species, the growth and root development of inoculated seedlings were higher than those of uninoculated seedlings under N deficiency and normal N supply conditions. However, these positive effects disappeared and even became negative under high N supply conditions. The inoculation of the four fungal strains also showed significant positive effects on the shoot and root nutrient contents of P. tabulaeformis. Fungal inoculation significantly increased different microbial groups and the total soil microorganisms but decreased the microbial diversity under N deficiency stress. In summary, exogenous symbiotic fungal inoculations could increase the growth performance of P. tabulaeformis under N deficiency and normal N supply conditions, but the effects were negative under excessive N addition.
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Introduction

In recent years, atmospheric nitrogen (N) deposition has become one of the important phenomena of global climate change. Studies have shown that atmospheric N deposition has adverse effects on terrestrial ecosystems, and these effects are mainly related to soil N enrichment and increases in available N. In addition, N deposition can change the global carbon cycle and plant diversity, which will have a profound impact on the structure and function of terrestrial ecosystems (Schrijver et al., 2011; Phoenix et al., 2012; Liu et al., 2013). As an important part of terrestrial ecosystems, the soil microbial community plays an important role in the whole forest ecosystem. N deposition changes both the N pools and the carbon/nitrogen (C/N) ratio of the substrates where these microorganisms are found, resulting in corresponding changes in the structure and function of the soil microbial community (Compton et al., 2004; Zhou et al., 2020). The effects on specific microbial populations, such as ectomycorrhizal fungi and dark septate endophytes, will determine the forest plant community structure and key ecosystem processes, such as litter decomposition, N fixation and nitrification (Blaško et al., 2013). N utilization by symbiotic fungi of plant roots is an essential aspect of their ecosystem function, and it is important to understand how these changes affect the N forms used by fungi (Zhang et al., 2019). Therefore, it is extremely important to study the interaction between soil fungi and forest plants in response to the rapid increase in N deposition.

Previous studies showed that Pinaceae trees were obligate to ectomycorrhizal fungi, whereas recent research reported that dark septate endophytes were also the main root-associated fungi of pine (Deng et al., 2020; Gehring et al., 2020; Landolt et al., 2020; Chu et al., 2016, 2018, 2021). It is well known that ectomycorrhizal fungi have tremendous effects on plants, such as facilitating water and nutrient uptake in host plants, improving plant growth, aiding in the accumulation of metabolites, and conferring resistance to host plants against pathogens and other abiotic stresses (Smith and Read, 2008; van der Heijden et al., 2015; Sebastiana et al., 2019; Chu et al., 2021). Ectomycorrhizal fungi can not only affect the host plant but also change the soil microenvironment of the host (Talbot et al., 2008; Chu et al., 2021). Previous studies have found that mycorrhizal symbiosis is affected by N addition (Maaroufi, 2019). When the soil N content is limited or low, it can promote mycorrhizal growth (Nehls and Plassard, 2018). However, with the increase in N input, there were differences in the effects on mycorrhizal symbionts, and the degree of difference depended on the amount and time of N deposition in the ecosystem, initial soil N level, and vegetation type (Lilleskov et al., 2002; Maaroufi, 2019). Some studies have shown that the fruiting body yield and biomass of ectomycorrhizal fungi significantly decrease with the increase in N deposition and that long-term N excess can gradually reduce the species richness of ectomycorrhizal fungi, thus changing the community structure composition of ectomycorrhizal fungi (Lilleskov et al., 2002; Hasselquist and Högberg, 2014). At the same time, the soil microbial activity has a close relationship with the plants, soil pH and soil nutrient content, and thus, excessive N will not only directly affect the abundance, diversity and activities of soil microbes but may also indirectly affect plants or mycorrhizal symbionts by changing the mineral nutrient transformation and availability in soil (Leff et al., 2015; Chen et al., 2019). Therefore, we assume that ectomycorrhizal fungal inoculation under N deposition can not only affect the growth and physiological characteristics of host plants but also have an important impact on the soil microbial community in the forest ecosystem where the host is located.

Dark septate endophytes have a wide ecosystem distribution and variable effects on the growth of host plants (Ruotsalainen et al., 2021). Much research has indicated that dark septate endophytes have a similar function to mycorrhizal fungi (Jumpponen, 2011; Surono and Narisawa, 2017; Santos et al., 2021). Dark septate endophytes are a large group of endophytic fungi in plant roots. They mainly colonize the inside of root cells or their intercellular spaces and form dark septate mycelia and microsclerotia (Jumpponen et al., 1998; Mandyam and Jumpponen, 2005). Normally, dark septate endophytes are not limited to specific plant species, and can colonize plant roots in most taxonomic groups in all major biomes of the world, especially in heavy-metal-polluted, drought, alpine, polar and other adverse ecosystems (Barrow, 2003; Mandyam and Jumpponen, 2005; Knapp et al., 2012). The effects of dark septate endophytes on host plants are variable, depending on the combination of host symbiotic plants and fungal species (Newsham, 2011). Studies have shown that dark septate endophytes can significantly promote plant growth (Mayerhofer et al., 2013; Ban et al., 2017; Surono and Narisawa, 2017), nutrient absorption and the stress resistance of host plants (Mandyam et al., 2010; Vergara et al., 2017; Li et al., 2019). Previous studies on the effects of dark septate endophytic inoculation on host stress resistance mostly considered heavy metal pollution (Likar and Regvar, 2013; Berthelot et al., 2016), drought (Santos et al., 2017; Li et al., 2019; He et al., 2022) and pathogen stress (Khastini et al., 2012; Surono and Narisawa, 2018). For example, dark septate endophytes can be used as biocontrol agents for many pathogenic microorganisms and can reduce the adverse effects of plant diseases on plant growth (Terhonen et al., 2016; Surono and Narisawa, 2018). Additionally, dark septate endophytes can enhance photosynthesis, osmotic regulation, and the antioxidant capacity of host plants (Santos et al., 2017; Zhang Q. et al., 2017; Li et al., 2019) to improve the drought resistance of plants. However, the ecological roles of dark septate endophytes with regards to the soil N status are not well known.

Pinus tabulaeformis Carr., a coniferous evergreen tree of Pinaceae, is characterized by a well-developed root system, rapid growth, strong ecological adaptability and stress resistance and is a pioneer tree for vegetation restoration in a variety of stress environments (Liu et al., 2019; Zeng et al., 2020). Research has found that there are a variety of ectomycorrhizal fungi in the roots of P. tabulaeformis (Hibbett and Matheny, 2009; Wang and Guo, 2010). It has a strong dependence on ectomycorrhizal fungi to absorb water and mineral nutrients through mycorrhizae and improve stress resistance (Huang et al., 2008; Zhang and Tang, 2012; Wen et al., 2017; Zhang H. et al., 2017). In addition to ectomycorrhizal fungi, dark septate endophytes also widely colonize the roots of P. tabulaeformis, but there are relatively few studies on the symbiotic relationship between dark septate endophytes and P. tabulaeformis at present (Gehring et al., 2020; Chu et al., 2021). The ecological function of dark septate endophytes and whether they affect the growth and stress resistance of mycorrhizal P. tabulaeformis require further research. Hence, in this study, we conducted two experiments using two ectomycorrhizal fungal strains and two dark septate endophyte strains isolated from P. tabulaeformis to test (1) the growth performance under different N addition levels in pure cultures and (2) the effects of inoculation with these fungi on the performance of P. tabulaeformis plants and the soil microbial community in an inoculation experiment under different N supply conditions. Improving the growth of P. tabulaeformis will also be a better use of plant root-associated fungal resources, providing a theoretical basis for maintaining the stability of forest ecosystems. We expect that our results will help determine which inoculated fungi could adapt to the change in the N environment and reveal whether they have the potential for improving the stress tolerance and symbiotic performance of plants under N content variation.



Materials and methods


Fungal isolates and plant materials

The four fungi applied in these experiments were isolated from the roots of P. tabulaeformis in the Wuling Mountain Nature Reserve, Hebei Province (117°17′–117°35′E, 40°29′–40°38′N) and were preserved in the Laboratory of Garden Plant Ecology, Hebei Agricultural University, China. These fungi were identified as two ectomycorrhizal fungi, Suillus granulatus (Sg) and Pisolithus tinctorius (Pt), and two dark septate endophytes, Pleotrichocladium opacum (Po) and Pseudopyrenochaeta sp. (Ps), by morphological characteristics and phylogenetic analyses of nuclear ribosomal DNA (nrDNA) internal transcribed spacer (ITS) sequences (Supplementary Figures S1,2). All strains were grown on potato dextrose agar (PDA) culture medium for 2 weeks at 27°C in the dark.

Mature seeds of P. tabulaeformis were also collected from natural populations in the Wuling Mountain Nature Reserve, China, and stored at 4°C. Before the experiment, the seeds were surface-sterilized for 1 h in 0.5% KMnO4 solution and then washed 4 times with sterilized distilled water. After that, the seeds were immersed in 40°C sterilized distilled water for 24 h. The seeds were pregerminated on sterile gauze in Petri dishes (9 cm) at 25°C. During the incubation period, the seeds were rinsed with sterilized water twice a day. Seedlings with fully developed cotyledons were transferred to incubation plates containing autoclaved substrate and incubated in a greenhouse at room temperature. The seedlings were watered regularly to avoid water shortage.




Experiment 1


Effects of N addition on the fungi in vitro

The growth of the four isolates under different N addition conditions was tested in a preliminary experiment in liquid culture. The experiment was performed under sterile conditions, and the basal medium was a modification of modified Melin-Norkrans (MMN) medium (pH 5.5), in which NH4NO3 was the only N source. The different N concentrations tested were 0 (N free), 0.0053 (low N), 0.053 (medium N) and 0.530 (high N) g l−1. Two disks of mycelium (5 mm) were cut from the edge of actively growing 21-day-old colonies of each isolate and inoculated into a 9-cm Petri dish containing 30 ml of MMN solid medium and into a 250-ml Erlenmeyer flask containing 100 ml of MMN liquid medium. Five replicates were performed per strain per N concentration. Then, the Petri dishes were placed in a thermostatic incubator and incubated on a shaker at 150 rpm at 27°C for 20 days in the dark. Upon harvest, the colony diameter on the solid medium was measured; the fungal mycelia in the liquid medium were filtered and washed with sterilized distilled water, and then the fungal mycelia were weighed after drying to a constant weight at 80°C to determine the biomass production. The filtrate was collected for the analysis of the hormone contents.



