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Abstract

:

Blueberry (Vaccinium spp.) rhizosphere microorganisms can significantly increase the absorption area and improve the efficiency of rhizospheric nutrient uptake. However, there has been little research on blueberry rhizosphere microorganisms, especially those that can complement root function deficiency. In this study, we analyzed the rhizosphere fungi of ‘O’Neal,’ ‘Sharpblue,’ and ‘Premier’ blueberry cultivars and found that ‘Premier’ blueberries showed strong growth potential and relatively high root regulation ability. The dominant symbiotic fungus Sistotrema was correlated with the strong growth of ‘Premier’ and was directionally screened and isolated based on conserved gene structures and COG function analysis. This fungus was reinoculated onto the roots of ‘Gulfcoast’ and ‘Star’ blueberry cultivars. Sistotrema promoted the growth of blueberries and improved their ability to resist stress and grow under adverse conditions, as indicated by maintained or increased chlorophyll content under such conditions. Further analyses showed that Sistotrema has certain functional characteristics such as the ability to dissolve iron in its insoluble form and then release it, to fix nitrogen, and to inhibit nitrification in soil. Thus, it effectively doubled the soil nitrogen content and increased the soluble iron content in soil by 50%. This investigation indicates sistotrema inoculation as an approach to increase blueberry stress tolerance and complete their root nutrition deficiency.
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1. Introduction


The rhizosphere is the narrow zone of soil around a plant’s roots that is affected by root exudates, and it is the primary location where plants interact with soil and root symbiotic fungi [1]. Rhizosphere microorganisms play a crucial role in increasing crop yield, controlling diseases and insect pests, and preventing problems associated with continuous cropping [2]. Some microorganisms can improve plants’ resistance to stresses through beneficial rhizosphere interactions [3], and some soil microorganisms can also protect plant roots from fungal pathogens [4]. Symbiotic microorganisms in the rhizosphere such as mycorrhizal fungi and rhizobia can indirectly improve plants’ nutritional status by increasing the absorption area of plant roots through mycelia [5]. They can also transform nutrients that are not directly usable by plants into free or available forms in the soil, which can effectively increase nutrient availability to plants for growth [6]. In addition, microorganisms that fix nitrogen can effectively inhibit nitrification–denitrification and weaken nitrification in soil, especially under drought conditions, thereby preventing an increase in soil pH [7]. Inorganic nitrogen, NH4–N, and NO3–N resulting from microbial nitrogen fixation and organic matter degradation can be directly absorbed and utilized by plants [8]. In turn, plant root exudates can provide nutrients to symbiotic microorganisms [9] and stimulate microbial degradation in the rhizosphere [10]. Moreover, these exudates mediate a range of rhizosphere interactions (plant–microbial and microbial–microbial), and affect the distribution of the soil microbial community [11]. The diversity of soil microbes is remarkably high, with approximately 107 prokaryotes per gram of soil. However, it is important to note that only 0.1% to 10% of these microorganisms can be cultured [12], leaving a vast number of microorganisms unrecognized and unexploited.



Blueberry is a shallow-rooted plant with an underdeveloped root system and no taproot. As a result, it has a limited ability to access nutrients and water from deep soil, making it vulnerable to drought stress. Moreover, blueberry roots are sensitive to changes in pH, and high pH can lead to leaf chlorosis and stunted growth [13]. An analysis of the microbial community in blueberry rhizosphere soil revealed the positive role of mycorrhizal fungi in enhancing plant growth and improving the quality and yield of the crop [14]. Inoculation with mycorrhizal fungi was found to effectively enhance blueberry growth, increase the soluble sugars content in the plants [15], and increase the concentration of inorganic nitrogen in soil [8]. Therefore, determining the effect of reinoculation with symbiotic fungi in the blueberry root system is useful from both research and production perspectives. However, there is a relative lack of research on functional fungi in the blueberry root system. Most of the strains used in previous inoculation studies were commercialized or isolated from different plant species [16], resulting in a weak inoculation effect and sometimes the inhibition of plant growth. Heterogenous strains lack plant specificity and often have a low inoculation rate [17]. In the small number of studies on functional microorganisms associated with blueberry, the identification, isolation, and inoculation of microorganisms in blueberry roots have mainly relied on traditional methods. These involve isolating symbiotic strains from blueberries and then verifying their characteristics through the determination of various physical and chemical indices, and then determining the function of strains and their symbiotic effect. However, these methods are untargeted and often require a significant amount of resources and labor [18]. While several studies have reported on the metagenomes of microbes in the blueberry rhizosphere, they have generally compared different species or varieties of blueberry, and relevant microbial diversity results have seldom been used in downstream production [19]. Therefore, it is crucial to rapidly and accurately screen and isolate beneficial symbiotic fungi from blueberry and construct a stable microflora in the rhizosphere of blueberry to achieve the best effects in terms of growth and stress resistance.



In this study, we analyzed the diversity and functions of soil fungi communities of blueberry plants of different varieties and in different growth states, and identified the fungus Sistotrema with a potential growth-promoting effect. We conducted COG functional analyses to predict its functions, and found that it has the capacity to improve the nutrient status of soil. Then, we used the motif sequence obtained by MEME comparison to directionally screen Sistotrema colonies. To test its efficacy, isolated Sistotrema was inoculated onto blueberry plants, and then the plants were subjected to a nutrient-deficiency- and drought-stress treatment. The plants inoculated with Sistotrema showed improved stress resistance under these conditions. In addition, weak and pruned plants inoculated with Sistotrema showed better recovery and resprouting under normal growth conditions.




2. Materials and Methods


2.1. Plant Materials, Soil Sampling, Reinoculation, and Experimental Design


The blueberry varieties ‘O’Neal’ (O), ‘Sharpblue’ (X), and ‘Premier’ (J) were used in this study; these varieties represent the three growth states of weak, medium, and strong growth in central Zhejiang, China. Soil samples were taken from the rhizosphere and nonrhizosphere of 5-year-old plants. The sample codes are as follows: rhizosphere soil collected from vigorous plants (JG, XG, O) and weak plants (JB, XB) and nonrhizosphere soil (JGK, JBK, XGK, XBK, OK) (Table 1). The sampler was disinfected between each sample, and sampling points of nonrhizosphere soil were at least 1 m apart. Each group had five replicates.



For the reinoculation tests, we used 3-year-old plants of the ‘Star’ blueberry and 1-year-old plants of the ‘Gulfcoast’ blueberry. ‘Star’ seedlings show poor growth, and ‘Gulfcoast’ is particularly sensitive to drought stress. The plant materials were transplanted from the original cultivated soil into a mixed substrate of coconut bran, vermiculite, and mica (100:1:1) after cleaning the roots. To highlight any effects and shorten the screening time, we established the following stress conditions: water shortage (watering every 5 d); nutrient shortage (no exogenous nutrients added during cultivation); and high temperature (noon temperature maintained at 35–40 °C). The plants were cultivated for 50 d under these conditions.



Further reinoculation tests were conducted using 3-year-old dying ‘Star’ and ‘Jewel’ blueberry seedlings (both cultivars showed a high mortality rate during seedling growth) and stunted ‘Star’ and ‘Jewel’ blueberry seedlings, and then rejuvenation and budding were evaluated after inoculation. These plants were not transplanted (Table 2).



Each group had six biological replicates. The plant materials were obtained from the germplasm resource nursery of our research group. Under normal cultivation conditions, the plants were irrigated with 1× Hoagland’s soil nutrient solution (Supplementary Table S1) every 2 days (approximately 150 mL per plant).




