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Abstract

:

Arbuscular mycorrhizal (AM) fungi engage in symbiosis with more than 80% of terrestrial plants, enlarging root phosphorus (P) absorption volume by producing extensive extraradical hyphae (ERH) in the soil. In addition, AM fungi recruit and cooperate with soil bacteria to enhance soil organic P mobilization and improve fungal and plant fitness through hyphal exudates. However, the role of the dominant compounds in the hyphal exudates in enhancing organic P mobilization in the mycorrhizal pathway is still not well understood. In this study, we added sugars, i.e., glucose, fructose, and trehalose, which are detected in the hyphal exudates, to the hyphal compartments (HCs) that allowed the ERH of the AM fungus to grow or not. The results showed that in AM fungus-inoculated pots, adding three sugars at a concentration of 2 mmol C kg−1 soil significantly increased the phosphatase activity and facilitated the mobilization of organic P in the HCs. The addition of fructose at a concentration of 2 mmol C kg−1 soil was the most efficient in increasing the phosphatase activity and enhancing organic P mobilization. The released inorganic P was then absorbed by the ERH of the AM fungus. The enhanced mobilization of organic P was correlated with the increase in phoD gene number and the changing bacterial community in the presence of fungal hyphae. The sugar addition enriched the relative abundance of some bacterial taxa, e.g., Betaproteobacteriales. Our study suggested that the addition of the sugars by mycorrhizae could be a pivotal strategy in managing P uptake in agricultural production, potentially directing future practices to optimize plant–fungi–bacteria interactions for improved P use efficiency.
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1. Introduction


Arbuscular mycorrhizal (AM) fungi colonize more than 80% of terrestrial plants, including most crops, forming intimate symbiotic relationships [1,2,3]. Inside the roots, AM fungi form arbuscular structures to exchange carbon (C) and phosphorus (P) with plants [4,5]. This interface is connected to a large extraradical hyphae (ERH) network in the soil, which gives the plant a much greater opportunity to explore the soil for P and other resources [6]. The mycorrhizal plants therefore have two pathways to acquire P from soil, i.e., the direct pathway (DP) via root epidermal cells and root hairs and the mycorrhizal pathway (MP) via AM fungal hyphae [7]. In the MP, the ERH of AM fungi can extend up to 13 cm away from the root surface and contribute up to 90% of the total plant P uptake [8,9]. In addition, AM fungi release protons and carboxylates to mobilize less available forms of soil P [10]. Besides the inorganic P, organic P is also an important component of soil P [11]. Especially with the increased application of manure, green manure and other organic fertilizers, the percentage of organic P in agricultural soils is increasing, which often accounts for as much as one-third of the total P in the soil [12,13]. Therefore, it is important to consider how to use the MP to enhance the utilization rate of organic P for more sustainable agricultural systems.



Recent genome sequencing has shown that AM fungi lack genes encoding phytase and other saprotrophic enzymes and therefore have a limited ability to utilize organic P directly by themselves [14,15,16]. Consequently, AM fungi can recruit phosphate-solubilizing bacteria (PSB), which are almost ubiquitous in soil, to cooperate with them to mobilize organic P [5]. In addition, AM fungi have been shown to enhance phosphatase activity released from PSB, leading to better utilization of organic P in the field [5]. During the interaction between AM fungi and bacteria, the hyphal exudates of AM fungi recruit and sustain the bacteria, and the ERH also provide a rapid passage to soil P patches [17]. As such, recent studies show that the core microbiome exists in the hyphosphere (the narrow region of soil around the hyphae where the physical, chemical, and biochemical characteristics are different from the bulk soil) and plays important roles in the mineralization of organic P [18]. The hyphosphere interaction enhances the absorption and transport of P by the ERH of AM fungi, thereafter strengthening the C-P exchange between plants and AM fungi and finally stimulating plant growth and P uptake [19].



Hyphal exudates are the main force to drive the interaction between AM fungi and hyphosphere bacteria [20]. The major components of hyphal exudates are C-rich compounds with low molecular weight [21,22]. Previous studies have used the hair root–AM fungus dual culture system to collect hyphal exudates, identifying sugars such as fructose, glucose and trehalose as the primary components [23]. Sugars in the hyphal exudates provide C sources that increase bacterial activity and stimulate their growth [5]. Additionally, the bacterial strain Paenibacillus validus has been found to facilitate the completion of the lifecycle of Glomus intraradices even in the absence of plant roots. It has been discovered that the secretion of raffinose by P. validus can effectively promote the growth of G. intraradices [24,25].