Determination of the hormone contents

The analysis of hormone contents (IAA and GA3) was performed using high-performance liquid chromatography (HPLC). Briefly, after incubation for 20 days, 20 ml of filtrate of the liquid culture medium was collected and then purified and concentrated to 2.0 ml using a C18 solid-phase extraction column. HPLC was performed using a Thermo U3000 Syncronis C18 column (250 mm × 4.6 mm, particle size 5 μm) with deionized water and acetonitrile (volume ratio of 3:7) as the mobile phase. The flow rate, injection volume, detection wavelength, and column temperature were 1 ml min−1, 20 μl, 210 nm and 30°C, respectively.




Experiment 2


Pot experiment of Pinustabulaeformis

The pot experiment was performed in a greenhouse using a completely randomized design in a 5 × 3 factorial arrangement with fungal inoculation treatment (noninoculated control (CK), Sg, Pt, Po and Ps) and N addition treatment (N free; medium N; high N) as the variables. Each treatment was replicated five times, totaling 75 experimental pots. Seedlings of P. tabulaeformis were cultured as previously described. Seedlings of uniform size were selected and transplanted into pots (15 cm in diameter and 18 cm in height, 3 seedlings per pot) containing 2 kg of autoclaved (90 min at 121°C) growth substrate, which consisted of a 1:1 (v/v) mixture of river sand and soil (< 2 mm). With respect to the fungal inoculation treatments, two 5-mm-diameter fungal mycelial discs cut from a 14-day-old PDA culture medium were inoculated within 1 cm of the roots of the P. tabulaeformis seedlings (Ban et al., 2017; Li et al., 2019). With respect to the noninoculated treatments, two 5-mm discs removed from PDA medium without any fungi were inoculated. All pots were placed in a greenhouse at a mean temperature of 27°C/22°C day/night, a 14 h/10 h photoperiod and 60% mean relative air humidity.

Thirty days after inoculation, the mycorrhizal infection rate was detected by microscopic examination and the staining methods of Phillips and Hayman (1970). After the formation of mycorrhizae was determined, the N addition treatments were conducted. The different N-level treatments were controlled by the addition of modified Hoagland nutrient solution, with NH4NO3 as the only N source. Three N concentrations (0 kg hm−2 year−1, N free, 40 kg hm−2 year−1, medium N; and 80 kg hm−2 year−1, high N) were applied to the pots. During the experiment, 200 ml of nutrient solution was added once a week per pot. The positions of the pots were randomly rotated each week to minimize location effects. Finally, the plants were harvested after 6 months of treatment.



Plant biomass and root morphology traits

Prior to harvest, the plant height and ground diameter in each pot were recorded. Plant shoots and roots were subsequently harvested separately. The roots were washed carefully with deionized water and scanned with a desktop scanner (EPSON Perfection V800 Photo, Japan). Several morphological traits of roots (such as total root length, root surface area, root volume and average root diameter) were determined using the WinRHIZO image analysis system (Regent Instrument Inc., Quebec, Canada; Chen et al., 2012). The roots were collected after scanning, and a few root samples were randomly selected to analyze fungal colonization. The remaining roots and fresh shoots were dried at 80°C to constant weight for at least 48 h to calculate the dry weight and water content.



Fungal colonization rates

Ectomycorrhizal root colonization rates were estimated by microscopic examination of the root tips in six different root sections (3–4 cm) in each of the seedlings within each treatment. The percentage of root tips with distinct ectomycorrhizal structures was calculated by determining the number of mycorrhizal versus nonmycorrhizal root tips in each of the treatments (Brundrett et al., 1996). To evaluate whether the roots were colonized by dark septate endophytes, the fungal structures within the roots were stained with trypan blue (Phillips and Hayman, 1970) and observed under an optical microscope. For each treatment, approximately 30 1-cm segments of fine roots were randomly selected and placed on slides and then observed under a microscope.



Mycorrhizal growth response

The mycorrhizal growth response (MGR) of P. tabulaeformis was calculated according to the following equations based on van der Heijden (2002): if M > NMmean, then MGR (%) = 100 × (1 – NMmean/M), but if M < NMmean, then MGR (%) = 100 × (− 1 + M/NMmean), where M is the plant total dry weight in the given replicate of the fungal inoculation treatment and NMmean is the mean total dry weight in the corresponding noninoculated treatment. Positive values for MGR indicated that plant growth was promoted by fungi, and negative values indicated that plant growth was suppressed by fungi.



Determination of plant nutrient contents

Dried powder samples (approximately 0.1 g) of shoots and roots were immersed in H2SO4 solution and heated for digestion until colorless and transparent. The cooled digestion solution was diluted to 100 ml by adding deionized water. The N concentrations of the plants were analyzed using the Kjeldahl method, the P concentrations were measured by the molybdenum-antimony colorimetric method, and the K concentrations were determined by atomic absorption spectrophotometry (Bao, 2000).



Soil microbial community composition

The composition of the rhizosphere soil microbial community was determined by phospholipid fatty acid (PLFA) analysis (Buyer and Sasser, 2012). PLFA analysis is widely used as a measurement of soil microbial biomass and community composition. The separation and identification of extracted fatty acids were performed on an Agilent 7,890 gas chromatograph and 5,975 mass spectrometer (Agilent Technologies, Wilmington, DE, United States) with 19-alkyl acid as the internal standard. The abundance of individual fatty acids was determined as the relative nmol per g of dry soil, and standard nomenclature was used. For the statistical analysis of the PLFA data, the concentrations of fatty acids were summed into different biomarker groups and used to estimate their respective biomasses. The gram-positive (G+) bacterial biomass was calculated as the sum of the PLFAs 14:1ω7c, iso14:0, anteiso14:0, iso15:1ω9c, and iso15:1ω6c. The gram-negative (G−) bacterial biomass was calculated as the sum of the PLFAs 14:1ω9c, 14:1ω8c, 14:1ω7c, 14:1ω5c, 15:1ω9c, 15:1ω8c, 15:1ω7c, and 15:1ω6c. The actinomycete biomass was calculated as the sum of the PLFAs 16:0 10-methyl, 17:0 10-methyl, and 18:0 10-methyl. The fungal biomass was calculated as the sum of the PLFAs 18:1ω9c, 18:2ω6,9c, 18:3ω6,9,12c and 16:1ω5c (Rojas et al., 2016). The sum of the PLFA biomarkers detected in each sample was considered to represent the total biomass of the soil microbial community.

The soil microbial community diversity was calculated with the Shannon–Weaver diversity index (H) based on the PLFA profiles using the following formula: H = –ΣPilnPi, where Pi refers to the ratio of the concentration of each PLFA to the total PLFA concentration in one soil sample and n is the number of PLFAs detected in each soil sample. Each PLFA was considered to be representative of one species (Frostegård et al., 2010; Gui et al., 2017; Wang et al., 2019).



Statistical analyses

All analyses of variance (ANOVAs) were performed with SPSS software (Version 21.0, SPSS, Chicago, IL, United States). For the first experiment, two-way ANOVA was performed to analyze the effects of the fungal species (E) and N addition treatment (N) on the colony diameter, biomass and hormone content of the four fungi. For the second experiment, two-way ANOVA was performed to examine the effects of fungal inoculation (E), N addition treatment (N), and their interactions on the dry weight, root morphological traits, nutrient contents and soil microbial community structure. The effect of fungal inoculation on the soil microbial community composition consisting of all the PLFA markers was conducted by using principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarity with R software (3.5.2; R Development Core Team 2015). Permutational multivariate analysis of variance (PERMANOVA) was used to test the effects of fungal inoculation and N addition treatment on community dissimilarity (Chen et al., 2019; Jin et al., 2022). All data in each experiment were tested for normality and homogeneity of variance before statistical analyses. The differences between the means among the different treatments were analyzed by Tukey’s HSD post hoc tests. The criterion for statistical significance was p < 0.05.




Results


Experiment 1


Effects of N addition on the fungi in vitro

Different N concentrations had different effects on the colony diameters of the four fungi (Table 1; Figure 1). The colony diameters of the Sg, Pt and Po strains increased with increasing N concentration; in particular, the colony diameters of the three strains were significantly higher than those of the other treatments under the high N treatment (Figure 2A). The colony diameter of the Ps strain first increased and then decreased with increasing N concentration; the size was the largest under the medium N treatment and significantly smaller under the other N concentrations, particularly under the high N treatment (Figure 2A). The effect trend of the different N concentrations on the biomass of the four fungi was similar to that on the colony diameter. The biomass of the Sg, Pt and Po strains increased with increasing N concentration and was significantly higher under the high N treatment (Figure 2B). The biomass of the Ps strain first increased and then decreased with increasing N concentration, with the biomass of the Ps strain under the medium N treatment being significantly higher than that under the other treatments (Figure 2B). In general, the biomass accumulations of the two dark septate endophytes strains, Po and Ps, were better than those of the two ectomycorrhizal fungi strains, Sg and Pt, under all nitrogen concentrations.



TABLE 1 Analysis of variance (ANOVA) for the effects of fungal species (fungi) and nitrogen addition treatment (N) on the colony diameter, biomass and hormone contents (IAA and GA3) of four fungi.
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FIGURE 1
 Colony morphology of four fungi under different nitrogen concentrations (N free, low N, medium N, high N). (A-D), Colony morphology of Sg, Pt, Po and Ps under the nitrogen addition treatments. Sg, Suillus granulatus; Pt, Pisolithus tinctorius; Po, Pleotrichocladium opacum; Ps, Pseudopyrenochaeta sp.


[image: Figure 2]

FIGURE 2
 Effects of different nitrogen concentrations (N free, low N, medium N, high N) on the colony diameter (A), biomass (B) and hormone contents (IAA and GA3) (C,D) of four fungi. Different letters above the error bars indicate a significant difference at p < 0.05. Sg, Suillus granulatus; Pt, Pisolithus tinctorius; Po, Pleotrichocladium opacum; Ps, Pseudopyrenochaeta sp.