2.2. Soil DNA Extraction


Improved direct and indirect extraction methods [20] were used to obtain DNA from the studied soil, which had a high humus and metal ion content. These improved methods yielded DNA from soil with sufficient quality for sequencing. The soil samples were washed with phosphoric acid buffer (pH 6.5) and centrifuged at 10,000× g for 5 min, and then the supernatant was removed. This was repeated 1–2 times. The soil pellet was resuspended in phosphoric acid buffer solution (pH 6.5) and placed in an ice bath. The larger particles, sand, and small stones settled to the bottom, leaving an upper turbid soil solution. The turbid solution was centrifuged, and then the pellet was subjected to repeated freeze–thawing with liquid nitrogen and boiling water to split the cells. This process was repeated 3–5 times. Then, lysozyme and proteinase K were added to dissolve the cell walls and remove proteins. The mixture was treated with CTAB at 65 °C for 1 h and then centrifuged. The supernatant was mixed with an equal volume of chloroform: isoamyl alcohol (24:1), then tris-buffered phenol (pH 7.8) was added to remove impurities such as proteins, polysaccharides, and phenols, and the mixture was centrifuged. The supernatant was collected and the previous step was repeated. DNA was precipitated from the upper aqueous phase by adding an equal volume of anhydrous ethanol and 0.1 volume of NaAc (pH 5.2). The mixture was centrifuged, and the supernatant was discarded. The precipitate was washed twice with anhydrous ethanol and then air-dried before 30 μL of ddH2O was added to dissolve the DNA. Finally, the concentration of DNA was determined using a NanoDrop 2000 nucleic acid analyzer (Nanodrop Technologies, Wilmington, DE, USA). The quality of DNA was detected by gel electrophoresis, and its integrity was verified by PCR.




2.3. ITS Gene Sequencing, Data Processing, and Taxonomic Assignments


The ITS1 regions of fungal genomes were amplified using universal primers (Supplementary Table S2). The PCR products were sequenced by Nevogene Co., Ltd. (Beijing, China). All DNA sequence analyses were performed using the QIIME pipeline (Version 1.9.1) [21]. the Unite database [22] was used for fungal analysis. The programs USEARCH (version 10) and VSEARCH (Version 2.10.4) were used to generate the OTU table and annotate species. We used USEARCH-UNOISE3-zOTUs to obtain OTU data, and the results were consistent with the amplicon-sequencing variant (ASV) data derived from DAD2. Because USEARCH was used in this study, we retained the output naming convention as OTU. An OTU table was constructed to compare alpha diversity (Chao1 index, Shannon’s index) and beta diversity (Bray–Curtis dissimilarity matrix and weighted UniFrac distance) within and among groups [23].




2.4. Functional Predictions Based on ITS Regions


FAPROTAX was used to predict the metabolic functions of the bacterial community [24]. Functional predictions based on fungal ITS data were conducted using the Python script of FUNGuild [25].




2.5. Data Visualization and Analysis


The differences in rhizosphere fungi groups among samples were analyzed by VennDiagram (R package) [26] and visualized in the form of Venn petal diagrams. Comparisons between rhizosphere and nonrhizosphere soil and among all sample groups were made using UpSetR (R package) [27].



Co-occurrence network analyses were performed to assess correlations among rhizosphere fungi. The p value was used for data correction (psych, R package), and igraph (R package) was used to calculate and visualize correlations [28]. In this analysis, the labels of nontarget clusters were removed during the clustering of bacterial groups. The proportion of pathogenic bacteria was calculated, and comparisons were made between rhizosphere and nonrhizosphere soil samples as well as among different rhizospheres. These analyses allowed us to link the health status of blueberry roots with the functions of fungal communities, as determined by the functional analysis of the fungal ITS macrogenome. The number of fungi and the number of pathogenic bacteria were important biological indicators of the health of the soil environment [29].




2.6. COG Functional Annotation


A COG (clusters of orthologous groups) analysis [30] of the reinoculated fungi genome was performed using EggNOG script, and Diamond was used as the comparison algorithm. The EggNOG fungus database was used in these analyses. The results were plotted and analyzed using ggplot2 (R package).




2.7. Directional Isolation of Fungal Strains and Reinoculation


A MEME comparison [31] was carried out for Sistotrema, the most abundant symbiotic fungi in the rhizosphere of the ‘Premier’ blueberry. The genomes of 71 Sistotrema species (obtained from the Unite database) from around the world were clustered to identify motif sequences. Appropriate fragments were selected as specific primers for colony PCR to screen the target strains. Fungal strains were isolated from the rhizosphere soil of blueberry on PDA medium (containing streptomycin), and then selected strains were suspended in ddH2O. Then, the fungus solution was used as a template to conduct directed colony PCR screening using the specific screening primers (Supplementary Table S3) obtained in the MEME analysis. Each isolated colony was sent to a commercial company for sequencing using the sequencing primers ITS1F/R (Supplementary Table S2). A strain that was successfully sequenced and verified was selected as the target strain for isolation and purification.



After verification by sequencing, a 200 µL aliquot of the target fungal strain was cultured on PDA medium in the dark for 2–3 days at 28 °C. When the medium was completely covered with mycelia, small pieces (1 × 1 × 0.5 cm) were removed to inoculate the rhizosphere of plants, with three to four pieces per seedling.



The target fungal strain was inoculated onto the roots of 1-year-old ‘Gulfcoast’ blueberry plants. The plants were cultivated for 50 days under drought, nutrient-deficiency, and high-temperature conditions (see Section 2.1). Measurements and observations were conducted every 10 days. The first 10 days represented the stage of fungus propagation and plant growth adaptation (beginning at day 0).



The target fungal strain was also inoculated into the rhizosphere of 3-year-old ‘Star’ and ‘Jewel’ blueberry plants growing under normal conditions. Each 3-year-old dying and pruned ‘Star’ and ‘Jewel’ blueberry plant was inoculated with three to four mycelial blocks to evaluate the effect of reinoculation on rejuvenation and sprouting. The blueberry plants were observed for 40 days after fungal inoculation.




2.8. Determination of Physiological Indexes


Chlorophyll was extracted from the leaves of ‘Gulfcoast’ blueberry in 95% v/v ethanol, and then the absorbance of the extract was measured at 665 nm, 649 nm, and 470 nm using an ultraviolet spectrophotometer (Agilent Technology Co., Ltd., Shanghai, China). The chlorophyll content was calculated as described by Mansouri and Salari [32].



Root activity was measured using the TTC (2,3,5-triphenyl tetrazolium chloride) method [33]. Fresh blueberry roots (0.5 g) were soaked in TTC buffer solution (5 mL pH 7.0 phosphate buffer and 5 mL 0.4% TTC) at 37 °C with shaking at 180 rpm for 2 h in the dark. Then, 1 mL 1 M H2SO4 was added to terminate the reaction. Triphenylmethylene was extracted from the soaked root samples with ethyl acetate. The volume of the extract was completed to 10 mL and the absorbance value was measured at 485 nm. A standard sample was prepared with triphenyl hydrazone–ethyl acetate.



The anthrone–sulfuric acid assay method was used to determine the total sugars content in plant samples [34]. Powdered samples of roots, stems, and leaves (0.1 g) that had been passed through a 100-mesh sieve were extracted with ddH2O (10 mL) at 90 °C for 4 h. After cooling to room temperature, the mixture was centrifuged. The supernatant was diluted before adding anthrone–sulfuric acid solution, and then the mixture was heated in a boiling water bath for 10 min before cooling to room temperature. After standing for 10 min, the absorbance value was measured at 627 nm. When polysaccharides are hydrolyzed to monosaccharides, one glycosidic bond consumes one H2O molecule, so it is necessary to multiply by a correction coefficient of 0.9 when calculating the total sugar content.