Soil bacteria exhibit metabolic preferences for different C sources and selectively acquire the substrates from the C source mixtures [26]. For example, it has been found that bacteria enriched in the rhizosphere preferentially consume aromatic organic acids (e.g., nicotinic acid, coumaric acid, salicylic acid, cinnamic acid, and indole-3-acetic acid) secreted by plants [27]. Adding C compounds to simulate root exudates can increase soil nutrient availability by changing the bacterial community structure [28,29,30]. However, the role of specific compounds found in hyphal exudates in affecting bacterial functions in the hyphosphere and their contribution to P acquisition of the MP is less reported. Simulating the addition of fructose in hyphal exudates significantly increased phosphatase activity in the hyphosphere soil and was related to an increase in bacterial population and a shift in bacterial community structure toward species specialized in utilizing fructose for energy metabolism (such as Saccharibacteria) [31]. Each type of bacteria typically possesses relatively specific capabilities for sugar uptake and metabolism, often functioning as part of a group with a collective set of capabilities. Adjustments in the composition of individual sugars can lead to an increase in the abundance of specific bacterial groups. However, due to the widespread cooperation and competition within bacterial communities, such adjustments can result in changes to the overall community structure [27,32]. Knowledge of the diversity and function of the hyphosphere bacteria has increased in recent years due to the development of genomic technology [33]. Among the numerous molecular approaches for assessing bacterial communities, the 16S rRNA gene is universally conserved among all bacteria, serving as a pivotal marker for estimating bacterial abundance [34]. On the other hand, the phoD gene, which encodes for alkaline phosphatase, is a key genetic determinant for P solubilization and overall P cycling in soil [35]. Absolute quantification of both the 16S rRNA gene and the phoD gene through qPCR provides a useful toolkit for evaluating the function of hyphosphere bacteria.



The aim of this study was to examine the influence of sugars, i.e., glucose, fructose, and trehalose, which are detected in the hyphal exudates, on organic phosphorus mobilization via the mycorrhizal pathway. Understanding the role of these sugars at various concentrations on P availability in the soil will also help advance the regulation of mycorrhizal pathways for plant nutrition. Specifically, we hypothesized that (1) different sugars had different effects on phosphatase activity in the hyphosphere; (2) different sugars lead to different compositions of bacterial communities; and (3) different concentrations of sugars have different effects on the pivotal metabolic pathways of bacteria in the hyphosphere.




2. Materials and Methods


2.1. Biological Materials and Soil


The seeds of maize (Zea mays L., cv. Zhengdan 958) were sterilized with 10% H2O2 for 15 min and then washed ten times with sterilized deionized water. The seeds were maintained at 27 °C in the dark for 48 h. Then, the seedlings were sown into the pots as described below. The AM fungus used here was Rhizophagus irregularis MUCL 43194. The AM fungus was maintained in root organ cultures of carrot (Daucus carota L.). The medium containing carrot root segments colonized by R. irregularis and spores was dissolved with sodium citrate–trisodium citrate buffer (10 mM, pH = 6.0). The mixture was passed through a 30 μm nylon mesh to obtain the root segments and spores. Then, they were washed into a grinder with sterile water and pulverized. The number of spores per mL was determined under the stereoscope. Subsequently, 5 mL of water containing approximately 550 spores was inoculated into each pot. The soil bacterial filtrate was obtained by suspending 100 g of unsterilized fresh soil in 1000 mL of sterile water and filtering through a five-layer quantitative filter paper, which allowed the passage of common soil microbes but efficiently retained spores and hyphae of fungi [36].



A moderately acidic (pHwater 6.85; water:soil = 5:1) soil (brown earth soil according to the USDA classification system) collected from Taian, Shandong province, China, was used. The soil contained 0.26 g kg−1 total nitrogen, 4.05 g organic matter kg−1 soil, 17.43 mg mineral N (NO3− and NH4+) kg−1 soil, and 3.87 mg Olsen P kg−1 soil (extracted by 0.5 M NaHCO3). The soil was dried, sieved, and mixed with 20% (w/w) river sand and sterilized with 25 kGy 60Co γ-radiation to kill the indigenous microbe at the Beijing Radiation Application Research Center. Then, the following nutrients were added to one kg soil: 200 mg N ((NH4)2SO4), 15 mg P (KH2PO4), 200 mg K (K2SO4), 50 mg Mg (MgSO4·7H2O), 5 mg Zn (ZnSO4·7H2O), 5 mg Mn (MnSO4·H2O), 2 mg Cu (CuSO4·5H2O).




2.2. Experimental Design


The hyphal compartment (HC) microcosm, developed by Zhang et al. [31], was used to isolate the impact of model exudates on bacterial activity by adding solutions containing the various compounds typical of hyphal exudate (Figure 1). The HC was cuboid (6.8 cm in length, 6.0 cm in width, 5.8 cm in height) and made of PVC board. A hole (6 mm in diameter) was made in the top board of the HC, and a plastic tube (5 mm in diameter, 50 cm in length) was inserted and fixed in position with glue. One centimeter below the top board, another PVC board with holes (1 mm in diameter) was fixed in position and covered with a 30 μm nylon mesh. The solution added from the tube would first arrive at the top nylon mesh and then permeate through to the soil homogeneously. Each HC received 140 g soil containing 100 mg kg−1 soil organic P (in the form of phytin, with 19.6% P content, P0410, Tokyo Chemical Industry, Tokyo, Japan). In total, there were eight pots of maize, of which four were inoculated with AM fungi and four were not inoculated with AM fungi. Each pot contained seven different sugar-addition treatments in the HCs: the addition of sterile water, and the addition of three types of sugars at two different concentrations.



The HCs were distributed in the plastic pot with a diameter of 34.5 cm (top) and 24.0 cm (bottom) and a height of 27.0 cm, which contained 9.5 kg of soil in total. Firstly, 3.5 kg of soil was added to the pot and then seven HCs were placed horizontally on the surface of the soil, with the nylon mesh toward the center of the pot. Then, 5.0 kg of soil was added to bury the HCs. The soil was wet up to 70% field capacity by adding 1700 mL of deionized water. Then, the AM fungal inoculants were placed on the soil surface. Five pre-germinated seeds were sown, and 1.0 kg of soil was added to cover the seeds. Seven days after sowing, the seedlings were thinned to three in each pot. During the growth of maize, soil moisture was kept at 18–20% (w/w, 70% of field moisture capacity) as determined gravimetrically by weighing the pots every 2 days and adding water as necessary. After 1 month post planting, 5 mL soil bacterial filtrate as described above was injected into the HCs through the tubes.