The interaction between fungal species and nitrogen concentration significantly affected the contents of the two hormones (Table 1). The contents of IAA and GA3 of the Sg, Pt and Po strains increased with increasing nitrogen concentration and reached their highest values under the high N treatment. However, the IAA content of the Ps strain showed no significant difference under different nitrogen concentrations, and the GA3 content showed a trend of first increasing and then decreasing with increasing nitrogen concentration, with the GA3 content under the medium N treatment being significantly higher than those under the other nitrogen levels (Figures 2C,D).





Experiment 2


Growth performance of Pinustabulaeformis

Both Sg and Pt could form ectomycorrhizae with P. tabulaeformis seedlings (Supplementary Figures S3A–F). The front end of the root system of mycorrhizal seedlings was enlarged and thickened and round like a shield. The mycelia of the two dark septate endophytes invaded the cortical intercellular space of the seedling root, grew along the longitudinal axis and formed a loose network structure. Dark septate endophytes also invaded cells and formed a tightly packed cell cluster of enlarged, round, thickened cells inside cortical root cells, forming a microsclerotium structure (Supplementary Figures S3G,H). The noninoculated control did not form ectomycorrhizae or dark septate endophytes structures in the roots of P. tabulaeformis seedlings. Two-way ANOVA was conducted for each treatment of seedlings, and the results showed that the colonization rate of each treatment reached more than 60%. The seedling colonization rates of Sg, Pt and Po increased with increasing N concentration, while the seedling infection rates of Ps increased first and then decreased with increasing N concentration (Supplementary Figure S4).

The ground diameter of inoculated seedlings was significantly higher than that of noninoculated seedlings (p < 0.05; Table 2). The height, underground biomass and total biomass of seedlings were significantly affected by fungal inoculation, the N addition level and their interaction (Table 2). Under the N-free and medium N treatments, Sg and Pt inoculation significantly increased the plant height and underground and total biomass of P. tabulaeformis seedlings, while under the high N treatment, both Sg and Pt inoculation decreased the underground and total biomass of the seedlings. Under the N-free treatment, Po inoculation significantly increased the underground and total biomass of P. tabulaeformis seedlings, while Ps inoculation significantly increased the total biomass. Under the MH treatment, Po and Ps inoculation increased the plant height and underground and total biomass of the seedlings, but Po and Ps inoculation decreased the plant height and underground and total biomass under the high N treatment (Figures 3A–C).



TABLE 2 Analysis of variance (ANOVA) for the effects of fungal inoculation (Fungi) and nitrogen addition treatment (N) on growth and physiological parameters and microbial composition in the rhizosphere soil of Pinus tabulaeformis.
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FIGURE 3
 Growth performance of inoculated Pinus tabulaeformis under the nitrogen addition treatments (N free, medium N, high N). Different letters above the error bars indicate a significant difference at p < 0.05. (A), plant height; (B), root biomass; (C), total biomass; and (D), mycorrhizal growth response. Sg, Suillus granulatus; Pt, Pisolithus tinctorius; Po, Pleotrichocladium opacum; Ps, Pseudopyrenochaeta sp.


There was a significant interaction between fungal inoculation and nitrogen addition treatment on the mycorrhizal growth response of seedlings (Table 2). With the increase in nitrogen concentration, the growth response of Sg seedlings first increased and then decreased, while the growth response of Pt, Po and Ps seedlings decreased (Figure 3D). Under the N-free and medium N treatments, the values of the mycorrhizal growth response were positive, indicating that inoculation had a positive effect on the growth of P. tabulaeformis seedlings, while the values of seedlings treated by all inoculations were negative under the high N treatment, indicating that inoculation had an inhibitory effect on the growth of seedlings when N was in excess. Under the N-free treatment, the mycorrhizal growth responses of Pt- and Po-inoculated seedlings were significantly higher than that of Sg-inoculated seedlings, while the growth response of Sg-inoculated seedlings was the highest and significantly higher than that of Po-inoculated seedlings under the medium N treatment, indicating that the Sg strain had a better growth effect under the medium N treatment. Under the high N treatment, the value of Pt inoculation was the highest and significantly higher than those of Po and Ps inoculation, while the mycorrhizal growth response of Ps inoculation was the lowest, indicating that Ps inoculation had the highest inhibitory effect on plants (Figure 3D).



Root morphology and development of Pinustabulaeformis

The total root length, root surface area, root volume and average root diameter of seedlings were significantly affected by fungal inoculation, nitrogen addition and their interaction (Table 2). The root indexes of inoculated seedlings first increased and then decreased with increasing nitrogen concentration (Figure 4). Under the N-free treatment, the root volume of Sg-inoculated seedlings was significantly higher than that under CK; the total root length, root surface area and root volume of Pt-inoculated seedlings were significantly higher than those under CK; the total root length and root volume of Po-inoculated seedlings were significantly higher than those under CK; and the root volume and average root diameter of P-inoculated seedlings were significantly higher than those under CK (Figure 4). Under the medium N treatment, the total root length, root surface area and root volume of Sg- and Pt-inoculated seedlings were significantly higher than those under CK, and the root surface area of plants inoculated with Pt was the largest; the total root length, root volume and average diameter of Po-inoculated seedlings were significantly higher than those under CK, and the total root length and average diameter were also significantly higher than those of the other inoculation treatments; and the total root length and root volume of Ps-inoculated seedlings were significantly higher than those under CK (Figure 4). Under the high N treatment, only the total root length of Po-inoculated seedlings was significantly higher than that under CK, while the root surface area, total volume and root diameter of the other fungus-inoculated seedlings were lower than those under CK (Figure 4).
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FIGURE 4
 Root morphology of inoculated Pinus tabulaeformis under the nitrogen addition treatments (N free, medium N, high N). Different letters above the error bars indicate a significant difference at p < 0.05. (A), total root length; (B), root surface area; (C), root volume; and (D), average root diameter. Sg, Suillus granulatus; Pt, Pisolithus tinctorius; Po, Pleotrichocladium opacum; Ps, Pseudopyrenochaeta sp.




Nutrient uptake of Pinustabulaeformis

The effects of fungal inoculation, nitrogen addition treatment and their interaction on the nutrient concentrations in the shoots and roots of P. tabulaeformis seedlings were significant (Table 2). Under different nitrogen concentration conditions, the effects of inoculation on the nutrient concentrations of host plants were positive in most cases (Figure 5). Under the N-free treatment, the concentrations of N, P and K in Sg-, Pt- and Po-inoculated seedlings were higher than those under CK, and the concentrations of N and K in the shoots and roots of Ps-inoculated seedlings were significantly higher than those under CK (Figure 5). Under the medium N treatment, the N, P and K concentrations were higher than those under CK when the seedlings were inoculated with Sg and Po; the concentrations of N and shoot K in Pt-inoculated seedlings were significantly higher than those under CK, but the concentration of root K was significantly lower than that under CK; and the concentrations of root N, P and K in Ps-inoculated seedlings were significantly higher than those under CK (Figure 5). Under the high N treatment, the plant P and root N and K concentrations of Sg- and Po-inoculated seedlings were significantly higher than those under CK, and the root P and K concentrations of Pt- and Ps-inoculated seedlings were significantly higher than those under CK (Figure 5).
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FIGURE 5
 Plant (A) nitrogen, (B) phosphorus, and (C) potassium concentrations in the shoots and roots of inoculated Pinus tabulaeformis under the nitrogen addition treatments (N free, medium N, high N). Different letters above the error bars indicate a significant difference at p < 0.05. Sg, Suillus granulatus; Pt, Pisolithus tinctorius; Po, Pleotrichocladium opacum; Ps, Pseudopyrenochaeta sp.




Soil microbial community composition

There were significant interaction effects between fungal inoculation and N addition treatment on the fatty acid contents of actinomycetes, total PLFAs and Shannon–Wiener index in rhizosphere soil of P. tabulaeformis seedlings (Table 2). Compared with CK, Pt and Po inoculation significantly increased the contents of G+ and G– bacterial fatty acids and fungal fatty acids in rhizosphere soil, and Ps inoculation significantly increased the content of G+ bacterial fatty acids regardless of N conditions (Figure 6A). Under the N-free treatment, fungal inoculation significantly increased the fatty acid contents of actinomycetes and total PLFAs compared with those under CK, especially when inoculated with Pt, while the Shannon–Wiener index of the soil microbial community was significantly lower than that under CK, indicating that fungal inoculation reduced the microbial diversity in the rhizosphere soil of seedlings (Figures 6B–D). Under the medium N treatment, the total PLFA contents in the rhizosphere soil of Sg-, Pt- and Po-inoculated seedlings were significantly higher than those of CK seedlings, and the same results were also found in the rhizosphere soil of Pt- and Po-inoculated seedlings under the high N treatment (Figure 6C). The results of the principal coordinate analysis (PCoA) showed that the soil microbial community composition of the CK treatment was clearly separated from those of the Pt and Po inoculation treatments (Figure 6E). PERMANOVA showed that fungal inoculation and N addition treatment significantly altered the soil microbial community β-diversity (p < 0.001; Figure 6E).
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FIGURE 6
 Soil microbial functional group abundance in the rhizosphere soil of inoculated Pinus tabulaeformis under the nitrogen addition treatments (N free, medium N, high N). Different letters above the error bars indicate a significant difference at p < 0.05. (A), PLFAs of gram-positive bacteria, gram-negative bacteria and fungi; (B), PLFAs of actinomycetes; (C), total PLFAs; and (D), Shannon–Weaver index. (E), Principal coordinate analysis (PCoA) of the soil microbial community. The data consisted of all of the PLFA markers. PERMANOVA statistics refer to significant effects of fungal inoculation and N addition treatment. Sg, Suillus granulatus; Pt, Pisolithus tinctorius; Po, Pleotrichocladium opacum; Ps, Pseudopyrenochaeta sp.; ***p < 0.001.