Reducing sugars in plant samples were quantified using the 3,5-dinitrosalicylic acid (DNS) method [35]. The DNS reaction solution (Supplementary Table S4) was stored in a brown bottle and remained stable for 7 days at 4 °C in the dark. The extract solution was diluted and DNS reaction solution was added, then the mixture was placed in a boiling water bath for 5 min before cooling to room temperature. After standing for 10 min to stabilize the color of the reaction solution, the absorbance value was measured at 540 nm.



Iron (Fe) was extracted from rhizosphere soil samples using diethylenetriaminepentaacetic acid (DTPA) [36]. Each rhizosphere soil sample (1.0 g) was extracted with DTPA (10 mL) for 2 h with shaking at 180 rpm [37]. The mixture was filtered through a 0.22 μm filter, the filtrate was diluted 2000 times, and then the absorbance value of the diluted filtrate at 248.33 nm was determined using a graphite atomic absorption spectrometer. The measurement was repeated three times with DTPA as the blank.



For analyses of soil nitrogen content, the rhizosphere soil samples (1.0 g) were extracted with ddH2O for 2 h with shaking at 180 rpm, and then the extract was filtered through a 0.22 μm filter membrane. The filtrate was analyzed to determine the NH4–N and NO3-N contents using Nessler’s reagent [38] and a spectrophotometric method [39], respectively. The total soluble inorganic nitrogen content in soil samples was the sum of soluble ammonium nitrogen and nitrate nitrogen [8].




2.9. Statistical Analysis


All the data in figures and tables are means ± standard deviations (SD) from at least three independent experimental replicates per sample. Data were analyzed using dplyr (R package). The statistical significance of differences between means was analyzed using tidyverse (R package) at the 0.05 probability level. Graphs were generated using ggplot2.





3. Results


3.1. Diversity Analysis of Fungi in Rhizosphere and Non-Rhizosphere Soils of Different Blueberry Cultivars


The rhizosphere and nonrhizosphere soil samples from ‘Premier,’ ‘Sharpblue,’ and ‘O’ Neal’ were analyzed to detect the alpha diversity (Chao1 and Shannon’s index) of their fungal communities. The results showed that there were more species of fungi in the rhizosphere soil of ‘O’Neal’ (O), and fewer in the rhizosphere soil of ‘Premier’ (JG, JB). Previously, we found that ‘Premier’ blueberry has stronger environmental adaptability, while ‘O’Neal’ blueberry has poorer environmental adaptability [40]. Because plant roots themselves affect soil microbial structure [29], we speculated that ‘Premier’ blueberry (JG, JB) roots may have a stronger ability than those of other cultivars to support microbes, and may enrich beneficial rhizosphere microorganisms (Figure 1a,b).



We conducted beta diversity analyses of fungi in the rhizosphere and nonrhizosphere soil of ‘Premier,’ ‘Sharpblue,’ and ‘O’Neal.’ The results of the Bray–Curtis (Figure 1c) and weighted UniFrac (Figure 1d) analyses revealed that there were differences in fungal community composition among groups, with less overlap among groups, and the groups were uniformly distributed on the plot, which also revealed substantial differences in the fungal community of ‘Premier’ compared with those of ‘Sharpblue’ and ‘O’Neal.’




3.2. Functional Prediction Based on Fungal ITS Sequences and Estimation of Blueberry Root Health Status


Among all the blueberry varieties, ‘Premier’ had the smallest number of pathogenic fungi in the rhizosphere (JG, JB). The smallest number of pathogenic bacteria in the rhizosphere was in flourishing ‘Premier’ plants (JG), followed by weak ‘Premier’ plants (JB), and then ‘Sharpblue’ (XG, XB) and ‘O’Neal’ plants (Figure 2a). The abundance of saprophytic fungi in rhizosphere soil was significantly lower in flourishing plants of ‘Premier’ and ‘Sharpblue’ (JG, XG) than in their weak counterparts (JB, XB), while the abundance of saprophytic fungi in rhizosphere soil was significantly higher in ‘O’Neal’ than in the flourishing plants of ‘Premier’ and ‘Sharpblue’ (JG, XG) (Figure 2b), indicating that the root systems of the weakly growing plants had rotted. The relative abundance of symbiotic fungi in rhizosphere soil was higher in the flourishing plants of ‘Premier’ (JG) than in its weakly growing counterpart (JB), but symbiotic fungi were not detected in the rhizosphere soil of the other varieties (XG, XB, O) (Figure 2c). This result indicated that there was a good correlation between symbiotic fungi and strong blueberry plant growth.



The pathogenicity of the root soil of each variety of blueberry was determined according to the proportion of pathotrophic fungi in the total fungi in the sample. There were more pathogenic bacteria in rhizosphere soils (JG, XG, O, JB, and XB) than in nonrhizosphere soils (JGK, JBK, XGK, XBK, and OK). The difference in the number of pathotrophic strains between rhizosphere and nonrhizosphere soils was smaller for the weaker plants than for the flourishing plants (Figure 2d). On the whole, flourishing seedlings (JG, XG) had a stronger inhibitory effect than weak seedlings (JB, XB) on pathotrophic fungi in soil. The root microecology of blueberry ‘Premier’ (JG, JB) was the healthiest, followed by ‘O’Neal.’ The root microecology of flourishing ‘Sharpblue’ (XG) was the least healthy.




3.3. Rhizosphere Fungal Co-Occurrence Networks and Differences in Rhizosphere Fungi among Various Blueberry Cultivars


The results of the rhizosphere fungal co-occurrence network analysis showed that the most correlated symbiotic fungal community was the blue community (Figure 3a; for simplicity, only the name of the fungus we focused on is shown). A total of 30 fungi (Details shown in Supplementary Table S5) showed significant correlations with each other, i.e., they were likely to co-occur in a community (Figure 3a). This result served as the basis for follow-up difference analysis.



As shown in the Venn diagrams (Figure 3c), there were significant differences in fungal genera. In particular, there were more fungi endemic to ‘Premier’ (JG, 31 genera; JB, 108 genera; and JG and JB, 33 genera) than to other groups (Figure 3b).



Based on analyses of fungal ITS sequences and the rhizosphere fungal co-occurrence network, it was found that among the 33 genera of fungi unique to ‘Premier’ (Figure 3b), 24 genera of fungi were correlated with each other (i.e., were likely to co-occur) (Figure 3c), of which 6 had symbiotic abilities (Figure 3d).



The UpSet plot revealed that the rhizosphere of weak ‘Premier’ plants (JB) had the highest number of endemic fungi, double that in its nonrhizosphere soil (JBK), with 14 fungal genera shared between JB and JBK. The number of endemic fungi in the rhizosphere of flourishing ‘Premier’ plants (JG) was 2.5 times higher than that in its nonrhizosphere soil (JGK), but only one fungal genus was shared between these two groups. Thus, the difference in fungal communities between rhizosphere and nonrhizosphere soil of ‘Premier’ was smaller for the flourishing plants than for the weak plants; furthermore, it was smaller for ‘Premier’ than for ‘Sharpblue’ and ‘O’Neal.’ Therefore, we speculated that the root exudates of ‘Premier’ had stronger selective capacity than those of ‘Sharpblue’ and ‘O’Neal’ blueberry, and its effect extended to nonrhizosphere soil (comparing X and O nonrhizosphere soil in the same region) (Figure 4).




3.4. Enrichment Analysis of COG Functional Classes of Reinoculated Fungi


The COG functional distribution of the genome of Sistotrema was analyzed. The results showed that the fungus had six main growth-promoting functions, namely: (1) G: glycoside hydrolase family protein; (2) H: catalysis of ferrous insertion into protoporphyrin IX; (3) O: ubiquitin carboxyl–terminal hydrolase; (4) P: ammonium transporter family/divalent metal cation uptake system/nitrite and sulfite reductase; (5) Q: cytochrome P450; and (6) T: ferric reductase. Among them, the most abundant functions were (O) ubiquitin carboxyl–terminal hydrolase and (T) ferric reductase, followed by (G) glycoside hydrolase family proteins (Figure 5).