The experiment was conducted in a greenhouse for ten weeks from 4 June to 13 August 2021 with natural light at China Agricultural University, Beijing (116°16′49″ E, 40°1′41″ N). During the 5–9 weeks after sowing, the HC was injected with 20 mL of sterilized water or two different concentrations (14 mmol C L−1 and 1.4 mmol C L−1) of C solution twice a week, in accordance with the following concentrations in the soil in the HC of each pot. This experiment considered two factors: (1) inoculation (AM fungus-inoculated pots) or not (non-inoculated pots) with AM fungus R. irregularis MUCL 43194; (2) different forms of sugar, fructose, glucose, and trehalose at different concentrations of 0, 0.2, and 2 mmol C kg−1 soil. The two addition concentrations were determined based on prior research with appropriate adjustments [31]. Each treatment had four replicates. The experiment was arranged in a randomized block design.




2.3. Harvest, Determination of Shoot Biomass and Mycorrhizal Colonization


The maize plants were harvested and separated into shoots and roots in each pot ten weeks after sowing. The soil was taken out of the pot and the HCs were untangled from the roots. The soil was gradually removed from the HCs and passed through a 2 mm sieve. Then, the soil was separated into three parts and stored at 4 °C, −20 °C, and −80 °C, respectively, for different analyses. The shoots from three maize plants in each pot were combined into one sample and oven-dried at 105 °C for 30 min to cease metabolic activity and then dried at 65 °C until the weight did not change. Roots were washed with deionized water and then stored at −20 °C. The mycorrhizal colonization of root samples was determined using the method of Trouvelot et al. [37].




2.4. Determination of Olsen Inorganic P, Olsen Organic P, and Phosphatase Activity


The Olsen inorganic P was determined according to Olsen et al. [38]: 50 mL of 0.5 M NaHCO3 (pH 8.5) was added into the plastic extraction bottle with 2.5 g air-dried soil and was then shaken at a speed of 180 rpm at 25 °C for 30 min. The solution was then filtered. The Olsen inorganic P concentration was determined using the method of molybdenum–antimony and a colorimetric assay at 882 nm. The soil Olsen organic P was determined using the method of potassium persulfate oxidation [39]: 0.15 g of potassium persulfate and 1 mL 0.505 mol L−1 H2SO4 were added to 20 mL of the extracted solution, and digested at 121 °C for 60 min. Then, the total Olsen P was determined by the method of molybdenum–antimony and a colorimetric assay at 882 nm. The content of Olsen organic P was determined by subtracting the amount of Olsen inorganic P from the measured value for total P.



The soil phosphatase activity was determined according to Tabatabai and Bremner [40] with modifications: 0.5 g of soil stored at −20 °C was transferred into a 10 mL centrifuge tube and then 1.6 mL of 200 mM NaHCO3 (pH 8.5, for alkaline phosphatase) or CH3COONa (pH 5.2, for acid phosphatase) and 0.4 mL p-nitrophenyl phosphate (150 mM, Sigma, St. Louis, MO, USA) solution were added. After incubating for 30 min at 30 °C (mixing occasionally), the reaction was terminated by the addition of 2 mL 0.5 M NaOH. The concentration of released p-nitrophenyl was determined by a colorimetric assay at 405 nm. The phosphatase activity was expressed as pKatal g−1 dry weight (DW) soil.




2.5. DNA Extraction and qPCR Analysis of 16S rRNA Gene and phoD Gene


Half a gram of soil stored at −80 °C was used to extract DNA using the FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) following the manufacturer’s instructions. Then, 80 μL of elution buffer was used to elute DNA, which was then quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA). DNA was analyzed with real-time q-PCR and prepared for sequencing.



DNA extracted from the hyphosphere soil of each treatment was quantified by real-time q-PCR with 16S rRNA gene- and phoD gene-specific primers. The primer sets were 515F (5′-GTGCCAGCMGCCGCGGTAA-3′)/907R (5′-CCGTCAATTCMTTTRAGTTT-3′) and ALPS-F730 (5′-CAGTGGGACGACCACGAGGT-3′)/ALPS-R1101 (5′-GAGGCCGATCGGCATGTCG-3′) [41,42], targeting the V4-V5 region of the 16S rRNA gene and phoD gene. TB Green® Premix Ex TaqTM II (Catalog number: RR820A, TaKaRa Bio Inc., Shiga, Japan) was used under the following reaction conditions for the 16S rRNA gene: initial denaturation at 95 °C for 5 min; 40 cycles consisting of denaturation at 95 °C for 15 s; annealing at 60 °C for 30 s; and elongation at 72 °C for 1 min. Fluorescence of SYBR green was detected after every cycle. Then, a dissolution curve was created, while the reaction ended, with 0.5 °C increases from 65 °C to 95 °C. There was no amplification in the negative controls. TB Green® Premix Ex TaqTM II (Catalog number: RR820A, TaKaRa Bio Inc, Shiga, Japan) was used under the following reaction conditions for the phoD gene: initial denaturation at 95 °C for 5 min; 39 cycles consisting of denaturation at 95 °C for 15 s; annealing at 60 °C for 30 s; and elongation at 72 °C for 1 min. Fluorescence of SYBR green was detected after every cycle. Then, a dissolution curve was created, while the reaction ended, with 0.5 °C increases from 65 °C to 95 °C. There was no amplification in the negative controls. Before constructing a standard curve for absolute quantification of the 16S rRNA gene and phoD gene, the plasmid was sequenced for verification. The standard curve was constructed in triplicate using five serial 10-fold dilutions, and quantification was performed by determining the starting copy number by considering the concentration of the plasmid and number of base pairs.