Discussion

Under adverse conditions, mycelial biomass is one of the important indicators reflecting fungal resistance (Berthelot et al., 2019). Our results showed that the growth of fungi under different N concentrations was related to the fungal species, and the growth of the Sg, Pt and Po strains increased with increasing N concentration. Especially under the high N treatment, the colony diameter and biomass of the three strains were significantly higher than those of the other treatments. The biomass of the Ps strain first increased and then decreased with increasing N concentration. It has long been established that ectomycorrhizal fungi are of critical importance for improving the N nutrition of plants (Read and Perez-Moreno, 2003; Mikusinska et al., 2013). Ectomycorrhizal fungi increase the surface area for absorbing and can act as an extension of the root system (Wu, 2011; Laliberté, 2017), thus storing N nutrition in the mycelium. Dark septate endophytes can also contribute to the capacity of plants to tolerate abiotic stress (Santos et al., 2021). Dark septate endophytes have been isolated from plant roots in many different natural ecosystems, such as arid, temperate, arctic, tropical, boreal, and alpine ecosystems, which are often characterized by abiotic stress conditions (Jumpponen et al., 1998; Mandyam and Jumpponen, 2005; Rodriguez et al., 2009) and have also been found in anthropogenic ecosystems that lack abiotic stress (Andrade-Linares et al., 2011). Several dark septate endophytes were reported to display stress tolerance in vitro (Ban et al., 2012; Berthelot et al., 2016; Santos et al., 2017). Therefore, the complex ecological adaptations developed by dark septate endophytes over a long period of evolution contribute to their tolerance to low nutrient conditions. However, in high nitrogen environments, fungi may be limited by other factors, such as carbon (C; Alberton and Kuyper, 2009; Ekblad et al., 2016). The C to N ratio of the substrate has been hypothesized to affect N source absorption by fungi (Maaroufi, 2019). Therefore, in this study, the Ps strain may be limited by carbon in the substrate under the high N treatment, resulting in a decrease in biomass. Studies have found that some rhizosphere microorganisms can produce IAA, GA3 and cytokinin substances, which can increase the surface area and number of roots to change the structure of the plant root system. These effects may improve the ability of plants to absorb nutrients from the soil, promote plant growth and development, and resist the negative impact of abiotic stress (Waqas et al., 2012; Priyadharsini and Muthukumar, 2017; Qiang et al., 2019). In this study, the IAA and GA3 contents of the two ectomycorrhizal fungal strains (Sg and Pt) and two dark septate endophyte strains (Po and Ps) secreted different concentrations of IAA and GA3 under different nitrogen concentrations, indicating that these fungi may have certain growth-promoting potential and produce plant hormones and then release them into the plant tissue.

Fungi can form complex symbiotic relationships with plants and are widely distributed in many ecosystems (Smith and Read, 2008). Studies have shown that a variety of fungi colonize the roots of P. tabulaeformis and improve the adaptability of host plants to different habitats through complex biological pathways (Huang et al., 2008; Wang and Guo, 2010; Zhang and Tang, 2012; Wen et al., 2017; Zhang H. et al., 2017). However, an understanding of the effects of both fungal colonization and N addition together is lacking. In this study, the four fungi successfully colonized the root tissues of P. tabulaeformis under all N treatments, and the colonization structures of ectomycorrhizal fungi and dark septate endophytes in the roots were observed, indicating that the changes in N conditions did not affect the effectiveness of colonization of the four fungi. Some previous studies have shown that the mycorrhizal infection rate decreases with increasing soil nitrogen availability (Nilsson et al., 2005; Högberg et al., 2010; Kjøller et al., 2012), while other studies have found that the mycorrhizal infection rate of plants remains unchanged or increases with increasing soil N availability (Wallenda and Kottke, 1998; Kou et al., 2015). Our results suggest that the response of host plants to fungal colonization under different N concentrations was related to the fungal species. The seedling colonization rates of Sg, Pt and Po increased with increasing N concentration, which was consistent with the results of in vitro culture, suggesting that high N availability may be beneficial to the growth and physiological metabolism of mycelia of these three fungi and thus promote their plant root colonization ability. The colonization rate of Ps under the high N treatment was significantly lower than that under the medium N treatment, which was in line with the cost–benefit theory based on reciprocal investments and biological markets (Corkidi et al., 2002; Smith and Read, 2008). With the increase in soil N availability, the dependence of the fungi on plant roots was reduced, and the host plants did not need to obtain more N from the mycorrhiza, resulting in a decrease in the fungal colonization rate.

In this study, inoculation with different fungi significantly promoted seedling height, ground diameter, root length and biomass under the N-free and medium N treatments compared with the CK treatment, while seedling growth indexes were reduced to varying degrees at high N levels compared with CK. The extramatrical mycelium of ectomycorrhizal fungi can increase the surface area for absorbing and could act as an extension of the root system, which is an efficient way to exploit larger volumes of soil beyond the root’s N-depletion zone (Wu, 2011; Laliberté, 2017). Moreover, our results proved that dark septate endophytes can also increase nutritional availability for plants and thus resemble mycorrhizal symbiosis, enabling generally higher growth rates in plants. After plants are inoculated with exogenous fungi, inoculation treatment can help plants cope with the harm of N deficiency to a certain extent. In addition, the mycorrhizal growth response of all inoculation treatments was negative under the high N treatment, indicating that inoculation had an inhibitory effect on the seedling growth of P. tabulaeformis. Liao et al. (2010) conducted a nitrogen addition experiment on annual Chinese fir, and the results also showed that low nitrogen promoted an increase in seedling biomass, while high nitrogen inhibited seedling growth. Under the condition of adequate soil N availability, the growth-promoting role of inoculated exogenous fungi on P. tabulaeformis seedlings can be fully played; however, excessive N addition weakens the ability of fungi to infect plant roots, thus affecting the growth of host plants (Wallenstein et al., 2006; Högberg et al., 2010). Therefore, the N input may change the symbiosis between fungi and host plants, as low N and normal N availability would strengthen the symbiosis between fungi and plants to improve the competitive ability of symbionts, while mycorrhizal benefits will be lowest when N, P or other belowground resources do not limit plant growth because plants will tend to reduce C allocation to roots and mycorrhizas in such an environment (Johnson et al., 2010).

The root system is the primary plant part that senses stress conditions, and roots can respond rapidly through changes in elongation (Li et al., 2019; Hou et al., 2020) and function (Shelden et al., 2016; Liese et al., 2018). Several plant growth-promoting microbes, including ectomycorrhizal fungi and dark septate endophytes, have also been shown to influence the root architecture of plants (López-Coria et al., 2016; González-Teuber et al., 2018; Liese et al., 2019; Hou et al., 2020). In this study, we found that the effects of fungal inoculation on the plant root system were dependent on soil N availability. The four fungi promoted the growth of the root system under low and normal N conditions, although the effects depended on the fungal species. Plants inoculated with Pt and Po exhibited a greater root length, and all of the fungi promoted a higher root volume than that of the control plants under the low N treatment. Significantly greater root length, surface area and volume were observed in the plants inoculated with these fungi under the medium N treatment when compared with the control plants, indicating positive effects on root growth. The development of a deep and extensive root system can regulate the absorption of water and nutrients in soil, which ultimately influences biomass production (Hund et al., 2009). This is one of the reasons why ectomycorrhizal fungal or dark septate endophytic inoculation of host plants enhanced the development of the root system under unstressed conditions (Domínguez-Núñez et al., 2006; Wu, 2011; Álvarez-Lafuente et al., 2018; Li et al., 2019; Xiong et al., 2021). In addition, ectomycorrhizal fungi and dark septate endophytes may alter auxin metabolism within the host root, which can regulate root development and change root architecture (Felten et al., 2009; Waqas et al., 2012; Vayssières et al., 2015; Splivallo et al., 2016; Priyadharsini and Muthukumar, 2017).

Nutrient uptake and plant growth are two parameters that are positively correlated. Most studies on ectomycorrhizal fungi-plant interactions revealed positive effects, and some ectomycorrhizal fungi can increase nutritional availability for plants, enabling generally higher growth rates in plants (Dynarski and Houlton, 2020). It has been suggested that dark septate endophytic inoculation also helped host plants absorb more P and N (Jumpponen et al., 1998), as dark septate endophytes can mineralize proteins and peptides in the soil, making N more available for uptake by plant roots (Upson et al., 2009; Vergara et al., 2017, 2018). Our results showed that the effects of fungal inoculation on the nutrient content of P. tabulaeformis seedlings were dependent on the fungal species and N availability. For all of the fungal inoculation treatments, the effect was almost always positive under the N-free and medium N treatments. A previous study using P. tabulaeformis found that seedlings inoculated with ectomycorrhizal fungi had a greater biomass and exhibited higher N, P and K contents than nonmycorrhizal seedlings (Lu et al., 2016); Pohjanen et al. (2014) also found that ectomycorrhizal fungi could increase nutrient uptake and growth of Scots pine (Pinus sylvestris L.) seedlings. Our study also provided direct evidence that dark septate endophytes may have a similar function to ectomycorrhizal fungi, forming a mutualistic symbiotic relationship with the host (Santos et al., 2021). A large number of extrinsic mycelia in rhizosphere soil can promote the transport, absorption and utilization of mineral elements such as N and P by plants. Dark septate endophytes can promote the growth and biomass accumulation of host plants by decomposing insoluble P and improving the utilization rate of N (Alberton et al., 2010; Vergara et al., 2018; Xu et al., 2020). Hence, the appropriate amount of N addition can increase the soil nutrient utilization of plants in forest ecosystems and reduce the limitation of N deficiency on plant growth.