These results show that Sistotrema has strong Fe reductase, glycoside hydrolysis, and anti-ubiquitin activities, which are complementary to the root characteristics of blueberry plants and have the potential to increase plant yield and/or growth. In addition, Sistotrema accounted for the largest proportion of symbiotic fungi unique to ‘Premier’ (Figure 3c), so it was relatively easy to isolate. Finally, we speculated that the fungus of Sistotrema was the most suitable for inoculation. The results of COG function analysis were further used as the basis for the determination of follow-up indicators.




3.5. Effects of Reinoculation with Symbiotic Fungi on Chlorophyll Content and Root Activity of Blueberry under Drought and Deficiency Stress


The chlorophyll content of ‘Gulfcoast’ blueberry reinoculated with Sistotrema symbiotic fungi decreased significantly by day 20 (2nd TD, where TD is defined as 10 days) of growth under nutrient-deficiency and drought stress. On day 20 (2nd TD) and later (3rd TD–5th TD) during the stress treatment, chlorophyll degradation was alleviated in the plants inoculated with Sistotrema symbiotic fungi compared with that in the control (Figure 6a).



On day 10 (1st TD) of the nutrient-deficiency- and drought-stress treatment, the root activity of ‘Gulfcoast’ blueberry was significantly lower in the group reinoculated with Sistotrema symbiotic fungi than in the control group (p < 0.01). On day 20 (2nd TD), the root activity had recovered, and in the following stage (3rd TD–5th TD), the root activity was significantly higher in the group reinoculated with Sistotrema symbiotic fungi than in the control group (p < 0.05). On day 50 (5th TD), the root activity of blueberry plants in the control group had decreased, while that of the blueberry plants reinoculated with Sistotrema symbiotic fungi was six times that on day 0 (Figure 6b).




3.6. Effects of Symbiotic Fungi Reinoculation on Carbohydrate Synthesis in Blueberry under Drought and Nutrient-Deficiency Stress


After day 10 (2nd TD–5th TD) of the nutrient-deficiency- and drought-stress treatment of ‘Gulfcoast’ blueberry, the total sugars content in leaves was higher in the group reinoculated with Sistotrema than in the control group, but there was no significant difference in each time period. In the stem, the transported volume of total sugars was significantly higher in the group reinoculated with Sistotrema than in the control group (p < 0.05) from the 2nd TD to the 5th TD. In the control group, there was no increase in the transported volume of sugars from the 3rd TD to the 5th TD. Sugars gradually accumulated in the roots throughout the treatment time (1st TD–5th TD). The total sugars content in roots was significantly higher in the group reinoculated with Sistotrema than in the control group (p < 0.05) at the later stage of the stress treatment (4th TD and 5th TD) (Figure 7a–c).



Under nutrient-deficiency and drought stress, reducing sugars accumulated to higher levels in the reinoculated group than in the control group at the later stage of treatment (5th TD). In the stem, the reducing sugars content did not differ significantly between the control group and the reinoculated group at each treatment stage (1st TD–5th TD), but reducing sugars synthesis was significantly higher in the reinoculated treatment group than in the control group (p < 0.05), especially at the later stage of stress treatment (3rd TD–5th TD). Reducing sugars accumulated in the roots to significantly higher levels in the reinoculated treatment group than in the control group on day 50 (5th TD) (Figure 7d–f).




3.7. Effects of Symbiotic Fungi Reinoculation on Soluble Iron and Nitrogen Contents in Rhizosphere Soil


Under nutrient-deficient- and drought-stress conditions, reinoculation with Sistotrema significantly affected the soluble iron (Fe) content in the rhizosphere soil of ‘Gulfcoast’ blueberry plants (Figure 8a). The soluble Fe content in blueberry rhizosphere soil was significantly lower in the group reinoculated with Sistotrema than in the control group at day 20, but it increased significantly (p < 0.05) during the 2nd to 3rd TD in the group reinoculated with Sistotrema and remained stable at approximately 1.4 mg/g soil in the later stage (4th TD–5th TD). In the control, the soluble Fe in soil decreased continuously during the stress treatment and stabilized at approximately 0.5 mg/g soil. Blueberry plants consume approximately 0.2 mg/g free Fe every 10 days under stress.



We determined the contents of total inorganic nitrogen, NH4-N, and NO3-N in the rhizosphere soil of ‘Gulfcoast’ blueberry under nutrient-deficiency and drought stress, with and without reinoculation with Sistotrema (Figure 8b–d). The contents of NO3-N, NH4-N, and total inorganic nitrogen in rhizosphere soil peaked on day 20 (2nd TD), and the contents of NH4-N and total inorganic nitrogen also increased significantly in the later stage (4th and 5th TD) of treatment (p < 0.05). The nitrogen content in soil was significantly higher in the reinoculated group than in the control group at all stages of the stress treatment (1st TD–5th TD). At the later stages of stress treatment (2nd–5th TD), nitrification decreased significantly (p < 0.005), and the NO3-N content in soil remained stable at approximately 0.9 mg/g soil, which may represent the amount of NO3-N fixed by soil and not used by plants. The change in NH4-N content in soil during the 2nd and 3rd TD also indicated that the first 20 days comprised the stage of fungal reproduction and infection.




3.8. Effects of Symbiotic Fungi Reinoculation on Plant Height, Rejuvenation, and Sprouting of Blueberry


Reinoculation with Sistotrema symbiotic fungi significantly affected the growth of 3-year-old ‘Star’ blueberry plants under normal conditions (Figure 9). In each period after reinoculation, the increase in the height of blueberry plants was significantly higher in the treatment group than in the control group, especially in the later stage (3rd TD–4th TD). During the later stage after reinoculation (3rd TD–4th TD), blueberry plant height (Figure 10a) increased by 6.1 (ΔH) in the treatment group, but did not increase in the control group. The difference in periodic relative growth (ΔΔH) between the reinoculated group and the control group became larger over time (p < 0.05, Figure 10b). We speculated that this difference may have become even larger after 40 days.



Observations of the changes in various parts of blueberry plants revealed regreening of reinoculated plants, but not control plants, in the first period (1st TD). Flower buds appeared on day 20 (2nd TD) in the reinoculated group, but on day 40 (4th TD) in the control group. Abscission of flowers and fruit occurred in the reinoculation group on day 40 (4th TD) (Figure 10c).



Reinoculation with Sistotrema caused 3-year-old dying plants of the ‘Star’ and ‘Jewel’ blueberry (large-scale leaf loss and leaf yellowing) to recover (Figure 11). Compared with the dying ‘Star’ and ‘Jewel’ plants in the control group, those reinoculated with Sistotrema symbiotic fungi showed significantly better growth. For ‘Star’ blueberry plants, those in the control group flowered, but the leaves remained dark red, while those in the group reinoculated with Sistotrema showed healthy growth with green leaves. Comparing the two varieties, ‘Jewel’ showed stronger stress resistance and rejuvenation ability compared with ‘Star.’ Sistotrema was able to rejuvenate and restore the growth of all the tested blueberry varieties.



Reinoculation with Sistotrema symbiotic fungi promoted the budding of 3-year-old stunted ‘Star’ and ‘Jewel’ blueberry plants (Figure 11). At 20 days after inoculation, the stunted ‘Star’ blueberry plants had formed new buds on the stem, but those in the control had not. The ‘Jewel’ blueberry plants formed new buds in the control and reinoculated groups, but the buds were larger in the reinoculated group.