2.6. 16S rRNA Gene Sequencing and Bioinformatics Processing


PCR was performed with a 515F/907R primer, which allowed the analysis of the bacteria and assessment of their community structure. Amplicons were pooled in equal amounts, and pair-end 2 × 300 bp sequencing was performed using the Illlumina MiSeq platform with MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China) after individual quantification.



Microbiome bioinformatics was performed with QIIME2 according to the official tutorials [43]. Briefly, raw sequence data were demultiplexed using the demux plugin followed by primer cutting with the cutadapt plugin [44]. Sequences were then quality-filtered, denoised, and merged and chimera were removed using the DADA2 plugin [45]. Non-singleton amplicon sequence variants (ASVs) were aligned with mafft [46]. Taxonomy was assigned to ASVs using the classify-sklearn Naive Bayes taxonomy classifier in the feature-classifier plugin [43] against the SILVA Release 132 Database [47]. The bacterial 16S rRNA gene sequences obtained from this study were deposited in the National Center for Biotechnology Information Sequence Reads Archive (SRA accession: PRJNA1050038).




2.7. High-Throughput Quantitative PCR


We used high-throughput quantitative PCR to investigate the abundance and diversity of the soil nutrient cycling genes of the hyphosphere soil samples by the Wafergen SmartChip Real-time PCR system (WaferGen Biosystems, Fremont, CA, USA) [48]. The protocol of high-throughput quantitative PCR was conducted under the following reaction conditions: initial denaturation at 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 30 s, annealing at 58 °C for 30 s, and extension at 72 °C for 30 s. Then, we analyzed the results by using SmartChip qPCR software (version 4.9) and excluded the results with multiple amplification efficiencies or melting peaks beyond the range of 80–120%. The data from any threshold cycle (CT) below 31 were used for further analysis. The relative gene copy number of all targeted genes was calculated according to Looft et al. [49]. Relative gene abundance was defined as the proportion of the abundance of a functional gene to the abundance of the 16S rRNA gene [50].




2.8. Statistical Analyses


All data were checked for normality using Kolmogorov–Smirnov tests and homogeneity of variances using Levene’s tests with IBM SPSS Statistics 19. Significant differences (p ≤ 0.05) among different treatments were evaluated by Tukey’s HSD test. The method of linear regression was used to model and test the correlation between 16S rRNA gene copy number and ALP activity, the correlation between phoD gene copy number and ALP activity, and the correlation between the relative abundance of genera and ALP activity.



Three microbial co-occurrence networks were established for the three sugar-addition treatments. A Spearman’s correlation between two ASVs was considered statistically robust if the Spearman’s correlation coefficient (ρ) > 0.65 and the p value < 0.01. All the robust correlations identified from pairwise comparison of the ASVs abundance form a correlation network where each node represents one ASV, and each edge stands for a strong and significant correlation between the nodes. Networks were visualized using the R package “igraph”. All statistics analyses were performed in R (version 4.1.1) unless otherwise indicated.



To address the potential systemic effects inherent in our experimental design, we constructed a mixed-effects model to account for random effects to assess the systemic impact. To establish these models, we treated the response variables—ALP activity, ACP activity, concentrations of Olsen inorganic P, Olsen organic P, and gene copy numbers of 16s rRNA and phoD (both log-transformed)—as a combination of fixed and random effects. Essentially, the response variable in each model was conceptualized as the outcome influenced by both fixed effects and random effects. For fixed effects, we considered the fungal inoculation and the seven different concentrations of carbon addition as our main effects. They are termed ‘fixed’ because the levels of these factors are predetermined by the researcher and are applied to the experimental subjects. Regarding random effects, we focused on the potential non-independence of HCs within each of the pots. If the values of the random effects were small, it implied that the differences between the HCs were not random but rather could be well predicted by the fixed-effects once they were accounted for. This indicated that the HCs were relatively independent of each other. The differences between the treatments were compared by Tukey’s HSD test (p < 0.05).





3. Results


3.1. Mycorrhizal Colonization and Maize Shoot Dry Biomass


In the AM fungus inoculation treatment, mycorrhizal colonization was 66.83% (Figure S1a); in fact, the hyphal network was visible on the surface of the soil section in the HCs (Figure 1). In the non-AM fungus inoculation treatment, the mycorrhizal colonization was nearly zero (Figure S1a). The surface of the soil section in the HCs did not show visible hyphae (Figure 1). In the non-AM fungus inoculation treatment, the maize shoot biomass was 13.94 g, while in the AM fungus inoculation treatment, the maize shoot biomass was 25.98 g (Figure S1b).