The rhizosphere microbial community composition is reportedly dependent on the soil nutrient status (Leff et al., 2015; Haas et al., 2018; Chen et al., 2019) and the quantity and quality of root exudates (Marschner and Timonen, 2005; Xie et al., 2019). In this study, the soil microbial community composition could be significantly influenced by the interaction between fungal inoculation and nutrient inputs. The inoculation of the four fungi promoted the abundance of actinomycetes and total soil microorganisms under the N-free treatment, and Pt and Po significantly increased the abundance of soil fungi and G+ and G− bacteria regardless of N conditions. These changes could be related to the modification of growth and nutrient absorption of P. tabulaeformis after fungal inoculation, as some microbial groups are an important part of the rhizosphere microbial community that can promote plant growth and soil nutrient cycling (Artursson et al., 2006; Carrasco et al., 2010; Sreevidya et al., 2016; Hinojosa et al., 2019). Previous studies have shown that ectomycorrhizal fungi not only help the host plant to improve growth, nutrient conditions and stress tolerance (Smith and Read, 2008) but also recruit and enrich other microorganisms that are beneficial to themselves and/or plants (Cameron et al., 2013; Gupta and Aggarwal, 2018). Ectomycorrhizal fungi or dark septate endophytes may increase the relative abundances of beneficial rhizosphere fungi and bacteria, which are widely reported to promote plant growth through various mechanisms, including biological N fixation, mineral solubilization, iron chelation, and plant growth hormone secretion (He et al., 2019; Chu et al., 2021; Hou et al., 2021). In addition, our results showed that inoculation with exogenous fungi (ectomycorrhizal fungi or dark septate endophytes) reduced soil microbial species diversity under nutrient deficient conditions, which may be due to increased competition between the original fungi and exogenous fungi (Chu et al., 2021).

In summary, our study suggests that the four fungi isolated from P. tabulaeformis showed good adaptability to different N levels in vitro, although the growth performance was dependent on the fungal species. Inoculation with the four fungi improved the growth, root development and nutrient absorption of host plants under the N-free and medium N treatments. However, a high N supply reduced the dependence of host plants on fungi and weakened the symbiotic relationship between fungi and plants. In addition, inoculation with ectomycorrhizal fungi and dark septate endophytes can alter the soil microbial community composition and increase the relative abundances of different microbial groups and total microbial biomass under N deficiency conditions, and these effects might contribute to the improved growth performance of P. tabulaeformis after fungal inoculation. Therefore, the rational application of N fertilizer and the inoculation of symbiotic fungi play an important role in improving the growth and afforestation of P. tabulaeformis. Future research needs to address the mechanisms behind the nutrient utilization capacity of root-associated fungi and their involvement in plant growth by a more effective way, such as isotopic leveling method.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

YZ and XL conceived and designed the experiments and wrote the manuscript, LX, XN, and YYZ performed the research and analyzed the data. HF and QF revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by National Natural Science Foundation of China (32001112), Youth Natural Science Foundation of Hebei Province (C2020204169), and the starting Scientific Research Foundation for the introduced talents of Hebei Agricultural University (ZD201728).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1013023/full#supplementary-material



References

 Alberton, O., and Kuyper, T. W. (2009). Ectomycorrhizal fungi associated with Pinus sylvestris seedlings respond differently to increased carbon and nitrogen availability: implications for ecosystem responses to global change. Glob. Chang. Biol. 15, 166–175. doi: 10.1111/j.1365-2486.2008.01714.x

 Alberton, O., Kuyper, T. W., and Summerbell, R. C. (2010). Dark septate root endophytic fungi increase growth of scots pine seedlings under elevated CO2 through enhanced nitrogen use efficiency. Plant Soil 328, 459–470. doi: 10.1007/s11104-009-0125-8

 Álvarez-Lafuente, A., Benito-Matías, L. F., Peñuelas-Rubira, J. L., and Suz, L. M. (2018). Multi-cropping edible truffles and sweet chestnuts: production of high-quality Castanea sativa seedlings inoculated with tuber aestivum, its ecotype T. uncinatum, T. brumale, and T. macrosporum. Mycorrhiza 28, 29–38. doi: 10.1007/s00572-017-0805-9 

 Andrade-Linares, D. R., Grosch, R., Restrepo, S., Krumbein, A., and Franken, P. (2011). Effects of dark septate endophytes on tomato plant performance. Mycorrhiza 21, 413–422. doi: 10.1007/s00572-010-0351-1 

 Artursson, V., Finlay, R. D., and Jansson, J. K. (2006). Interactions between arbuscular mycorrhizal fungi and bacteria and their potential for stimulating plant growth. Environ. Microbiol. 8, 1–10. doi: 10.1111/j.1462-2920.2005.00942.x 

 Ban, Y., Tang, M., Chen, H., Xu, Z., Zhang, H., and Yang, Y. (2012). The response of dark septate endophytes (DSE) to heavy metals in pure culture. PLoS One 7:e47968. doi: 10.1371/journal.pone.0047968 

 Ban, Y., Xu, Z. Y., Yang, Y., Zhang, H., Chen, H., and Tang, M. (2017). Effect of dark septate endophytic fungus Gaeumannomyces cylindrosporus on plant growth, photosynthesis and Pb tolerance of maize (Zea mays L.). Pedosphere 27, 283–292. doi: 10.1016/s1002-0160(17)60316-3

 Bao, S. D. (2000). Agrochemical Analysis of Soil (in Chinese). Beijing: Chinese Agricultural Press, 44–49.

 Barrow, J. R. (2003). Atypical morphology of dark septate fungal root endophytes of Bouteloua in arid southwestern USA rangelands. Mycorrhiza 13, 239–247. doi: 10.1016/0014-5793(95)01196-L 

 Berthelot, C., Leyval, C., Chalot, M., and Blaudez, D. (2019). Interactions between dark septate endophytes, ectomycorrhizal fungi and root pathogens in vitro. FEMS Microbiol. Lett. 366:fnz158. doi: 10.1093/femsle/fnz158 

 Berthelot, C., Leyval, C., Foulon, J., Chalot, M., and Blaudez, D. (2016). Plant growth promotion, metabolite production and metal tolerance of dark septate endophytes isolated from metal-polluted poplar phytomanagement sites. FEMS Microbiol. Ecol. 92:fiw144. doi: 10.1093/femsec/fiw144 

 Blaško, R., Högberg, P., Bach, L. H., and Högberg, M. N. (2013). Relations among soil microbial community composition, nitrogen turnover, and tree growth in N-loaded and previously N-loaded boreal spruce forest. For. Ecol. Manag. 302, 319–328. doi: 10.1016/j.foreco.2013.02.035

 Brundrett, M., Bougher, N., Dell, B., Grove, T., and Malajczuk, N. (1996). Working With Mycorrhizas in Forestry and Agriculture. Canberra: Australian Centre for International Agricultural Research.

 Buyer, J. S., and Sasser, M. (2012). High throughput phospholipid fatty acid analysis of soils. Appl. Soil Ecol. 61, 127–130. doi: 10.1016/j.apsoil.2012.06.005

 Cameron, D. D., Neal, A. L., van Wees, S. C., and Ton, J. (2013). Mycorrhiza induced resistance: more than the sum of its parts? Trends Plant Sci. 18, 539–545. doi: 10.1016/j.tplants.2013.06.004 

 Carrasco, L., Gattinger, A., Fliessbach, A., Roldan, A., Schloter, M., and Caravaca, F. (2010). Estimation by PLFA of microbial community structure associated with the rhizosphere of Lygeum spartum and Piptatherum miliaceum growing in semiarid mine tailings. Microb. Ecol. 60, 265–271. doi: 10.1007/s00248-009-9619-4 

 Chen, Y. L., Dunbabin, V. M., Diggle, A. J., Siddique, K. H. M., and Rengel, Z. (2012). Assessing variability in root traits of wild Lupinus angustifolius germplasm: basis for modelling root system structure. Plant Soil 354, 141–155. doi: 10.1007/s11104-011-1050-1

 Chen, X., Hao, B., Jing, X., He, J., Ma, W., and Zhu, B. (2019). Minor responses of soil microbial biomass, community structure and enzyme activities to nitrogen and phosphorus addition in three grassland ecosystems. Plant Soil 444, 21–37. doi: 10.1007/s11104-019-04250-3

 Chu, H., Tang, M., Wang, H., and Wang, C. (2018). Pinewood nematode infection alters root mycoflora of Pinus tabulaeformis Carr. J. Appl. Microbiol. 125, 554–563. doi: 10.1111/jam.13883 

 Chu, H., Wang, C., Wang, H., Chen, H., and Tang, M. (2016). Pine wilt disease alters soil properties and root-associated fungal communities in Pinus tabulaeformis forest. Plant Soil 404, 237–249. doi: 10.1007/s11104-016-2845-x

 Chu, H. L., Wang, H. H., Zhang, Y. N., Li, Z. M., Wang, C. Y., Dai, D. Q., et al. (2021). Inoculation with ectomycorrhizal fungi and dark septate endophytes contributes to the resistance of Pinus spp. to pine wilt disease. Front. Microbiol. 12:687304. doi: 10.3389/FMICB.2021.687304 

 Compton, J. E., Watrud, L. S., Porteous, L. A., and Degrood, S. (2004). Response of soil microbial biomass and community composition to chronic nitrogen additions at Harvard forest. For. Ecol. Manag. 196, 143–158. doi: 10.1016/j.foreco.2004.03.017

 Corkidi, L., Rowland, D. L., Johnson, N. C., and Allen, E. B. (2002). Nitrogen fertilization alters the functioning of arbuscular mycorrhizas at two semiarid grasslands. Plant Soil 240, 299–310. doi: 10.1023/A:1015792204633

 Deng, X., Song, X., Halifu, S., Yu, W., and Song, R. (2020). Effects of dark septate endophytes strain A024 on damping-off biocontrol, plant growth and the rhizosphere soil environment of Pinus sylvestris var. mongolica annual seedlings. Plants-Basel 9:913. doi: 10.3390/plants9070913 

 Domínguez-Núñez, J. A., Serrano, J. S., Rodríguez Barreal, J. A., and Saiz de Omeñaca, J. A. (2006). The influence of mycorrhization with tuber melanosporum in the afforestation of a Mediterranean site with Quercus ilex and Quercus faginea. For. Ecol. Manag. 231, 226–233. doi: 10.1016/j.foreco.2006.05.052

 Dynarski, K. A., and Houlton, B. Z. (2020). Isotopic constraints on plant nitrogen acquisition strategies during ecosystem retrogression. Oecologia 192, 603–614. doi: 10.1007/s00442-020-04606-y 