4. Discussion


4.1. Differences of Fungal Diversity in Rhizosphere Soil under Different Growth States and Different Cultivars of Blueberry


Crop plants, especially cash crops, are often cultivated long-term, so stable soil conditions are particularly important [41]. During long-term cultivation, the root exudates of normal plants affect the microbial composition of the rhizosphere and nonrhizosphere soils—a phenomenon known as the rhizosphere effect. The rhizosphere effect can promote the aggregation and multiplication of some microorganisms or inhibit the survival of others, and these differences become more pronounced with prolonged cultivation time [42]. Our experiments show that blueberry roots can specifically enrich soil fungi, consistent with previous research [43]. In studies on rhizosphere microbes that are specifically enriched by the root exudates of blueberry, the fungal category has great research value (Figure 1, Figure 3b and Figure 4).



Soil microorganisms can decompose and transform humus into nutrients that plants use for growth. Therefore, the diversity of soil microorganisms can often reflect the stability of the soil ecosystem, and this is an indicator of soil health [29]. In this study, among the three blueberry varieties tested, ‘Premier’ blueberry (JG, JB) had stronger roots and the best health, while ‘O’Neal’ blueberry (O) and ‘Sharpblue’ blueberry (XB, XG) were attack by pathogenic bacteria (Figure 1 and Figure 2a,d). The health and diversity of the soil microbial community was highly consistent with the growth and physiological performance of blueberry plants. In production, ‘Premier’ blueberry produces poor-quality fruit, but it has some outstanding physiological advantages such as a robust root system, strong adaptability, and high yield [40], all of which are related to root microbial activity and function. At the same time, ‘Premier’ soils contained the fewest pathogenic fungi (Figure 3d). The results show that, compared with ‘O’Neal’ and ‘Sharpblue,’ ‘Premier’ blueberry showed better growth in terms of biomass, and its root exudates had a stronger effect on the soil microbial environment. Therefore, we speculate that, compared with the other varieties, ‘Premier’ had a stronger effect to select for beneficial symbiotic fungi in the rhizosphere [44].




4.2. Identification of Core Symbiotic Fungi Unique to ‘Premier’ Blueberry


During long-term cultivation, the root exudates of 5-year-old ‘Premier’ blueberry support or inhibit soil microorganisms, resulting in a unique soil microenvironment in its rhizosphere [42]. Through the co-occurrence network and symbiosis analyses of ‘Premier’ rhizosphere fungi (Figure 2c and Figure 3a,c,d), six core rhizosphere fungi with putative symbiosis ability were identified. We focused on isolating Sistotrema, the most abundant of these fungi.



Soil microorganisms can fix nutrients in soil inside their cells and transform them into forms that can be directly used by plants, thereby increasing nutrient availability to plants. Reinoculation of symbiotic fungi can effectively improve the soil microbial community structure and transform its surroundings to create a suitable soil environment for host plants and promote their growth. At the same time, healthy dominant plants can nourish the reproduction of symbiotic fungi [45]. The COG functional analysis (Figure 5) revealed that Sistotrema fungi can effectively fill the shortcomings of weak nutrient absorption capacity of blueberry roots [13]. In this way, they have the potential to increase plant yield and/or growth, especially considering their abundance in rhizosphere soil (Figure 2c). Thus, there is considerable value in isolating Sistotrema fungi and using them to reinoculate plant roots.




4.3. Growth-Promoting Effect of Sistotrema Reinoculated onto Blueberry


Symbiotic fungi interact with plant roots to promote plant photosynthesis and enhance their stress tolerance. After reinoculation of Sistotrema symbiotic fungi, the content of Fe2+ (metal cations) and soluble nitrogen in rhizosphere soil were increased (Figure 8a) and the growth was increased obviously (Figure 10). In addition, it can effectively alleviate the degradation of chlorophyll. This growth-promoting effect of Sistotrema reinoculation is consistent with the previous studies and the analysis result of COG function [46]. The COG function analysis highlighted several important functions of Sistotrema. The first one was the glycoside hydrolase family proteins (G). These proteins degrade substrates such as cellulose, xylan, chitin, and other polysaccharides, thereby increasing the nitrogen content in soil. At the same time, these proteins can degrade other complex substrates in soil, such as lignocellulose or coconut bran, to provide nutrients for plant growth [47]. The ferric reductase (T) function of Sistotrema fungi refers to the conversion of Fe complexes into Fe2+ [48]. This function, combined with a divalent metal cation uptake system (P), can effectively improve the absorption of Fe2+ from soil (Figure 8a). Another important function of Sistotrema fungi was the ammonium transporter family/bivalent metal cation uptake system/nitrite and sulfite reductase (P), through which NH4+ can be taken up from soil by ammonium transporters [49]. In addition, NO2- is converted to ammonia by nitrite reductase [50], and this inhibits nitrification–denitrification to reduce nitrogen losses from soil (Figure 8b–d). Ferrous insertion into protoporphyrin IX (H) is involved in chlorophyll synthesis [51], and ubiquitin carboxy–terminal hydrolase (O) completes de-ubiquitination without the participation of ATP to stabilize ubiquitin in cells [52]. This inhibits the degradation of chloroplasts [53] (Figure 6a). Cytochrome P450 (Q) allows fungi to degrade heterologous substances, thereby remediating environmental pollution [54]. Reinoculation with Sistotrema also protected the root activity of blueberry plants (Figure 6b), increased their stress resistance, rejuvenation, and budding (Figure 9, Figure 10 and Figure 11), and promoted early flowering and fruiting (Figure 10c). The above results show that Sistotrema has a significant effect on promoting growth and verify the feasibility of the strategy of directional screening and isolation of beneficial symbiotic fungi based on functional analyses.



In the early stage after reinoculation, adequate soil nutrients are particularly important for the establishment of the symbiotic relationship between the plant host and the symbiotic fungus. Previous studies have suggested that symbiotic fungi obtain nutrients from the soil for their propagation and infection. If there are insufficient nutrients in the soil, then the symbiotic fungus will take nutrients from plant roots, resulting in plant death [55]. Our results show that Sistotrema consumed a large amount of soil nutrients in the first 20 days after reinoculation, and then gradually released the fixed nutrients to blueberry plants with the establishment of the symbiotic relationship 20 days later. This also explains why there was no difference in the relative change in blueberry plant height (ΔΔH) between the control and the control before 20 days (Figure 10b).





5. Conclusions


This study is the first to report the directional separation and reinoculation of Sistotrema symbiotic fungi and its growth-promoting effect. Our study also demonstrates the use of fungi genomic function analysis for the directional screening and isolation of beneficial symbiotic fungi. Our results suggest that reinoculation of rhizosphere soil microorganisms can improve the survival rate and yield of most blueberry varieties. These findings lay the foundation for the further development of microbial fertilizers specifically formulated for blueberry plants.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/jof9070779/s1, Table S1: Constituents of 10 × Hoagland’s nutrient solution for soil; Table S2: Sequences of primers used to amplify ITS1 sequences; Table S3: Primers for PCR screening of re-inoculation fungi; Table S4: Constituents of DNS reaction solution; Table S5: The 30 symbiotic fungi in the blue community.





Author Contributions


Y.Y.: investigation and writing—original draft. X.Z. and K.W.: validation. J.Z.: data curation. W.C.: methodology and writing—review and editing. F.L.: conceptualization, writing—review and editing, and supervision. W.G.: project administration and funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


The research was supported by the Key Research Project of Science Technology Department of Zhejiang Province (2021C02066-9), the Project of the Major Program for Science and Technology of Zhejiang province (2018C02007), the key project for Science and Technology Research Program of Jinhua (2020-2-006) and the Project of National Undergraduate Innovation Entrepreneurship (202310345054).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hinsinger, P.; Bengough, A.G.; Vetterlein, D.; Young, I.M. Rhizosphere: Biophysics, biogeochemistry and ecological relevance. Plant Soil. 2009, 321, 117–152. [Google Scholar] [CrossRef]

	



Massart, S.; Martinez-Medina, M.; Jijakli, M.H. Biological control in the microbiome era: Challenges and opportunities. Biol. Control 2015, 89, 98–108. [Google Scholar] [CrossRef]

	



Hosseyni Moghaddam, M.S.; Safaie, N.; Soltani, J.; Hagh-Doust, N. Desert-adapted fungal endophytes induce salinity and drought stress resistance in model crops. Plant Physiol. Biochem. 2021, 160, 225–238. [Google Scholar] [CrossRef]

	



Mendes, R.; Kruijt, M.; De Bruijn, I.; Dekkers, E.; Van Der Voort, M.; Schneider, J.H.; Piceno, Y.M.; DeSantis, T.Z.; Andersen, G.L.; Bakker, P.A. Deciphering the rhizosphere microbiome for disease-suppressive bacteria. Science 2011, 332, 1097–1100. [Google Scholar] [CrossRef] [PubMed]

	



Zamioudis, C.; Pieterse, C.M. Modulation of host immunity by beneficial microbes. Mol. Plant Microbe Interact. 2012, 25, 139–150. [Google Scholar] [CrossRef] [PubMed]

	



Chaparro, J.M.; Sheflin, A.M.; Manter, D.K.; Vivanco, J.M. Manipulating the soil microbiome to increase soil health and plant fertility. Biol. Fertil. Soils 2012, 48, 489–499. [Google Scholar] [CrossRef]

	



Hayatsu, M.; Katsuyama, C.; Tago, K. Overview of recent researches on nitrifying microorganisms in soil. Soil. Sci. Plant Nutr. 2021, 67, 619–632. [Google Scholar] [CrossRef]

	



Nguyen, T.T.N.; Xu, C.-Y.; Tahmasbian, I.; Che, R.; Xu, Z.; Zhou, X.; Wallace, H.M.; Bai, S.H. Effects of biochar on soil available inorganic nitrogen: A review and meta-analysis. Geoderma 2017, 288, 79–96. [Google Scholar] [CrossRef]

	



Yang, B.; Wang, X.M.; Ma, H.Y.; Yang, T.; Jia, Y.; Zhou, J.; Dai, C.C. Fungal endophyte Phomopsis liquidambari affects nitrogen transformation processes and related microorganisms in the rice rhizosphere. Front. Microbiol. 2015, 6, 982. [Google Scholar] [CrossRef]

	



Li, J.; Luo, C.; Zhang, D.; Cai, X.; Jiang, L.; Zhao, X.; Zhang, G. Diversity of the active phenanthrene degraders in PAH-polluted soil is shaped by ryegrass rhizosphere and root exudates. Soil. Biol. Biochem. 2019, 128, 100–110. [Google Scholar] [CrossRef]

	



Chaparro, J.M.; Badri, D.V.; Bakker, M.G.; Sugiyama, A.; Manter, D.K.; Vivanco, J.M. Root exudation of phytochemicals in Arabidopsis follows specific patterns that are developmentally programmed and correlate with soil microbial functions. PLoS ONE 2013, 8, e55731. [Google Scholar] [CrossRef]

	



Kellenberger, E. Exploring the unknown. The silent revolution of microbiology. EMBO Rep. 2001, 2, 5–7. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Zhu, Y.; Shao, T.; Long, X.; Gao, X.; Zhou, Z. Relationship between rhizosphere soil properties and disease severity in highbush blueberry (Vaccinium corymbosum). Agric. Ecosyst. Environ. Appl. Soil. Ecol. 2019, 137, 187–194. [Google Scholar] [CrossRef]

	



Cai, B.; Vancov, T.; Si, H.; Yang, W.; Tong, K.; Chen, W.; Fang, Y. Isolation and Characterization of Endomycorrhizal Fungi Associated with Growth Promotion of Blueberry Plants. J. Fungi 2021, 7, 584. [Google Scholar] [CrossRef]

	



Liu, X.M.; Xu, Q.L.; Li, Q.Q.; Zhang, H.; Xiao, J.X. Physiological responses of the two blueberry cultivars to inoculation with an arbuscular mycorrhizal fungus under low-temperature stress. J. Plant Nutr. 2017, 40, 2562–2570. [Google Scholar] [CrossRef]

	



Bizabani, C.; Dames, J. Effects of inoculating Lachnum and Cadophora isolates on the growth of Vaccinium corymbosum. Microbiol. Res. 2015, 181, 68–74. [Google Scholar] [CrossRef]

	



Bizabani, C.; Fontenla, S.; Dames, J.F. Ericoid fungal inoculation of blueberry under commercial production in South Africa. Sci. Hortic. 2016, 209, 173–177. [Google Scholar] [CrossRef]

	



Watts-Williams, S.J.; Cavagnaro, T.R.; Tyerman, S.D. Variable effects of arbuscular mycorrhizal fungal inoculation on physiological and molecular measures of root and stomatal conductance of diverse Medicago truncatula accessions. Plant Cell Environ. 2019, 42, 285–294. [Google Scholar] [CrossRef]

	



Li, J.; Mavrodi, O.V.; Hou, J.; Blackmon, C.; Babiker, E.M.; Mavrodi, D.V. Comparative Analysis of Rhizosphere Microbiomes of Southern Highbush Blueberry (Vaccinium corymbosum L.), Darrow’s Blueberry (V. darrowii Camp), and Rabbiteye Blueberry (V. virgatum Aiton). Front. Microbiol. 2020, 11, 370. [Google Scholar] [CrossRef]

	



Yeates, C.; Gillings, M.R.; Davison, A.D.; Altavilla, N.; Veal, D.A. Methods for microbial DNA extraction from soil for PCR amplification. Biol. Proced. Online 1998, 1, 40–47. [Google Scholar] [CrossRef]

	



Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.; Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019, 37, 852–857. [Google Scholar] [CrossRef] [PubMed]

	



Nilsson, R.H.; Larsson, K.H.; Taylor, A.F.S.; Bengtsson-Palme, J.; Jeppesen, T.S.; Schigel, D.; Kennedy, P.; Picard, K.; Glockner, F.O.; Tedersoo, L.; et al. The UNITE database for molecular identification of fungi: Handling dark taxa and parallel taxonomic classifications. Nucleic Acids Res. 2019, 47, D259–D264. [Google Scholar] [CrossRef] [PubMed]

	



Alonso, R.M.; San-Martin, M.I.; Sotres, A.; Escapa, A. Graphene oxide electrodeposited electrode enhances start-up and selective enrichment of exoelectrogens in bioelectrochemical systems. Sci. Rep. 2017, 7, 13726. [Google Scholar] [CrossRef] [PubMed]

	



Louca, S.; Parfrey, L.W.; Doebeli, M. Decoupling function and taxonomy in the global ocean microbiome. Science 2016, 353, 1272–1277. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, N.H.; Song, Z.; Bates, S.T.; Branco, S.; Tedersoo, L.; Menke, J.; Schilling, J.S.; Kennedy, P.G. FUNGuild: An open annotation tool for parsing fungal community datasets by ecological guild. Fungal Ecol. 2016, 20, 241–248. [Google Scholar] [CrossRef]

	



Hanbo, C.; Boutros, P.C. VennDiagram: A package for the generation of highly-customizable Venn and Euler diagrams in R. BMC Bioinf. 2011, 12, 35. [Google Scholar] [CrossRef]

	



Conway, J.R.; Lex, A.; Gehlenborg, N. UpSetR: An R package for the visualization of intersecting sets and their properties. Bioinformatics 2017, 33, 2938–2940. [Google Scholar] [CrossRef]

	



Csardi, G.; Nepusz, T. The igraph software package for complex network research. Complex. Syst. 2006, 1695. [Google Scholar]

	



Dong, L.; Xu, J.; Feng, G.; Li, X.; Chen, S. Soil bacterial and fungal community dynamics in relation to Panax notoginseng death rate in a continuous cropping system. Sci. Rep. 2016, 6, 31802. [Google Scholar] [CrossRef]

	



Huerta-Cepas, J.; Forslund, K.; Coelho, L.P.; Szklarczyk, D.; Jensen, L.J.; von Mering, C.; Bork, P. Fast Genome-Wide Functional Annotation through Orthology Assignment by eggNOG-Mapper. Mol. Biol. Evol. 2017, 34, 2115–2122. [Google Scholar] [CrossRef]

	



Bailey, T.L.; Johnson, J.; Grant, C.E.; Noble, W.S. The MEME Suite. Nucleic Acids Res. 2015, 43, W39–W49. [Google Scholar] [CrossRef] [PubMed]

	



Mansouri, H.; Salari, F. Influence of mevinolin on chloroplast terpenoids in Cannabis sativa. Physiol. Mol. Biol. Plants 2014, 20, 273–277. [Google Scholar] [CrossRef] [PubMed]

	



Islam, E.; Yang, X.; Li, T.; Liu, D.; Jin, X.; Meng, F. Effect of Pb toxicity on root morphology, physiology and ultrastructure in the two ecotypes of Elsholtzia argyi. J. Hazard. Mater. 2007, 147, 806–816. [Google Scholar] [CrossRef] [PubMed]

	



Leyva, A.; Quintana, A.; Sanchez, M.; Rodriguez, E.N.; Cremata, J.; Sanchez, J.C. Rapid and sensitive anthrone-sulfuric acid assay in microplate format to quantify carbohydrate in biopharmaceutical products: Method development and validation. Biologicals 2008, 36, 134–141. [Google Scholar] [CrossRef]

	



Ballesteros, L.F.; Teixeira, J.A.; Mussatto, S.I. Extraction of polysaccharides by autohydrolysis of spent coffee grounds and evaluation of their antioxidant activity. Carbohydr. Polym. 2017, 157, 258–266. [Google Scholar] [CrossRef]

	



Jalali, M.; Beygi, M.; Jalali, M.; Buss, W. Background levels of DTPA-extractable trace elements in calcareous soils and prediction of trace element availability based on common soil properties. J. Geochem. Explor. 2022, 241, 107073. [Google Scholar] [CrossRef]

	



Safari Sinegani, A.A.; Safari Sinegani, M. Chemical fractionation and bioavailability of Fe, Mn, Pb, and Cd in soils around Meyghan Lake, Arak, Iran. Int. J. Environ. Sci. Technol. 2018, 16, 3297–3308. [Google Scholar] [CrossRef]

	



Manolikaki, I.; Diamadopoulos, E. Agronomic potential of biochar prepared from brewery byproducts. J. Environ. Manag. 2020, 255, 109856. [Google Scholar] [CrossRef]

	



Clément, C.-C.; Cambouris, A.N.; Ziadi, N.; Zebarth, B.J.; Karam, A.; Naeth, M.A. Nitrogen source and rate effects on residual soil nitrate and overwinter NO3-N losses for irrigated potatoes on sandy soils. Can. J. Soil. Sci. 2020, 100, 44–57. [Google Scholar] [CrossRef]

	



Zang, Y.-X.; Chun, I.-J.; Zhang, L.-L.; Hong, S.-B.; Zheng, W.-W.; Xu, K. Effect of gibberellic acid application on plant growth attributes, return bloom, and fruit quality of rabbiteye blueberry. Sci. Hortic. 2016, 200, 13–18. [Google Scholar] [CrossRef]

	



Jin, Q.; Zhang, Y.; Ma, Y.; Sun, H.; Guan, Y.; Liu, Z.; Ye, Q.; Zhang, Y.; Shao, C.; Mu, P.; et al. The composition and function of the soil microbial community and its driving factors before and after cultivation of Panax ginseng in farmland of different ages. Ecol. Indic. 2022, 145, 109748. [Google Scholar] [CrossRef]

	



Badri, D.V.; Vivanco, J.M. Regulation and function of root exudates. Plant Cell Environ. 2009, 32, 666–681. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Z.; Han, M.; Hu, Y.; Li, Z.; Liu, C.; Wang, X.; Tian, Q.; Jiao, W.; Hu, J.; Liu, L.; et al. Effects of Continuous Cropping of Sweet Potato on the Fungal Community Structure in Rhizospheric Soil. Front. Microbiol. 2019, 10, 2269. [Google Scholar] [CrossRef] [PubMed]

	



Sasse, J.; Martinoia, E.; Northen, T. Feed Your Friends: Do Plant Exudates Shape the Root Microbiome? Trends Plant Sci. 2018, 23, 25–41. [Google Scholar] [CrossRef] [PubMed]

	



Hoeksema, J.D.; Chaudhary, V.B.; Gehring, C.A.; Johnson, N.C.; Karst, J.; Koide, R.T.; Pringle, A.; Zabinski, C.; Bever, J.D.; Moore, J.C.; et al. A meta-analysis of context-dependency in plant response to inoculation with mycorrhizal fungi. Ecol. Lett. 2010, 13, 394–407. [Google Scholar] [CrossRef] [PubMed]

	



Yu, L.; Zhang, Z.; Zhou, L. Advances in the studies on symbiotic arbuscular mycorrhizal fungi of traditional Chinese medicinal plants. BIOCELL 2022, 46, 2559–2573. [Google Scholar] [CrossRef]

	



Bradley, E.L.; Okmen, B.; Doehlemann, G.; Henrissat, B.; Bradshaw, R.E.; Mesarich, C.H. Secreted Glycoside Hydrolase Proteins as Effectors and Invasion Patterns of Plant-Associated Fungi and Oomycetes. Front. Plant Sci. 2022, 13, 853106. [Google Scholar] [CrossRef]

	



Schröder, I.; Johnson, E.; de Vries, S. Microbial ferric iron reductases. FEMS Microbiol. Rev. 2003, 27, 427–447. [Google Scholar] [CrossRef]

	



Howitt, S.M.; Udvardi, M.K. Structure, function and regulation of ammonium transporters in plants. Biochim. Biophys. Acta Biomembr. 2000, 1465, 152–170. [Google Scholar] [CrossRef]

	



Su, Z.; Zhang, Y.; Zhao, R.; Zhou, J. Enhancement of dissimilatory nitrate/nitrite reduction to ammonium of Escherichia coli sp. SZQ1 by ascorbic acid: Mechanism and performance. Sci. Total Environ. 2022, 853, 158423. [Google Scholar] [CrossRef]

	



Zhong, J.; Gu, J.; Guo, Y.; You, S.; Liao, F.; Chen, W.; Guo, W. Blueberry VcLon1 protease increases iron use efficiency by alleviating chloroplast oxidative stress. Plant Soil. 2019, 445, 533–548. [Google Scholar] [CrossRef]

	



Larsen, C.N.; Krantz, B.A.; Wilkinson, K.D. Substrate Specificity of Deubiquitinating Enzymes: Ubiquitin C-Terminal Hydrolases. Biochemistry 1998, 37, 3358–3368. [Google Scholar] [CrossRef] [PubMed]

	



Qihua, L.; Weihua, H.; Amy, B.; Paul, J. Chloroplast Biogenesis Is Regulated by Direct Action of the Ubiquitin-Proteasome System. Science 2012, 338, 655–659. [Google Scholar] [CrossRef]

	