3.2. The Influence of AM Fungal Presence and Sugar Addition on the Phosphatase Activity and Olsen P of the Soil in the HCs


The addition of 2 mmol C kg−1 soil of all three sugars to the HCs significantly increased the alkaline phosphatase activity regardless of whether in AM fungus-inoculated or non-inoculated pots. In AM fungus-inoculated pots, compared to the non-inoculated pots, the HCs showed an increasing trend in the activities of both acid phosphatase and alkaline phosphatase in all three sugar-addition treatments (Figure 2a,b). In non-inoculated pots, the 2 mmol C kg−1 soil sugar addition significantly increased the soil Olsen inorganic P content compared with 0 or 0.2 mmol C kg−1 soil sugar addition to the HCs (Figure 2c). In AM fungus-inoculated pots, the soil Olsen inorganic P showed no significant difference among the different sugar additions to the HCs (Figure 2c). Furthermore, under the same amount of sugar addition, there was a significant reduction in the content of Olsen inorganic P in HCs when AM fungus was inoculated, as well as a decreasing trend in Olsen organic P (Figure 2c,d).



The addition of 2 mmol C kg−1 soil sugar to the HCs significantly increased the 16S rRNA gene copy number in AM fungus-inoculated or non-inoculated pots (Figure 3a). Moreover, the increase in the copy number induced by the three forms of sugars was about 2-fold (Figure 3a). In non-inoculated pots, whatever the form of sugar or the added concentration to the HCs, there was no significant change in the phoD gene copy number (Figure 3b). In AM fungus-inoculated pots, 2 mmol C kg−1 soil sugar addition to the HCs led to an increase in the phoD gene copy number compared to 0 or 0.2 mmol C kg−1 soil sugar addition (Figure 3b). In non-inoculated pots, only the 16S rRNA gene copy number (R2 = 0.45, p < 0.001) was significantly positively correlated with the alkaline phosphatase activity (Figure 3c,d). In AM fungus-inoculated pots, both the 16S rRNA gene copy number (R2 = 0.52, p < 0.001) and the phoD gene copy number (R2 = 0.36, p < 0.001) were significantly positively correlated with the alkaline phosphatase activity (Figure 3c,d).




3.3. The Influence of Sugar Additions on the Bacterial Communities


After the addition of the three sugars at 2 mmol C kg−1 soil, some orders (i.e., Betaproteobacteriales increased from 21.19% to 30.83–46.88%, Xanthomonadales decreased from 15.38% to 6.9–9.33%) or genera (i.e., Pseudogulbenkiani increased from <0.02% to 6.11–11.46%, Lysobacter decreased from 11.90% to 4.57–6.31%) increased or decreased in relative abundance, respectively (Figure 4a,b). After analyzing the correlations between the nine most abundant genera and the phosphatase activity, we ultimately discovered that in AM fungus-inoculated pots, only the genus Ramlibacter, which belongs to the Betaproteobacteriales order, showed a positive correlation with alkaline phosphatase activity in the HCs (Figure 4c,d). In non-inoculated pots, the relative abundance of the genus Ramlibacter had no correlation with alkaline phosphatase activity in the HCs (Figure 4c,d). Specifically, we found that with an addition of fructose at 2 mmol C kg−1 soil to the HCs, the abundance of the genus Cupriavidus was significantly greater compared to the addition of glucose and trehalose at 2 mmol C kg−1 soil to the HCs in non-inoculated pots (Figure 4b, n = 4, Tukey’s HSD, p < 0.05).



The enriched ASVs of bacteria after the addition of different concentrations of sugars to the HCs in non-inoculated pots were calculated. The number of ASVs enriched with 2 mmol C kg−1 soil sugar addition to the HCs was larger than that of 0.2 mmol C kg−1 soil sugar addition (Figure S2). The ASVs enriched by each sugar at both concentrations added to the HCs (i.e., 0.2 and 2 mmol C kg−1 soil) were combined and their abundances were standardized. These enriched ASVs mainly belonged to the orders of Betaproteobacteriales, Caulobacterales, Gemmatimonadales, and Rhizobiales in all three sugar-addition treatments (Figure 5a). In addition, the enriched ASVs had the greatest abundance mainly at 2 mmol C kg−1 soil, intermediate abundance at 0.2 mmol C kg−1 soil, and the smallest abundance at 0 mmol C kg−1 soil (Figure 5a). These ASVs showed a gradual increase in relative abundance after sugar addition to the HCs. The enriched ASVs were compared between the treatments in AM fungus-inoculated and non-inoculated pots. The enriched ASVs in the HCs mainly belonged to the order Betaproteobacteriales and their relative abundance were greater in AM fungus-inoculated pots (Figure 5b).



Three co-occurring networks were constructed and each sugar network included all three added concentrations (0, 0.2, and 2 mmol C kg−1 soil) and two AM fungus-inoculated conditions. The co-occurring network of fructose had the greatest number of nodes, edges, and average connectivity (Figure 6, Table S1). The top five network modules of three co-occurring networks are shown and the enriched ASVs are primarily clustered in module 3 of the three networks (Figure 6).