 Ekblad, A., Mikusinska, A., Ågren, G. I., Menichetti, L., Wallander, H., Vilgalys, R., et al. (2016). Production and turnover of ectomycorrhizal extramatrical mycelial biomass and necromass under elevated CO2 and nitrogen fertilization. New Phytol. 211, 874–885. doi: 10.1111/nph.13961 

 Felten, J., Kohler, A., Morin, E., Bhalerao, R. P., Palme, K., Martin, F., et al. (2009). The ectomycorrhizal fungus Laccaria bicolor stimulates lateral root formation in poplar and Arabidopsis through auxin transport and signaling. Plant Physiol. 151, 1991–2005. doi: 10.1104/pp.109.147231 

 Frostegård, Å., Tunlid, A., and Bååth, E. (2010). Use and misuse of PLFA measurements in soils. Soil Biol. Biochem. 43, 1621–1625. doi: 10.1016/j.soilbio.2010.11.021

 Gehring, C., Sevanto, S., Patterson, A., Ulrich, D. E. M., and Kuske, C. R. (2020). Ectomycorrhizal and dark septate fungal associations of pinyon pine are differentially affected by experimental drought and warming. Front. Plant Sci. 11:582574. doi: 10.3389/fpls.2020.582574 

 González-Teuber, M., Urzúa, A., Plaza, P., and Bascuñán-Godoy, L. (2018). Effects of root endophytic fungi on response of Chenopodium quinoa to drought stress. Plant Ecol. 219, 231–240. doi: 10.1007/s11258-017-0791-1

 Gui, H., Hyde, K., Xu, J. C., and Mortimer, P. (2017). Arbuscular mycorrhiza enhance the rate of litter decomposition while inhibiting soil microbial community development. Sci. Rep. 7:42184. doi: 10.1038/srep42184 

 Gupta, M. M., and Aggarwal, A. (2018). “From mycorrhizosphere to rhizosphere microbiome: the paradigm shift” in Root Biology. eds. B. Giri, R. Parasad, and A. Varma (Cham: Springer), 487–500.

 Haas, J. C., Street, N. R., Sjödin, A., Lee, N. M., Högberg, M. N., Näsholm, T., et al. (2018). Microbial community response to growing season and plant nutrient optimisation in a boreal Norway spruce forest. Soil Biol. Biochem. 125, 197–209. doi: 10.1016/j.soilbio.2018.07.005

 Hasselquist, N. J., and Högberg, P. (2014). Dosage and duration effects of nitrogen additions on ectomycorrhizal sporocarp production and functioning: an example from two N-limited boreal forests. Ecol. Evol. 4, 3015–3026. doi: 10.1002/ece3.1145 

 He, C., Liu, C., Liu, H. F., Wang, W. Q., Hou, J. L., and Li, X. N. (2022). Dual inoculation of dark septate endophytes and Trichoderma viride drives plant performance and rhizosphere microbiome adaptations of Astragalus mongholicus to drought. Environ. Microbiol. 24, 324–340. doi: 10.1111/1462-2920.15878 

 He, C., Wang, W. Q., and Hou, J. L. (2019). Plant growth and soil microbial impacts of enhancing licorice with inoculating dark septate endophytes under drought stress. Front. Microbiol. 10:2277. doi: 10.3389/fmicb.2019.02277 

 Hibbett, D. S., and Matheny, P. B. (2009). The relative ages of ectomycorrhizal mushrooms and their plant hosts estimated using Bayesian relaxed molecular clock analyses. BMC Biol. 7, 1–13. doi: 10.1186/1741-7007-7-13 

 Hinojosa, M. B., Laudicina, V. A., Parra, A., Albert-Belda, E., and Moreno, J. M. (2019). Drought and its legacy modulate the post-fire recovery of soil functionality and microbial community structure in a mediterranean shrubland. Glob. Change Biol. 25, 1409–1427. doi: 10.1111/gcb.14575

 Högberg, M. N., Briones, M. J. I., Keel, S. G., Metcalfe, D. B., Campbell, C., Midwood, A. J., et al. (2010). Quantification of effects of season and nitrogen supply on tree below-ground carbon transfer to ectomycorrhizal fungi and other soil organisms in a boreal pine forest. New Phytol. 187, 485–493. doi: 10.1111/j.1469-8137.2010.03274.x 

 Hou, L., Li, X., He, X., Zuo, Y., and Zhao, L. (2021). Effect of dark septate endophytes on plant performance of Artemisia ordosica and associated soil microbial functional group abundance under salt stress. Appl. Soil Ecol. 165:103998. doi: 10.1016/J.APSOIL.2021.103998

 Hou, L., Yu, J., Zhao, L. L., and He, X. L. (2020). Dark septate endophytes improve the growth and the tolerance of Medicago sativa and Ammopiptanthus mongolicus under cadmium stress. Front. Microbiol. 10:3061. doi: 10.3389/fmicb.2019.03061 

 Huang, Y., Li, T., Huang, Z. J., and Fei, Y. H. (2008). Ectomycorrhizal fungus-induced changes of cu and cd speciation in the rhizosphere of Chinese pine seedlings. Pedosphere 18, 758–765. doi: 10.1016/S1002-0160(08)60071-5

 Hund, A., Ruta, N., and Liedgens, M. (2009). Rooting depth and water use efficiency of tropical maize inbred lines, differing in drought tolerance. Plant Soil 318, 311–325. doi: 10.1007/s11104-008-9843-6

 Jin, X., Wang, Z., Wu, F., Li, X., and Zhou, X. (2022). Litter mixing alters microbial decomposer community to accelerate tomato root litter decomposition. Microbiol. Spectr. 10:e0018622. doi: 10.1128/spectrum.00186-22 

 Johnson, N. C., Wilson, G., Bowker, M. A., Wilson, J. A., and Miller, R. M. (2010). Resource limitation is a driver of local adaptation in mycorrhizal symbioses. Proc. Natl. Acad. Sci. U. S. A. 107, 2093–2098. doi: 10.1073/pnas.0906710107 

 Jumpponen, A. (2011). Dark septate endophytes—are they mycorrhizal? Mycorrhiza 11, 207–211. doi: 10.1007/s005720100112

 Jumpponen, A., Mattson, K. G., and Trappe, J. M. (1998). Mycorrhizal functioning of Phialocephala fortinii with Pinus contorta on glacier forefront soil: interactions with soil nitrogen and organic matter. Mycorrhiza 7, 261–265. doi: 10.1007/s005720050190 

 Khastini, R. O., Ohta, H., and Narisawa, K. (2012). The role of a dark septate endophytic fungus, Veronaeopsis simplex Y34, in fusarium disease suppression in Chinese cabbage. J. Microbiol. 50, 618–624. doi: 10.1007/s12275-012-2105-6 

 Kjøller, R., Nilsson, L. O., Hansen, K., Schmidt, I. K., Vesterdal, L., and Gundersen, P. (2012). Dramatic changes in ectomycorrhizal community composition, root tip abundance and mycelial production along a stand-scale nitrogen deposition gradient. New Phytol. 194, 278–286. doi: 10.1111/j.1469-8137.2011.04041.x 

 Knapp, D. G., Pintye, A., and Kovacs, G. M. (2012). The dark side is not fastidious-dark septate endophytic fungi of native and invasive plants of semiarid sandy areas. PLoS One 7:8e32570. doi: 10.1371/journal.pone.0032570 

 Kou, L., Guo, D. L., Hao, Y., Gao, W. L., and Li, S. G. (2015). Growth, morphological traits and mycorrhizal colonization of fine roots respond differently to nitrogen addition in a slash pine plantation in subtropical China. Plant Soil 391, 207–218. doi: 10.1007/s11104-015-2420-x

 Laliberté, E. (2017). Below-ground frontiers in trait-based plant ecology. New Phytol. 213, 1597–1603. doi: 10.1111/nph.14247 

 Landolt, M., Stroheker, S., Queloz, V., Gall, A., and Sieber, T. N. (2020). Does water availability influence the abundance of species of the Phialocephala fortinii s.l.–Acephala applanata complex (PAC) in roots of pubescent oak (Quercus pubescens) and scots pine (Pinus sylvestris)? Fungal Ecol. 44:100904. doi: 10.1016/j.funeco.2019.100904

 Leff, J. W., Jones, S. E., Prober, S. M., Barberan, A., Borer, E. T., Firn, J. L., et al. (2015). Consistent responses of soil microbial communities to elevated nutrient inputs in grasslands across the globe. Proc. Natl. Acad. Sci. U. S. A. 112, 10967–10972. doi: 10.1073/pnas.1508382112 

 Li, X., He, C., He, X., Su, F., Hou, L., Ren, Y., et al. (2019). Dark septate endophytes improve the growth of host and non-host plants under drought stress through altered root development. Plant Soil 439, 259–272. doi: 10.1007/s11104-019-04057-2

 Liao, Y. C., Fan, H. B., Li, Y. Y., Liu, W. F., and Yuan, Y. H. (2010). Effects of simulated nitrogen deposition on growth and photosynthesis of 1-year-old Chinese fir (Cunninghamia lanceolata) seedlings. Acta Ecol. Sin. 30, 150–154. doi: 10.1016/j.chnaes.2010.04.005

 Liese, R., Leuschner, C., and Meier, I. C. (2019). The effect of drought and season on root life span in temperate arbuscular mycorrhizal and ectomycorrhizal tree species. J. Ecol. 107, 2226–2239. doi: 10.1111/1365-2745.13181

 Liese, R., Lübbe, T., Albers, N. W., and Meier, I. C. (2018). The mycorrhizal type governs root exudation and nitrogen uptake of temperate tree species. Tree Physiol. 38, 83–95. doi: 10.1093/treephys/tpx131 

 Likar, M., and Regvar, M. (2013). Isolates of dark septate endophytes reduce metal uptake and improve physiology of Salix caprea L. Plant Soil 370, 593–604. doi: 10.1007/s11104-013-1656-6

 Lilleskov, E. A., Fahey, T. J., Horton, T. R., and Lovett, G. M. (2002). Belowground ectomycorrhizal fungal community change over a nitrogen deposition gradient in Alaska. Ecology 83, 104–115. doi: 10.2307/2680124