Hernandez-Martinez, F.; Briones-Roblero, C.I.; Nelson, D.R.; Rivera-Orduna, F.N.; Zuniga, G. Cytochrome P450 complement (CYPome) of Candida oregonensis, a gut-associated yeast of bark beetle, Dendroctonus rhizophagus. Fungal Biol. 2016, 120, 1077–1089. [Google Scholar] [CrossRef]

	



Hagh-Doust, N.; Färkkilä, S.M.A.; Hosseyni Moghaddam, M.S.; Tedersoo, L. Symbiotic fungi as biotechnological tools: Methodological challenges and relative benefits in agriculture and forestry. Fungal Biol. Rev. 2022, 42, 34–55. [Google Scholar] [CrossRef]








[image: Jof 09 00779 g001 550] 





Figure 1. Diversity analysis of fungi in rhizosphere and nonrhizosphere soils of different blueberry cultivars. Alpha diversity analysis of (a) Shannon’s index and (b) Chao1 index. Beta diversity analysis of (c) fungi Bray–Curtis dissimilarity of fungal communities and (d) weighted UniFrac dissimilarity of fungal communities. Note: sample codes for rhizosphere soil samples: JG, flourishing ‘Premier’ plants; JB, weak ‘Premier’ plants; O, ‘O’Neal’ plants; XG, flourishing ‘Sharpblue’ plants; XB, weak ‘Sharpblue’ plants. p < 0.01 **. 
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Figure 2. Root fungal functional prediction and estimation of blueberry root health status of different blueberry varieties. (a) Predicted pathogenic fungi. (b) Predicted saprophytic fungi. (c) Symbiotic and saprophytic–symbiotic fungi and their abundance as predicted using FUNGuild. (d) Estimation of environmental health of rhizosphere and nonrhizosphere soils of different blueberry varieties. Sample codes for rhizosphere soil samples: JG, flourishing ‘Premier’ plants; JB, weak ‘Premier’ plants; O, ‘O’Neal’ plants; XG, flourishing ‘Sharpblue’ plants; and XB, weak ‘Sharpblue’ plants. Absolute abundance was calculated after data standardization. 
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Figure 3. Analysis of interaction network and differences in microorganisms in the rhizosphere among different blueberry cultivars. (a) Interaction network of different blueberry rhizosphere fungi (red edge between two nodes shows a positive correlation, and blue edge shows a negative correlation; for simplicity, only the name of the fungus we focused on is shown). (b) Difference analysis of fungi in different blueberry rhizospheres. (c) Difference analysis of fungi unique to flourishing ‘Premier’ plants (JG) and weak ‘Premier’ plants (JB) and fungi with microbial network correlation. (d) Difference analysis between ‘Premier’ (JG and JB) symbiotic fungi associated with microbial network and ‘Premier’ (JG and JB) saprophytic and symbiotic fungi. Sample codes for rhizosphere soil samples: JG, flourishing ‘Premier’ plants; JB, weak ‘Premier’ plants; O, ‘O’Neal’ plants; XG, flourishing ‘Sharpblue’ plants; and XB, weak ‘Sharpblue’ plants. Sample codes for nonrhizosphere soil samples: JGK, JBK, OK, XGK, XBK. 
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Figure 4. Difference analysis of fungi (including rhizosphere and non-rhizosphere soils). The UpSet plot is analogous to a Venn diagram. Vertical bars show genera shared among samples. Horizontal bars represent the total number of genera detected in each sample. Sample codes for rhizosphere soil samples: JG, flourishing ‘Premier’ plants; JB, weak ‘Premier’ plants; O, ‘O’Neal’ plants; XG, flourishing ‘Sharpblue’ plants; and XB, weak ‘Sharpblue’ plants. Sample codes for non-rhizosphere soil samples: JGK, JBK, OK, XGK, XBK. 
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Figure 5. Enrichment analysis of COG functional categories of reinoculated Sistotrema. 
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Figure 6. Effects of drought- and nutrient-deficiency-stress treatment (50 d) on ‘Gulfcoast’ blueberry reinoculated with endophytic fungi, compared with control group. Figure shows changes in (a) chlorophyll content and (b) root system activity. Asterisks indicate significant differences (p < 0.05 *, p < 0.01 **, p < 0.005 ***, p < 0.001 ****). Plants in the control were inoculated with PDA without microorganisms. 
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Figure 7. Effects of drought- and nutrient-deficiency-stress treatment (50 d) on ‘Gulfcoast’ blueberry reinoculated with endophytic fungi, compared with control group. Figure shows changes in total sugar content in (a) leaves, (b) stems, and (c) roots; and reducing sugars content in (d) leaves, (e) stems, and (f) roots. Asterisks indicate significant differences (p < 0.05 *, p < 0.01 **, p < 0.005 ***). Plants in the control were inoculated with PDA without microorganisms. 
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Figure 8. Effects of drought- and nutrient-deficiency-stress treatment (50 d) on ‘Gulfcoast’ blueberry reinoculated with endophytic fungi, compared with control group. Figure shows changes in (a) soil soluble-iron content and soil soluble-nitrogen content including (b) nitrate nitrogen (NO3–N), (c) ammonium nitrogen (NH4–N), and (d) total nitrogen. Asterisks indicate significant differences (p < 0.05 *, p < 0.01 **, p < 0.005 ***). Plants in the control were inoculated with PDA without microorganisms. 
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Figure 9. Phenotypes of 3-year-old ‘Star’ blueberry plants during 40 days of growth under normal conditions after reinoculation with Sistotrema. Plants in the control group were inoculated with PDA without microorganisms.CK1-5 were controls, Tr1-5 were reinoculated treatments. 
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Figure 10. Growth-promoting effects of Sistotrema. (a) Periodic growth and (b) periodic relative growth (plant height) of 3-year-old Star blueberry plants during 40 days of growth after reinoculation with Sistotrema. (c) Leaf phenotypes of 3-year-old ‘Star’ blueberry plants during 40 days of growth under normal conditions after reinoculation with Sistotrema. Asterisks indicate significant differences (p < 0.05 *, p < 0.01 **). Plants in the control group were inoculated with PDA without microorganisms. CK1-5 were controls, Tr1-5 were reinoculated treatments. 
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Figure 11. Recovery and sprouting of 3-year-old ‘Star’ and ‘Jewel’ blueberry plants. Plants in the control group were inoculated with PDA without microorganisms. 
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Table 1. Details of soil samples collected in this study.
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Blueberry Variety

	
Growth State

	
Plant Character

	
Sampling Site

	
Sample Code






	
‘O’Neal’

	
Weak growth

	
Flourishing

	
Rhizosphere

	
O




	
Flourishing

	
Nonrhizosphere

	
OK




	
‘Sharpblue’

	
Medium growth

	
Flourishing

	
Rhizosphere

	
XG




	
Flourishing

	
Nonrhizosphere

	
XGK




	
Weak

	
Rhizosphere

	
XB




	
Weak

	
Nonrhizosphere

	
XBK




	
‘Premier’

	
Strong growth

	
Flourishing

	
Rhizosphere

	
JG




	
Flourishing

	
Nonrhizosphere

	
JGK




	
Weak

	
Rhizosphere

	
JB




	
Weak

	
Nonrhizosphere

	
JBK
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Table 2. Characteristics of blueberry materials used in reinoculation tests.
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Blueberry Variety

	
Classification

	
Plant Character

	
Treatment






	
1-year-old ‘Gulfcoast’

	
Southern highbush blueberry

	
Normal growth

	
Drought and nutrient-deficiency stress




	
3-year-old ‘Star’

	
Southern highbush blueberry

	
Normal growth

	
Normal treatment




	
Stunted

	
Normal treatment




	
Dying

	
Normal treatment




	
3-year-old ‘Jewel’

	
Southern highbush blueberry

	
Stunted

	
Normal treatment




	
Dying

	
Normal treatment
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