3.4. The Influence of AM Fungal Presence and Sugar Additions on the Functional Genes Related to C Degradation, C Sequestration, N Metabolism, and P Metabolism


In AM fungus-inoculated pots, the relative abundance of the alkaline phosphatase gene (phoD) and glucose dehydrogenase gene (gdhA) was increased in the HCs. The relative abundance of C degradation genes (sga, mnp, cex) and C sequestration genes (pccA, fdrA) was also increased (Figure 7a,b). The relative abundance of the alkaline phosphatase gene (phoX), C degradation genes (lig, chiA, glx), C sequestration gene (accA), and P-cycling gene (bpp) was decreased in the HCs (Figure 7a,c). Additionally, in non-inoculated pots, the addition of 2 mmol C kg−1 soil of fructose to the HCs increased the relative abundance of N cycle-related genes, such as nifH, nirK1, nirK2, nosZ1, nirS1, and nirS2, as well as C sequestration genes (rbcL, acsE). (Figure S3). In contrast, 2 mmol C kg−1 soil glucose addition to the HCs increased the relative abundance of genes involved in the P cycle, e.g., the pyrroloquinoline–quinone synthase gene pqqC and the genes related to C degradation (manB, lig, chiA), carbon sequestration (aclB), and the N cycle (napA) (Figure S3). Furthermore, 2 mmol C kg−1 soil trehalose addition to the HCs increased the relative abundance of the alkaline phosphatase gene (phoX), quinoprotein glucose dehydrogenase gene (gcd), organic P mineralization gene (bpp) in the P cycle, C degradation gene (glx), and N cycle gene (nirS3) (Figure S3).





4. Discussion


The hyphal exudates of AM fungi are potentially key factors driving biological interaction to mobilize organic P in the hyphosphere. In this study, we simulated three model exudates with different concentrations of sugars (i.e., glucose, fructose, and trehalose) detected in the hyphal exudates to regulate the hyphosphere interaction to enhance organic P mobilization of the MP. We found that in the absence of AM hyphae in the soil, the addition of relatively large amounts of all the sugars led to increased phosphatase activity and the conversion of organic P to inorganic P, which accumulated (Figure 2). Importantly, while this impact of model exudates was associated with a significant increase in the 16S rRNA gene copy number, it was not related to the increased number of phoD, a gene known to be important in the production of phosphatase (Figure 3). Moreover, in the presence of AM fungi, the enhanced mobilization of organic P was associated with changes not only in the bacterial abundance (16S rRNA gene) but also in the proportion of the phoD gene in the hyphosphere, which was not the case in the absence of AM fungi (Figure 3). Such changes specifically occurred in certain taxa, such as Betaproteobacteriales. Additions of three forms of sugars all resulted in a stepwise increase in the abundance of a large number of ASVs within the Betaproteobacteriales, which formed tightly knit clusters in co-occurring networks. Our study therefore provides a new insight into the hyphosphere regulation of organic P mobilization of the MP.



It should be noted that our experimental setup used a nested design, where the HCs within the same pot may have potential systematic errors. To address this, we calculated the random effects based on a mixed-effects model to assess the influence of factors other than the experimental setup, aimed at evaluating the possibility of interference between HCs. We determined that the primary influence on the indicators—ALP, ACP, Olsen inorganic P, Olsen organic P, and the gene copy numbers of 16s rRNA and phoD—resulted from fixed effects, which in the context of our experiment pertained to inoculation or not, as well as sugar concentration. The fixed effects were responsible for 99%, 98.7%, 98.4%, 94.4%, 99.1%, and 70.7% of the variability observed in these respective indicators, demonstrating that the experimental variables used in our study were the main factors affecting the outcomes. Additionally, although the soil in the root compartments of inoculated and non-inoculated treatments could differ, this study focused on the regulation within the HCs, reflecting regions dominated by AM fungi activity that were inaccessible to the root system in actual conditions. Each HC was inoculated with an identical soil bacterial suspension to ensure uniform conditions across all treatment groups. From the beginning of the experiment, the variables were the allowance or restriction of AM fungal hyphae penetration and carbon addition. Prior to harvesting the HC, the outermost 1 cm of soil was removed to eliminate potential external environmental influences.



4.1. The Addition of Sugars Enhanced Organic P Mobilization for the Mycorrhizal Pathway


Photosynthesis-derived C sources are distributed by plants via AM fungal hyphae, impacting the biogeochemical cycle of different elements, especially P, in the hyphosphere [51,52]. Arbuscular mycorrhizal fungi release photosynthetic C into the hyphosphere in the form of hyphal exudates, which are comprised of amino acids, carbohydrates, carboxylates, nucleoids, proteins, and signaling molecules [52,53]. However, how sugars regulate the hyphosphere biological interaction to improve the organic P mobilization for the MP is less understood. In the present study, we found that when we added three forms of sugar at a concentration of 2 mmol C kg−1 the alkaline phosphatase was increased, which correspondingly increased Olsen inorganic P in the soil. These results suggest that the addition of sugars at a larger concentration enhanced soil organic P mineralization; however, without the presence of the fungus, this was not associated with phoD, but with the upregulation of other phosphorus cycling genes. Most bacteria in the soil are dormant, and the introduction of external carbon sources can prime their activities. Low concentrations of carbon can only satisfy the basic metabolism of bacteria, while high concentrations of carbon are necessary for their proliferation. This study found that the addition of sugar at 2 mmol C kg−1 soil caused a significant effect. Furthermore, we observed an increase in the absolute copy numbers of the bacterial 16S rRNA gene, indicating that the high concentration of carbon in this study led to an increase in the overall absolute number of bacteria, which may result in a significant effect.



The phoD gene serves as a principal indicator gene for the synthesis of phosphatases and reflects the potential for the mobilization of organic P [35]. In the present study, we noted a strong positive correlation between the phoD gene copy number and alkaline phosphatase activity. In AM fungus-inoculated pots, 2 mmol fructose addition to the HCs resulted in the greatest phoD gene copy number and thus the greatest alkaline phosphatase activity, suggesting that, once recruited, the phoD-producing bacteria were able to thrive in the high-C-addition treatments. However, the addition of fructose and other sugars at smaller concentrations to the HCs, i.e., 0.2 mmol C kg−1 soil, did not change the phosphatase activity, bacterial abundance, or phoD copy number, even in AM fungus-inoculated pots. This observation corroborated previous research findings [31]. Collectively, our results suggest that adding a large concentration of fructose in the presence of AM fungal hyphae was the most efficient approach to enhance the organic P mobilization for the MP.




4.2. The Addition of Sugars Changed Bacterial Communities in the Hyphosphere


Besides the phoD gene copy number, the structure of bacterial communities is another factor influencing the organic P mobilization in the hyphosphere. This influence is largely attributed to the exudates from AM fungal hyphae, which are known to shape specific bacterial communities and modulate their roles in the turnover of organic P [18,20]. Previous research revealed that such exudates alter the composition of soil bacterial communities involved in organic N and P mineralization [5,54]. The addition of 2 mmol C kg−1 soil of different sugars had different effects on the bacterial community and the P mineralization function of soil. Adding 2 mmol C kg−1 soil of sugars also had a significant enrichment on the core microbiota of the hyphosphere (mainly enriched ASVs from Betaprobacteriales). The core microbiota may possess greater alkaline phosphatase enzyme activity. Adding 2 mmol C kg−1 soil of fructose increased the bacterial network complexity compared with the other sugars. It showed that the fructose addition encouraged a broader establishment of connections among more bacteria. These results suggested that adding 2 mmol C kg−1 soil of fructose may shift the functional specificity of soil bacteria toward P mobilization (Figure 6).




4.3. The Effect of the Addition of Sugars on Changing the C-, N-, and P-Related Functional Genes of Bacteria in the Hyphosphere


In addition to changing the abundance and community structure of bacteria, we studied the influence of adding sugars on the C-, N-, and P-related functional genes of bacteria in the hyphosphere. Adding 2 mmol C kg−1 soil of fructose notably increased the relative abundance of N cycle-related genes, including nifH and various nitrogen oxide reductases (nirK1, nirK2, nosZ1, nirS1, nirS2), which highlighted the potential of fructose in steering N cycling within the bacterial community, in addition to P. The C from these sugars provides the building blocks for cellular biomass, while energy derived from their metabolism is used to fuel various cellular processes, including the assimilation of N. In contrast, an equivalent concentration of glucose resulted in a shift favoring P cycle enrichment, particularly increasing the abundance of genes such as pqqC, which is essential in synthesizing a cofactor required for enzymes in phosphate solubilization and C degradation genes (manB, lig, chiA). This indicated that glucose availability might inform a P cycle-centric bacterial resource allocation [55]. Easily metabolized sugar activates soil bacteria, increases their proliferation, and promotes biological mineralization and their enzymatic capabilities to break down more complex and recalcitrant materials. Furthermore, the supply of 2 mmol C kg−1 soil of trehalose was linked to an increase in the phoX gene among others, suggesting that this sugar could affect the alkaline phosphatase activity of bacteria. The sugar preference is typically a result of the efficiency of transport and metabolism processes, which can confer a selective advantage for survival and reproduction [32]. Bacterial sugar preferences can be complex and are rooted in their metabolic pathways, environmental adaptation, and evolutionary history. In this study, two methods were used to assess the gene abundance: one measured absolute abundance, while the other measured relative abundance. Absolute abundance reflects the actual number of gene copies, which correlates well with phosphatase activity. Relative abundance, as measured by high-throughput quantitative PCR, is defined as the proportion of the abundance of a functional gene to the abundance of the 16S rRNA gene, which represents the quantity of bacteria. The relative abundance of C, N, and P genes in this study indicates the ratio of gene copies in relation to the bacterial count, or in other words, the gene abundance per unit of bacterial quantity. This represents the proportion of bacteria that possess these functional genes or have a large copy number of these genes in the bacterial community. Bacteria with larger gene copy numbers may potentially exhibit stronger functionality for that gene [56].




4.4. Conclusions


Here, we demonstrated that the addition of carbon in the form of a range of sugars typical of the hyphal exudates in a large concentration increased the activity of phosphatase and promoted the mineralization of organic P to inorganic forms. The increased phosphatase activity and organic P turnover in sugar-treated soil in the absence of AM fungi was related to the selection of particular groups of bacteria and likely associated with increased bacterial abundance and activity and concomitant increases in biological mineralization and upregulation of P-cycling genes other than phoD. These results suggest that the promotion of the mycorrhizal pathway for sustainable use of soil P could be achieved by enhancing the AM fungi’s ability to both deliver sugar to the hyphosphere in their exudates and recruit phoD-expressing bacteria, and then acting as a sink for the inorganic P mineralized. The ASVs enriched by the three model exudates were all concentrated within the same order, Betaproteobacteriales mirrors the uniformity in the regulation of the principal carbohydrate exudates by AM fungi and also demonstrates the absence of conflict in the control of the three major model exudates secreted by AM fungi under actual conditions. These enriched ASVs clustered in the same module of the co-occurrence network, further illustrating that these ASVs were not acting in isolation but as a functional group exerting their effects simultaneously. This implied that the abundance of ASVs and the interactions between them ultimately led to the functional profile.
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Figure 1. Schematic diagram of the experimental setup and sample collection. Each pot contained seven hyphal compartments (HCs). Half of the pots were not inoculated with Rhizophagus irregularis MUCL 43194 spores. After 10 weeks of growth, the plants and HCs in the pots were harvested. These samples were used for the determination of biochemical properties, qPCR, 16S rRNA gene sequencing, and high-throughput quantitative PCR assays to explore the biological and chemical processes involved. 
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Figure 2. The soil of hyphal compartments (HCs) was tested for (a) alkaline phosphatase activity (ALP), (b) acid phosphatase activity (ACP), (c) Olsen inorganic P, and (d) Olsen organic P following the supplementary addition of 0, 0.2, and 2 mmol C kg−1 soil of fructose, glucose, and trehalose to the HCs in AM fungus-inoculated or non-inoculated pots. Bars are means ± SEs (n = 4). Different lowercase letters indicate significant differences among the treatments (Tukey’s HSD, p < 0.05). Non-inoc, non-inoculated pots. Inoc, AM-fungus inoculated pots. 
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Figure 3. Copy number of (a) 16S rRNA gene and (b) phoD gene in three types of sugar addition to the HCs in AM fungus-inoculated or non-inoculated pots. Bars are means ± SEs (n = 4). Different lowercase letters indicate significant differences among the treatments (Tukey’s HSD, p < 0.05) (c) The correlation between 16S rRNA gene copy number and alkaline phosphatase activity (ALP) (R2 = 0.52, p < 0.001, AM fungus inoculated; R2 = 0.45, p < 0.001, non-inoculated). (d) The correlation between phoD gene copy number and ALP (R2 = 0.36, p < 0.001, AM fungus inoculated; R2 = 0.01, p < 0.596, non-inoculated). Non-inoc, non-inoculated pots. Inoc, AM fungus-inoculated pots. 
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Figure 4. Relative abundance (%) of the 9 most abundant bacterial (a) orders and (b) genera in AM fungus-inoculated or non-inoculated pots, following the addition of 0 mmol C kg−1 soil, 0.2 mmol C kg−1 soil, and 2 mmol C kg−1 soil sugars to the HCs. (c) The relative abundance of the genera Ramlibacter across treatments. Bars are means ± SEs (n = 4). Different lowercase letters indicate significant differences among the treatments (Tukey’s HSD, p < 0.05). (d) The correlation between the relative abundance of Ramlibacter and alkaline phosphatase activity (ALP) (R2 = 0.44, p = 0.02, AM fungus inoculated; R2 = 0.13, p = 0.5, non-inoculated). Non-inoc, non-inoculated pots. Inoc, AM fungus-inoculated pots. 
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Figure 5. (a) The abundance of enriched ASVs corresponding to the addition of fructose, glucose, and trehalose at concentrations of 2 mmol C kg−1 soil, 0.2 mmol C kg−1 soil, and 0 mmol C kg−1 soil to the HCs in non-inoculated pots. The color of the points represents the order-level classification, while the shape of the points represents the sugar addition concentration. The abundance of ASVs was normalized using DeSeq2. (b) Abundance of ASVs in the HCs between AM fungus-inoculated pots and non-inoculated pots. The color of the points represents the order-level classification, while the shape of the points represents the AM fungus being inoculated or not. The abundance of ASVs was normalized using DeSeq2. ASVs with significant log2-fold change (DESeq2: p < 0.05) were identified as enriched ASVs. Non-inoc, non-inoculated pots. Inoc, AM fungus-inoculated pots. 
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Figure 6. Co-occurring network of bacterial ASVs and in (a) fructose, (b) glucose, and (c) trehalose addition treatments. Each sugar network included all three added concentrations (0, 0.2, and 2 mmol C kg−1 soil) and two AM fungus-inoculated conditions. A Spearman’s correlation between two ASVs was considered statistically robust if the Spearman’s correlation coefficient (ρ) >0.65 and the p value < 0.01. All the robust correlations identified from pairwise comparison of the ASV abundance form a correlation network where each node represents one ASV, and each edge stands for a strong and significant correlation among the nodes. The square with the black border represents the enriched ASVs of bacteria after the addition of corresponding sugars to the HCs in non-inoculated pots. 
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Figure 7. (a) Heatmap of SmartChip profile; relative abundance of C and P turnover functional genes in all treatments. Genes were clustered into 5 classes (class I–V) based on the similarity of their abundance across different treatments. Fr: fructose; Gl: glucose; Tr: trehalose. (b) The comparison of the relative abundance of genes in class II in AM fungus-inoculated and non-inoculated pots. Each dot represents one cell in the heatmap, referring to the mean (n = 4) of the relative abundance of genes in a single treatment. (c) The comparison of the relative abundance of genes in class IV in AM fungus-inoculated and non-inoculated pots. Each dot represents one cell in the heatmap, referring to the mean (n = 4) of the relative abundance of genes in a single treatment. Non-inoc, non-inoculated pots. Inoc, AM fungus-inoculated pots. Different asterisks indicate significant differences between the treatments (t-test, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***)). 
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