 Liu, N., Bao, G., and Bao, M. (2019). Response characteristics of Chinese pine (Pinus tabulaeformis Carr.) radial growth to climate and drought variability reconstruction in western Liaoning, Northeast China. Forests 10:752. doi: 10.3390/f10090752

 Liu, X., Zhang, Y., Han, W., Tang, A., Shen, J., Cui, Z., et al. (2013). Enhanced nitrogen deposition over China. Nature 494, 459–462. doi: 10.1038/nature11917

 López-Coria, M., Hernández-Mendoza, J. L., and Sánchez-Nieto, S. (2016). Trichoderma asperellum induces maize seedling growth by activating the plasma membrane H+-ATPase. Mol. Plant-Microbe Interact. 29, 797–806. doi: 10.1094/MPMI-07-16-0138-R 

 Lu, N., Yu, M., Cui, M., Luo, Z. J., Feng, Y., Cao, S., et al. (2016). Effects of different ectomycorrhizal fungal inoculates on the growth of Pinus tabulaeformis seedlings under greenhouse conditions. Forests 7:316. doi: 10.3390/f7120316

 Maaroufi, N. I. (2019). Anthropogenic nitrogen enrichment enhances soil carbon accumulation by impacting saprotrophs rather than ectomycorrhizal fungal activity. Glob. Change Biol. 25, 2900–2914. doi: 10.1111/gcb.14722 

 Mandyam, K., and Jumpponen, A. (2005). Seeking the elusive function of the root-colonising dark septate endophytic fungi. Stud. Mycol. 53, 173–189. doi: 10.3114/sim.53.1.173

 Mandyam, K., Loughin, T., and Jumpponen, A. (2010). Isolation and morphological and metabolic characterization of common endophytes in annually burned tallgrass prairie. Mycologia 102, 813–821. doi: 10.3852/09-212 

 Marschner, P., and Timonen, S. (2005). Interactions between plant species and mycorrhizal colonization on the bacterial community composition in the rhizosphere. Appl. Soil Ecol. 28, 23–36. doi: 10.1016/j.apsoil.2004.06.007

 Mayerhofer, M. S., Kernaghan, G., and Harper, K. A. (2013). The effects of fungal root endophytes on plant growth: a meta-analysis. Mycorrhiza 23, 119–128. doi: 10.1007/s00572-012-0456-9 

 Mikusinska, A., Persson, T., Taylor, A. F., and Ekblad, A. (2013). Response of ectomycorrhizal extramatrical mycelium production and isotopic composition to in-growth bag size and soil fauna. Soil Biol. Biochem. 66, 154–162. doi: 10.1016/j.soilbio.2013.07.009

 Nehls, U., and Plassard, C. (2018). Nitrogen and phosphate metabolism in ectomycorrhizas. New Phytol. 220, 1047–1058. doi: 10.1111/nph.15257 

 Newsham, K. K. (2011). A meta-analysis of plant responses to dark septate root endophytes. New Phytol. 190, 783–793. doi: 10.1111/j.1469-8137.2010.03611.x 

 Nilsson, L. O., Giesler, R., Baath, E., and Wallander, H. (2005). Growth and biomass of mycorrhizal mycelia in coniferous forests along short natural nutrient gradients. New Phytol. 165, 613–622. doi: 10.1111/j.1469-8137.2004.01223.x 

 Phillips, J. M., and Hayman, D. S. (1970). Improved procedures for clearing roots and staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection. Trans. Br. Mycol. Soc. 55, 158–IN18. doi: 10.1016/S0007-1536(70)80110-3

 Phoenix, G. K., Emmett, B. A., Britton, A. J., Caporn, S. J. M., Dise, N. B., Helliwell, R., et al. (2012). Impacts of atmospheric nitrogen deposition: responses of multiple plant and soil parameters across contrasting ecosystems in long-term field experiments. Glob. Change Biol. 18, 1197–1215. doi: 10.1111/j.1365-2486.2011.02590.x

 Pohjanen, J., Koskimaki, J. J., Sutela, S., Ardanov, P., Suorsa, M., Niemi, K., et al. (2014). Interaction with ectomycorrhizal fungi and endophytic Methylobacterium affects nutrient uptake and growth of pine seedlings in vitro. Tree Physiol. 34, 993–1005. doi: 10.1093/treephys/tpu062 

 Priyadharsini, P., and Muthukumar, T. (2017). The root endophytic fungus Curvularia geniculata from Parthenium hysterophorus roots improves plant growth through phosphate solubilization and phytohormone production. Fungal Ecol. 27, 69–77. doi: 10.1016/j.funeco.2017.02.007

 Qiang, X. J., Ding, J. J., Lin, W., Li, Q. Z., Xu, C. Y., Zheng, Q., et al. (2019). Alleviation of the detrimental effect of water deficit on wheat (Triticum aestivum L.) growth by an indole acetic acid-producing endophytic fungus. Plant Soil 439, 373–391. doi: 10.1007/s11104-019-04028-7

 Read, D. J., and Perez-Moreno, J. (2003). Mycorrhizas and nutrient cycling in ecosystems–a journey towards relevance? New Phytol. 157, 475–492. doi: 10.1046/j.1469-8137.2003.00704.x 

 Rodriguez, R. J., White, J. F. J., Arnold, A. E., and Redman, R. S. (2009). Fungal endophytes: diversity and functional roles. New Phytol. 182, 314–330. doi: 10.1111/j.1469-8137.2009.02773.x

 Rojas, X., Guo, J. Q., Leff, J. W., McNear, J. D. H., Fierer, N., and McCulley, R. L. (2016). Infection with a shoot-specifc fungal endophyte (Epichloë) alters tall fescue soil microbial communities. Microb. Ecol. 72, 197–206. doi: 10.1007/s00248-016-0750-8 

 Ruotsalainen, A. L., Kauppinen, M., Wli, P. R., Saikkonen, K., Helander, M., and Tuomi, J. (2021). Dark septate endophytes: mutualism from by-products? Trends Plant Sci. 27, 247–254. doi: 10.1016/J.TPLANTS.2021.10.001 

 Santos, M., Cesanelli, I., Diánez, F., Sánchez-Montesinos, B., and Moreno-Gavíra, A. (2021). Advances in the role of dark septate endophytes in the plant resistance to abiotic and biotic stresses. JoF. 7:939. doi: 10.3390/JOF7110939 

 Santos, S. G. D., Silva, P. R. A. D., Garcia, A. C., Zilli, J., and Berbara, R. L. L. (2017). Dark septate endophyte decreases stress on rice plants. Braz. J. Microbiol. 48, 333–341. doi: 10.1016/j.bjm.2016.09.018 

 Schrijver, A. D., Frenne, P. D., Ampoorter, E., Nevel, L. V., Demey, A., Wuyts, K., et al. (2011). Cumulative nitrogen input drives species loss in terrestrial ecosystems. Glob. Ecol. Biogeogr. 20, 803–816. doi: 10.1111/j.1466-8238.2011.00652.x

 Sebastiana, M., Duarte, B., Monteiro, F., Rui, M., and Matos, A. R. (2019). The leaf lipid composition of ectomycorrhizal oak plants shows a drought-tolerance signature. Plant Physiol. Bioch. 144, 157–165. doi: 10.1016/j.plaphy.2019.09.032 

 Shelden, M. C., Dias, D. A., Jayasinghe, N. S., Bacic, A., and Roessner, U. (2016). Root spatial metabolite profiling of two genotypes of barley (Hordeum vulgare L.) reveals differences in response to short-term salt stress. J. Exp. Bot. 67, 3731–3745. doi: 10.1093/jxb/erw059 

 Smith, S. E., and Read, D. (2008). Mycorrhizal Symbiosis. London: Academic Press.

 Splivallo, R., Fischer, U., Göbel, C., Feussner, I., and Karlovsky, P. (2016). Truffles regulate plant root morphogenesis via the production of auxin and ethylene. Plant Physiol. 150, 2018–2029. doi: 10.1104/pp.109.141325 

 Sreevidya, M., Gopalakrishnan, S., Kudapa, H., and Varshney, R. H. (2016). Exploring plant growth-promotion actinomycetes from vermicompost and rhizosphere soil for yield enhancement in chickpea. Braz. J. Microbiol. 47, 85–95. doi: 10.1016/j.bjm.2015.11.030 

 Surono, S., and Narisawa, K. (2017). The dark septate endophytic fungus Phialocephala fortinii is a potential decomposer of soil organic compounds and a promoter of Asparagus officinalis growth. Fungal Ecol. 28, 1–10. doi: 10.1016/j.funeco.2017.04.001

 Surono, S., and Narisawa, K. (2018). The inhibitory role of dark septate endophytic fungus Phialocephala fortinii against fusarium disease on the Asparagus officinalis growth in organic source conditions. Biol. Control 121, 159–167. doi: 10.1016/j.biocontrol.2018.02.017

 Talbot, J. M., Allison, S. D., and Treseder, K. K. (2008). Decomposers in disguise: mycorrhizal fungi as regulators of soil C dynamics in ecosystems under global change. Funct. Ecol. 22, 955–963. doi: 10.1111/j.1365-2435.2008.01402.x

 Terhonen, E., Sipari, N., and Asiegbu, F. O. (2016). Inhibition of phytopathogens by fungal root endophytes of Norway spruce. Biol. Control 99, 53–63. doi: 10.1016/j.biocontrol.2016.04.006

 Upson, R., Read, D. J., and Newsham, K. K. (2009). Nitrogen form influences the response of Deschampsia antarctica to dark septate root endophytes. Mycorrhiza 20, 1–11. doi: 10.1007/s00572-009-0260-3 

 van der Heijden, M. G. A. (2002). “Arbuscular mycorrhizal fungi as a determinant of plant diversity: in search of underlying mechanisms and general principles” in Mycorrhizal Ecology. eds. M. G. A. Heijden and I. R. Sanders (New York, NY: Springer Berlin Heidelberg), 244–265.

 van der Heijden, M. G. A., Martin, F. M., Selosse, M. A., and Sanders, I. R. (2015). Mycorrhizal ecology and evolution: the past, the present, and the future. New Phytol. 205, 1406–1423. doi: 10.1111/nph.13288 

 Vayssières, A., Pencík, A., Felten, J., Kohler, A., Ljung, K., Martin, F., et al. (2015). Development of the poplar-Laccaria bicolor ectomycorrhizal modifies root auxin metabolism, signaling, and response. Plant Physiol. 169, 890–902. doi: 10.1104/pp.114.255620 

 Vergara, C., Araujo, K. E. C., Alves, L. S., de Souza, S. R., Santos, L. A., Santa-Catarina, C., et al. (2018). Contribution of dark septate fungi to the nutrient uptake and growth of rice plants. Braz. J. Microbiol. 49, 67–78. doi: 10.1016/j.bjm.2017.04.010 

 Vergara, C., Araujo, K. E. C., Urquiaga, S., Schultz, N., Fdc, B., Ps, M., et al. (2017). Dark septate endophytic fungi help tomato to acquire nutrients from ground plant material. Front. Microbiol. 8:2437. doi: 10.3389/fmicb.2017.02437 

 Wallenda, T., and Kottke, I. (1998). Nitrogen deposition and ectomycorrhizas. New Phytol. 139, 169–187. doi: 10.1046/j.1469-8137.1998.00176.x

 Wallenstein, M. D., Mcnulty, S., Fernandez, I. J., Boggs, J., and Schlesinger, W. H. (2006). Nitrogen fertilization decreases forest soil fungal and bacterial biomass in three long-term experiments. For. Ecol. Manag. 222, 459–468. doi: 10.1016/j.foreco.2005.11.002

 Wang, Q., and Guo, L. D. (2010). Ectomycorrhizal community composition of Pinus tabulaeformis assessed by ITS-RFLP and ITS sequences. Botany 88, 590–595. doi: 10.1139/B10-023

 Wang, Y., Zheng, J., Boyd, S. E., Xu, Z., and Zhou, Q. (2019). Effects of litter quality and quantity on chemical changes during eucalyptus litter decomposition in subtropical Australia. Plant Soil 442, 65–78. doi: 10.1007/s11104-019-04162-2

 Waqas, M., Khan, A. L., Kamran, M., Hamayun, M., and Lee, I. J. (2012). Endophytic fungi produce gibberellins and indoleacetic acid and promotes host-plant growth during stress. Molecules 17, 10754–10773. doi: 10.3390/molecules170910754 

 Wen, Z., Shi, L., Tang, Y., Shen, Z., Xia, Y., and Chen, Y. (2017). Effects of Pisolithus tinctorius and Cenococcum geophilum inoculation on pine in copper-contaminated soil to enhance phytoremediation. Int. J. Phytoremediation 19, 387–394. doi: 10.1080/15226514.2016.1244155 

 Wu, T. H. (2011). Can ectomycorrhizal fungi circumvent the nitrogen mineralization for plant nutrition in temperate forest ecosystems? Soil biol. Biochemist 43, 1109–1117. doi: 10.1016/j.soilbio.2011.02.003

 Xie, X. G., Zhang, F. M., Yang, T., Chen, Y., and Dai, C. C. (2019). Endophytic fungus drives nodulation and N2 fixation attributable to specific root exudates. MBio 10, e728–e719. doi: 10.1128/mBio.00728-19 

 Xiong, H., Chen, P., Chen, W. Z., Yang, Y. H., Jin, Y. J., Tian, S. Y., et al. (2021). Effect of an ectomycorrhizal fungus on the growth of Castanea henryi seedlings and the seasonal variation of root tips' structure and physiology. Forests 12:1643. doi: 10.3390/f12121643

 Xu, R., Li, T., Shen, M., Yang, Z. L., and Zhao, Z. W. (2020). Evidence for a dark septate endophyte (Exophiala Pisciphila, H93) enhancing phosphorus absorption by maize seedlings. Plant Soil 452, 249–266. doi: 10.1007/s11104-020-04538-9

 Zeng, X., Wei, C., Liu, X., and Zhang, L. (2020). Qinghai spruce (Picea crassifolia) and Chinese pine (Pinus tabuliformis) show high vulnerability and similar resilience to early-growing-season drought in the Helan Mountains, China. Ecol. Indic. 110:105871. doi: 10.1016/j.ecolind.2019.105871

 Zhang, Q., Gong, M., Yuan, J., Hou, Y., Zhang, H., Wang, Y., et al. (2017). Dark septate endophyte improves drought tolerance in sorghum. Int. J. Agric. Biol. 19, 53–60. doi: 10.17957/ijab/15.0241

 Zhang, R., and Tang, M. (2012). Role of hydrogen peroxide and antioxidative enzymes in Pinus tabulaeformis seedlings inoculated with amanita vaginata and/or Rhizoctonia solani. Eur. J. Plant Pathol. 134, 381–389. doi: 10.1007/s10658-012-9996-2

 Zhang, H., Yu, H., and Tang, M. (2017). Prior contact of Pinus tabulaeformis with ectomycorrhizal fungi increases plant growth and survival from damping-off. New For. 48, 855–866. doi: 10.1007/s11056-017-9601-9

 Zhang, Z., Yuan, Y., Liu, Q., and Yin, H. (2019). Plant nitrogen acquisition from inorganic and organic sources via root and mycelia pathways in ectomycorrhizal alpine forests. Soil Biol. Biochem. 136:107517. doi: 10.1016/j.soilbio.2019.06.013

 Zhou, Z., Wang, C., and Luo, Y. (2020). Meta-analysis of the impacts of global change factors on soil microbial diversity and functionality. Nat. Commun. 11:3072. doi: 10.1038/s41467-020-16881-7 



OPS/images/fmicb-13-1013023-g005.jpg
A 0CK asg OPt @Po EPs
Shoot

Nitrogen congentra

aton (mglg)

Phosphorus conce

e
33

Sl wie Slaias





OPS/images/fmicb-13-1013023-g006.jpg
GCKOSgOPt@Po@Ps

‘As (mol'g)

=3
st
R
13
P

Ssssessead

Gram-positive  Gram-negaive  Fungi
B bacteria bacteria %

me)o

T
0A2(12.38

I
024
PERMANOVA:
¢
grava 034
2
06 04 02 0 02 04 06 08 1 12 L& 16 13
PCoAL(33.33%)
medium N

Wik ek Sl





OPS/images/fmicb-13-1013023-g003.jpg
BCK 0S¢ OPt @Po @Ps

e
o

2 b

202 - 3

H 1M A
g B S b
2 A o5
z 01 H =

e

e

g

-10 & \_}J
20 13
30 3

-0 ¢
Niree medium N high N

Mycorrizal growth response (%)

Nitrogen addition treament





OPS/images/fmicb-13-1013023-g004.jpg
OCK ©Sg OPt GPo @Ps

;u%i
B o2
.4 t
in
E!Z
éﬂ?
Zos 2o
Biomp g s EH“,
=7 Lofa [ B
= L
| M c s
I
t

‘mediom N high N
Nitrogen addition treatment





OPS/images/fmicb-13-1013023-t001.jpg
Fungi

F
Colony diameter 567317
Biomass 388.357
AA 0.962
GA,s 2997

Significant p values are in bold.

P

<0.001
<0.001
0422
0.045

F

136240
6
14638

211

251.392

P

<0.001
<0.001
<0.001
<0.001

Fungi x N
F P
109.388  <0.001
94.645  <0.001
3.156 0.008
18059 <0.001





OPS/images/fmicb-13-1013023-t002.jpg
Fungi colonization rate
Plant height

Ground diameter
Shoot dry weight

Root dry weight

Total dry weight
Mycorrhizal growth response
Total root length

Root surface area

Root volume

Average root diameter
Shoot N concentration
Shoot P concentration
Shoot K concentration
Root N concentration
Root P concentration
Root K concentration
Gram-positive bacteria
Gram-negative bacteria
Fungi

Actinomycetes

Total PLFAs

Shannon-Weaver index

Significant p values are in bold.

P

45,881
19.885
8220
1712
6979
4193
5.561
21519
41821
27.442
12492
3311
20156
16939
20,005
30,805
23139
5266
19.857
3.807
5.802
29.905
1349

Fungi

P

120735
62.675
89.460
46,127
115226
96.866
179965
304.060
98.026
405.086
3.
170377

215.700
251,842
93.647
210,569
463.239
25.013
45.345
21142
86.796
152590
20992

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

F

79.895
6,060
1975
2140
32,009
8.461
3537
1048
17.421
45.573
28349
3.087
3746
3019
2359
15254
34561
1919
0.961
0.406
3014
2528
3203

Fungi x N

<0.001
<0.001
0.084
0.063
<0.001
<0.001
0.012
0.002
<0.001
<0.001
<0.001
0.012
0.004
0.013
0.042
<0.001
<0.001
0.094
0.484
0.908
0011
0.031
0.009





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effects of nitrogen addition and root fungal inoculation on the seedling growth and rhizosphere soil microbial community of Pinus tabulaeformis



		Introduction



		Materials and methods



		Fungal isolates and plant materials









		Experiment 1



		Effects of N addition on the fungi in vitro



		Determination of the hormone contents









		Experiment 2



		Pot experiment of Pinus tabulaeformis



		Plant biomass and root morphology traits



		Fungal colonization rates



		Mycorrhizal growth response



		Determination of plant nutrient contents



		Soil microbial community composition



		Statistical analyses









		Results



		Experiment 1



		Effects of N addition on the fungi in vitro















		Experiment 2



		Growth performance of Pinus tabulaeformis



		Root morphology and development of Pinus tabulaeformis



		Nutrient uptake of Pinus tabulaeformis



		Soil microbial community composition









		Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fmicb-13-1013023-g001.jpg





OPS/images/fmicb-13-1013023-g002.jpg
X fies Dlow N Bmediv N bigh

) srnnp Ancpop
<






OPS/images/cover.jpg
, frontiers | Frontiers in Microbiology

Effects of nitrogen addition and
root fungal inoculation on the
seedling growth and rhizosphere

soil microbial community of
Pinus tabulaeformis









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology





