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Abstract
Arbuscular mycorrhizal fungi (AMF) typically exhibit reduced diversity in nutrient-rich soils. However, whether the influence of host plants on AMF within the rhizosphere is direct or indirect through the alteration of soil nutrient levels has yet to be determined. This study explored the diversity and colonization of AMF in the National Tropical Fruit Tree Genebank, where chemical fertilizers are used to preserve minor tropical fruit germplasms. We aimed to understand the direct and indirect effects of host plants on AMF community dynamics, sporulation, and colonization. By analyzing fine roots and rhizosphere soil from 12 tropical fruit trees, we assessed mycorrhizal colonization indices, soil nutrients, AMF spore density, and community structure. Despite their low colonization density and arbuscular abundance, all the tree roots harbored AMF, with spore densities ranging from 24.00 to 204.80 spores/100 g of dry soil. High-throughput sequencing identified 207 AMF virtual taxa (VTs) from 60 soil samples, with dominant taxa, including early-evolved Paraglomus fungi and ruderal AMF, being minimally affected by soil nutrient levels. Interestingly, there was no correlation between α diversity and spore density. Structural equation modeling (SEM) indicated that host plant evolutionary divergence time (ET) directly influenced AMF α diversity indices and indirectly impacted spore density via soil nutrients. However, neither ETs nor soil nutrients significantly affected the AMF community structure, with only arbuscular abundance showing a negative correlation with ET. This research underscores the intricate relationship between host plants and AMF in genebanks, offering insights for effective AMF resource management and informed conservation practices.
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Introduction
Field genebanks play a critical role in supporting future food security by preserving plant genetic resources over the long term [1]. However, these genebanks are often primarily seen as repositories for resource conservation [2], leading to a lack of attention on the intricate microbial ecosystem in the soil environment where plants in field genebanks thrive. The relationship between plant roots and microorganisms is a result of complex molecular interactions that develop through the long-term coevolution of plant hosts and microbial partners [3]. Among these beneficial root associations, arbuscular mycorrhizae (AM) represent mutualistic symbioses that develop between the roots of 72% of vascular plants and arbuscular mycorrhizal fungi (AMF) [4]. Tropical fruit trees are an important source of edible fruits and economic income, especially in tropical and subtropical regions of China [5]. While some staple tropical fruits, such as avocado (Persea americana), banana (Musa nana), litchi (Litchi chinensis), and mango (Mangifera indica), have been shown to form AM associations [6–8], the mycorrhizal relationships of many less prominent tropical fruit trees (those with smaller production volumes traded in regional markets [9]) remain poorly characterized.
The presence of AMF in rhizosphere soil serves as the basis for the establishment of AM symbiosis within host plants. Predictable variations in AMF colonization within host roots and the diversity of AMF populations in rhizosphere soil have been observed in relation to soil pH and nutrient levels [10–12]. Many tropical ecosystems are characterized by low soil pH and limited nutrient availability [13, 14], leading to a general assumption of low species diversity among AMF communities in such environments [15]. However, ongoing research into AMF diversity, coupled with advances in high-throughput sequencing technology, has revealed that the species diversity and genetic variability in AMF in tropical ecosystems may have been substantially underestimated [16–19]. Moreover, it is important to highlight that AMF colonization and the diversity of AMF communities are being studied in the context of field genebanks situated in ultra-acidic, infertile soil with substantial nutrient inputs from manure. These genebanks make substantial investments in the application of rapid-acting nutrients to safeguard germplasm resources [20].
AMF receive lipids [21] and sugars [22] from their photosynthetic hosts in exchange for essential mineral nutrients. Consequently, host plants have the potential to significantly influence microbial communities within rhizosphere soils [23]. Recent investigations in grassland ecosystems have suggested that alterations in host plant species can trigger shifts in AMF diversity and community composition within rhizosphere soils [24–26]. Conversely, a separate study reported that 31 different cultivars of durum wheat (Triticum turgidum L. var. durum) had similar AMF communities under field conditions in Eastern Canada [23]. However, the aforementioned studies did not quantify the precise impact of host plants on AMF colonization and community assembly. Fortunately, the R package V.PhyloMaker [27, 28] offers a valuable tool for obtaining phylogenetic information about various plant species directly, obviating the need for genetic analysis. Importantly, different plant species exhibit varying nutrient requirements [29], and nutrient levels within the rhizosphere soil frequently influence both AMF colonization of host plants and the composition of microbial communities [10–12]. As such, it remains unknown whether host plants have a direct effect on AMF colonization metrics and community structure or this effect is mediated through the nutrient conditions of the rhizosphere soil. This represents an area of research that deserves further investigation. The National Tropical Fruit Tree Field Genebank, located in Zhanjiang city, China, encompasses more than 1300 germplasm resources representing 35 minor tropical fruit species, all within an 8-hectare area that maintains consistent initial soil nutrient levels and manure input conditions. Consequently, this site offers a promising opportunity to explore both the direct and indirect effects of host plants on AMF colonization parameters and community structure.
Therefore, we conducted a comprehensive study involving the collection of fine root and rhizosphere soil samples from 12 different minor tropical fruit trees within the confines of the National Tropical Fruit Tree Field Genebank. Our investigation included quantifying mycorrhizal colonization rates in fine roots, analyzing physiochemical properties and AMF spore density in rhizosphere soil, and utilizing high-throughput sequencing techniques to assess AMF diversity and community composition. Subsequently, we employed V.PhyloMaker to quantitatively estimate the evolutionary divergence time of the phylogenetic relationships among the various plant species. This information enabled us to scrutinize disparities in AMF community structure among fruit trees with differing evolutionary divergence times. Furthermore, we employed structural equation modeling (SEM) [30, 31] to systematically evaluate both the direct and indirect influences of host plants on AMF colonization and community structure. This research was primarily undertaken to achieve two major objectives: (1) to characterize AMF colonization and community diversity in 12 minor tropical fruit trees under ultra-acidic and infertile soil conditions coupled with substantial nutrient inputs from manure and (2) to ascertain whether the impact of host plants on AMF colonization metrics and community structure is direct or mediated by the nutrient conditions present in the rhizosphere soil.

Materials and methods
Study site and plant materials
The National Tropical Fruit Tree Field Genebank (GPS coordinates: 21°9′58″N; 110°16′47″E), established in 2012, is located near the city of Zhanjiang, Guangdong Province, China. This region features a tropical monsoon climate characterized by a mean annual temperature of 23.1 °C and an annual precipitation of 1750 mm. Approximately 70% of the precipitation occurs during the rainy season, spanning from April to September. The predominant soil type in this zone is latosol. Prior to the establishment of the Field Genebank, the 8-hectare core area was dedicated to pineapple (Ananas comosus) cultivation. The soil physicochemical properties of this 8-hectare core area were assessed using a random sampling approach during the establishment of the field genebank, and no significant differences were observed among samples (Additional file 4: Table S1). Since 2012, compound fertilizer (N:P2O5:K2O = 15:15:15) has been applied to the core area at a rate of 750 kg/ha annually through integrated water and fertilizer management; additionally, weed control and irrigation have been applied as needed based on the actual conditions. Fine root and soil samples were collected from 12 taxa representing 10 species of the same age: Averrhoa carambola (classified under Oxalidaceae, Ac); Annona squamosa (classified under Annonaceae, As); Clausena excavata (Ce) and 3 C. lansium cultivars (referred to as ClaA, ClaB, and ClaC); Hylocereus undatus (classified under Cactaceae, Hu); Psidium guajava (Pg); Rhodomyrtus tomentosa (Rt); Syzygium samarangense (classified under Myrtaceae, Ss); Synsepalum dulcificum (classified under Sapotaceae, Sd); and Ziziphus mauritiana (classified under Rhamnaceae, Zm).

Sample collection
Fine root and rhizosphere soil samples were collected to characterize the mycorrhizal colonization rates and AMF communities associated with the 12 minor tropical fruit trees. The sampling was conducted on June 23, 2020. For each minor tropical fruit tree taxon, five replicates were randomly selected from within the resource conservation area. The fine plant roots were carefully excavated and subsequently rinsed with distilled water. The collected roots for each replicate were then preserved in phials filled with formaldehyde–acetic acid–ethanol (FAA) fixative [32]. These phials were stored at 4 °C in a laboratory refrigerator until further processing. Rhizosphere soil samples were collected from the soil within a 1 cm radius of the fine roots and subsequently sieved through a 0.5-mm mesh [24]. The sieved rhizosphere soil from each replicate was divided into two parts: one part was transferred to a 50-mL freezing tube and stored at − 80 °C, while the other part was air-dried for subsequent analysis of soil properties and determination of AMF spore density in the rhizosphere soil.

Root colonization, soil properties and AMF spore density analysis
Root samples were prepared using the 'ink and vinegar' staining technique outlined in Stefani et al.'s work [23]. In each root sample, 30 random root fragments, each approximately 1 cm in length, were selected and examined for the presence of arbuscules, vesicles, and hyphae. The mycorrhizal colonization rate was determined using Mycocale software, and the relevant grading standards described in Votta et al.'s publication [33] were applied for assessment; colonization frequency (F), colonization density (M) and arbuscular abundance (A) were calculated. Seven soil properties, including total nitrogen (TN, determined using the Kjeldahl nitrogen method), total phosphorus (TP, determined using the molybdenum antimony anti-colorimetric method), total potassium (TK, determined using the flame photometer atomic absorption method), total organic carbon (TOC, determined using the potassium dichromate heating method), available phosphorus (AP, determined using the sodium bicarbonate leaching-colorimetric method), available potassium (AK, determined using the flame photometer atomic absorption method), and soil pH (determined using the acidimetry method), were evaluated following the procedures outlined in Bao [34]. For the convenience of subsequent analysis, we conducted principal component analysis (PCA) [35] on the soil nutrient indicators of 60 samples. For the separation of AMF spores, 25 g of each air-dried soil sample was subjected to wet sieving and sucrose centrifugation. The isolated spores were then placed in a Petri dish filled with distilled water and observed under a stereomicroscope, after which the spore density was calculated and is expressed as the number of AMF spores per 100 g of air-dried soil [6].

DNA sequencing
Total soil DNA was extracted from 0.25 g of rhizosphere soil using a DNeasy PowerSoil Kit (QIAGEN China Co. Ltd., Shanghai, China) following the manufacturer's instructions. The DNA concentration and purity were assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, MA, USA) and 1.2% agarose gel electrophoresis. To characterize the AMF communities, the primer pairs AMV4.5NF (5’-AAGCTCGTAGTTGAATTTCG-3’) and AMDGR (5′-CCCAACTATCCCTATTAATCAT-3′) [36] were used. PCR amplification was carried out in a 25-µL reaction mixture as follows: 2 µL of DNA template, 5 μL of 5 × reaction buffer, 5 μL of 5 × GC buffer, 2 μL of dNTPs (2.5 mmol/L), 1 μL of AMV4.5NF (10 µmol/L), 1 μL of AMDGR (10 µmol/L), 8.75 μL of ddH2O, and 0.25 μL of Q5 high-fidelity DNA polymerase (NEB China Co. Ltd., Beijing, China). PCR amplification was carried out using an Applied Biosystems 2720 Thermal Cycler (Applied Biosystems, Foster City, CA, USA) with the following conditions: initial denaturation at 98 °C for 2 min; 30 cycles of thermocycling (98 °C for 15 s denaturation, 55 °C for 30 s annealing, 72 °C for 30 s extension); final extension at 72 °C for 5 min; and holding at 10 °C. The PCR products were purified using Vazyme VAHTSTM DNA Clean Beads (Vazyme Biotech Co., Ltd., Nanjing, China), and fluorescence was quantified using an FLx800 microplate reader (BioTek Instruments, Inc., Vermont, USA) and a Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). The sequencing libraries were constructed, and high-throughput sequencing was performed by Shanghai Oebiotech Co. Ltd. (Shanghai, China) following procedures consistent with those of previous studies [6, 23] utilizing the Illumina platform to study AMF communities. The library was subsequently sequenced on an Illumina NovaSeq 6000 platform (Illumina, Inc., Hayward, CA, USA), generating 250 bp paired-end reads (PE250).

Sequencing data processing
The initial processing of the raw sequencing reads was performed with Vsearch software (version 2.13.4 for Linux x86_64) [37]. This process involved multiple steps, including read merging (which included decompression of the sequencing data, batch processing according to the experimental design, and consolidation of all the samples into a single file) and quality control (primarily focused on removing amplification primer sequences). Subsequently, denoising was performed using the unoise3 algorithm, and the data were filtered to eliminate chimeras. The central sequences in the output represented amplicon sequence variants (ASVs). The assignment of ASVs to AMF virtual taxa (VT) was carried out using the MaarjAM databases (http://​maarjam.​botany.​ut.​ee/​, released on June 5th, 2019) [38] and the method described in Jiang et al. [6]. Taxonomic information for all the AMF VTs was obtained from the taxonomic results of representative sequences in the National Center for Biotechnology Information (NCBI) Taxonomy database (downloaded from https://​ftp.​ncbi.​nlm.​nih.​gov/​pub/​taxonomy/​ on April 20th, 2022) and the taxonomic data available in the Glomeromycota PHYLOGENY (http://​www.​amf-phylogeny.​com/​, last updated in 2021).
Subsequently, a taxonomic tree was constructed using the ggtree package [39] in the R programming environment. Furthermore, to determine the composition of the AMF community in this study, PCA was conducted using AMF classification and abundance data from 60 samples at both the family and order levels of AMF taxonomy. To assess α diversity, four indices, namely, richness (observed VTs), the Hill–Shannon index, the Hill–Simpson index, and Pielou's evenness, were calculated using QIIME2 software [40]. The results were visualized in a boxplot using R. To ensure consistency, subsequent analysis (β diversity) was performed at the same sequencing depth [41]. Therefore, all the sequencing data were subsampled to 95% of the sequence amount in the minimum sample using the 'qiime feature-table rarefy' function in QIIME2 software [40].

Impact of host plants on the AMF community
To examine the impact of host plants on the AMF community within rhizosphere soil. Our study initially utilized the V.PhyloMaker package [27, 28] in the R programming environment, this analysis focused on the phylogeny of ten species of minor tropical fruit trees (including 3 distinct cultivars of C. lansium). Subsequently, we conducted linear discriminant analysis effect size (LEfSe) analysis [41] using the evolutionary divergence times and subsampled AMF community data from different samples. The thresholds for the Kruskal‒Wallis (KW) and Wilcoxon tests were both set at 0.05, while the linear discriminant analysis (LDA) threshold was set to 3.0, this step was undertaken to analyze whether plants with different ETs exhibit a preference for specific AMF associations. Finally, nonmetric multidimensional scaling (NMDS) ordination was performed at the cultivar, species, genus, and family levels for the host plants using the Vegan [42] and ggplot2 [43] packages in R. The ordination was based on the binary Jaccard dissimilarity [44] of distinct plant AMF communities.

Construction of the structural equation model
To elucidate the connections among host plants, as quantified by their evolutionary divergence times (ETs), rhizosphere soil nutrient indicators (represented by the first 2 axes resulting from PCA conducted on the 7 soil nutrient parameters), AMF spore density, AMF colonization (F, M, and A), α diversity metrics (including richness, Shannon index, and Pielou's evenness), and the community structure of rhizosphere AMF (as depicted by the first 2 axes of the PCA at the order level of AMF taxonomy), we constructed two structural equation models. These structural equation models were constructed using the "psem" function within the R package “piecewiseSEM” [45]. This analytical approach allowed us to dissect the network into individual linear regressions that corresponded to the evolutionary divergence times of distinct host plants and rhizosphere soil nutrient indicators. Additionally, a generalized linear mixed-effects model was constructed for spore density, colonization status, α diversity, and the community structure of rhizosphere AMF, with each aspect assessed independently. These individual components were subsequently amalgamated to generate insights into the entire structural equation model. Within these models, we categorized the relationships between various indicators as either associative (indicated by solid red arrows for paths with P values less than 0.05) or independent (represented by black dotted arrows for paths with P values exceeding 0.05). We then assessed the goodness of fit of the model using Fisher's C statistic, considering the model to adequately fit the data when the P value exceeded 0.05 [45].

Statistical analyses
The normality of the 7 soil nutrient parameters, AMF spore density, AMF colonization status, and α diversity were assessed using the Kolmogorov‒Smirnov test [46]. Subsequently, the homoscedasticity of the aforementioned data was evaluated through the Levene test [47]. When the data did not satisfy the assumptions of normality or homogeneity, data transformation was applied to enhance the distribution of the residuals (refer to Additional file 5: Table S2). The influence of the host plant on the aforementioned 15 parameters in Additional file 5: Table S2 was examined using one-way analysis of variance (ANOVA). The Kolmogorov‒Smirnov test, Levene test, and one-way ANOVA were conducted within the R programming environment following the methodology described in a study on Argania spinosa [48].


Results
Soil properties and AMF colonization
Under the established nutrient inputs, there was notable variation in rhizosphere nutrient levels among the 12 different plants (Additional file 1: Fig. S1). Notably, C. excavata plants exhibited the highest soil pH but also had the lowest soil nutrient content within their rhizosphere, apart from the levels of TK and AK. According to the classification criteria outlined in the second national soil survey of China, the soil present within the National Tropical Fruit Tree Field Genebank was classified as an ultra-highly acidic latosol, and all the rhizosphere soil samples exhibited pH values less than 4.5 (Additional file 1: Fig. S1). The TP content across all the samples was predominantly classified as grade II and grade III. Furthermore, other soil total nutrients, including TN, TK, and TOC, were mostly categorized as grade IV and grade V. Conversely, for the two available nutrients, AP and AK, the majority of the 60 samples were classified as grade I (Additional file 1: Fig. S1). Interestingly, the PCA conducted on the 7 soil nutrient parameters, as represented in Fig. 1, highlighted a distinctive pattern. Nutrients with lower grades were primarily associated with PC1, explaining 56.50% of the total variation; these nutrients are referred to as "barren soil factors" (abbreviated as BSF). Conversely, indices with higher grades were predominantly associated with PC2, which accounted for 19.78% of the total variation, and were referred to as "fertile soil factors" (abbreviated as FSF).[image: ]
Fig. 1The principal component analysis (PCA) plot includes 7 soil properties, namely, total nitrogen (TN), total phosphorus (TP), total potassium (TK), total organic carbon (TOC), available phosphorus (AP), available potassium (AK), and soil pH, for the 60 samples considered in this study. The loadings of 4 nutrient factors—TN, TK, TOC, and soil pH—classified as having low values in accordance with the data from the second national soil survey in China, are denoted by the gray arrows. The loadings of 3 nutrient factors—AP, AK, and TP—categorized as having high values according to the data from the second national soil survey in China are depicted by the black arrows. The abbreviations corresponding to the 12 plants are documented in the Materials and methods section


All 12 varieties of minor tropical fruit trees were found to be associated with AMF, with characteristic AM structures, including arbuscules, vesicles, and intraradical hyphae, clearly identified in their fine roots (Additional file 2: Fig. S2). Figure 2 presents the three principal indices of AM fungal colonization within the fine roots of all the minor tropical fruit trees studied in this investigation. Remarkably, C. excavata demonstrated the highest root mycorrhizal colonization density (M) and arbuscular abundance (A). The spore density ranged from 24.00 to 204.80 spores/100 g of air-dried rhizosphere soil across the 12 fruit trees, and the rhizosphere soil of C. excavata exhibited the highest density of AMF spores (Fig. 2).[image: ]
Fig. 2The AM colonization frequency (F, black bar), colonization density (M, red bar), arbuscular abundance (A, green bar) and spore density (blue bar) for 12 kinds of minor tropical fruit trees in the National Tropical Fruit Tree Field Genebank. Data are shown as the means of 5 replicates with standard errors. For the same index, the same lowercase letters on the bar indicate that there are no significant differences between the two plant species (P < 0.05). The normality test and homoscedasticity test results of the 3 mycorrhizal colonization indices are listed in Additional file 4: Table S1. The abbreviations corresponding to the 12 plants are documented in the Materials and methods section



AMF communities in the rhizosphere soil of 12 minor tropical fruit trees
Following the processing of the initial raw reads, all the sequences were aligned against the MaarjAM database, yielding a collection of 207 AMF VTs (along with 4,681 AMF ASVs; for detailed information, refer to Additional file 6: Table S3). To visually represent the relative abundance of AMF communities among various plants, a taxonomic tree (depicted in Fig. 3) was constructed utilizing the recently identified AMF taxa and their respective abundance levels. A diverse AMF composition was observed across the 60 rhizosphere soil samples, encompassing a total of 4 orders, 11 families, and 21 genera. Notably, the predominant majority of the AMF were classified under the order Glomerales, which accounted for 57.118% of the total sequences. Additionally, a substantial portion of the sequences belonged to the order Paraglomerales, accounting for 31.622% of the sequences. At the family level, the prevailing groups were Glomeraceae (constituting 51.634% of the sequences) and Paraglomeraceae (making up 31.622% of the sequences). Upon further examination at the genus level, it was evident that the relative abundances of Paraglomus (31.619%), Rhizophagus (23.986%), Glomus (19.026%), and Claroideoglomus (5.484%) exceeded the threshold of 5%.[image: ]
Fig. 3The taxonomic hierarchy tree is accompanied by abundance information. Each branch node within the taxonomic hierarchy tree is represented by a pie chart, which depicts the distribution of each AMF taxon associated with each plant variety. The size of the pie chart segments corresponds to the proportion of the respective taxon within the AMF community of the specific plants. The abbreviations corresponding to the 12 plants are documented in the Materials and methods section


The results of the PCA conducted at the family level are depicted in Fig. 4A. These results revealed that the foremost four loadings of PC1, which accounted for 19.53% of the total variation, corresponded to the families Glomeraceae, Paraglomeraceae, Claroideoglomeraceae, and Ambisporaceae. Notably, these 4 families also exhibited the highest relative abundances within the AMF communities across all 60 samples, as shown in Fig. 3. The primary loading for PC2, which explained 16.38% of the total variance, was attributed to Sacculosporaceae (as illustrated in Fig. 4A). Interestingly, Sacculosporaceae constituted only a marginal relative abundance of 0.002% within the entire community, as evident from Fig. 3. Consequently, in the context of PCA performed at the order level (as presented in Fig. 4B), PC1 (explaining 50.14% of the total variation) is representative of represent dominant species, whereas PC2 (accounting for 25.82% of the total variation) is representative of rare species.[image: ]
Fig. 4The principal component analysis (PCA) plot shows the AMF communities across the 60 samples, differentiated at the family level (A) and order level (B). The red arrow signifies an AMF VT with substantial relative abundance across the entire community, whereas the green arrows denote AMF VTs with lower relative abundances


In relation to the α diversity observed within the AMF community, the richness, quantified by the number of observed VTs, varied across the 12 plants, ranging from 54.4 to 78 (Fig. 5). The Hill–Shannon and Hill–Simpson indices ranged from 4.86 to 14.38 and from 1.21 to 2.04, respectively, across the different plants. Additionally, the Pielou's evenness values ranged between 0.36 and 0.60 for the diverse plants. Remarkably, these 4 diversity indices were notably lower or higher for C. lansium ‘A’ than for the other plants (Fig. 5), as confirmed through the Kolmogorov‒Smirnov test and Levene test (as detailed in Additional file 5: Table S2). Conversely, the highest levels of α diversity were observed for the A. squamosa and Z. mauritiana plants (Fig. 5).[image: ]
Fig. 5The boxplot illustrates the α diversity observed within the AMF communities of 12 fruit trees. The included α diversity indices encompass richness, the Shannon index, Simpson’s index, and Pielou's evenness. The presented data represent the means derived from 5 replicates, accompanied by their corresponding standard errors. In the case of the same α diversity index, identical lowercase letters displayed on the bars indicate the absence of significant differences between two plant species (P < 0.05). The results of the normality test and homoscedasticity test for the 4 α diversity indices are comprehensively outlined in Additional file 4: Table S1. The abbreviations corresponding to the 12 plants are documented in the Materials and methods section



Influence of host plant on AMF community composition
The phylogenetic analyses conducted using V.PhyloMaker are illustrated in Fig. 6A, revealing the initial divergence of the 10 minor tropical fruit tree species examined in this study. Specifically, the differentiation of A. squamosa plants commenced approximately 135.9 million years ago. The separation of the two Clausena species occurred approximately 12.3 million years ago, whereas the distinction among the three Myrtaceae species took place 29 million years ago (R. tomentosa and P. guajava plants) and 35.9 million years ago (Syzygium samarangense plants). Through the categorization of these 10 species based on their respective evolutionary separation times, the LEfSE analysis depicted in Fig. 6B demonstrated notable trends. These results revealed that the relative abundance of Paraglomeraceae was significantly elevated in R. tomentosa and P. guajava plants. Conversely, the abundance of Glomeraceae exhibited a significant increase in the three C. lansium cultivars and C. excavata. At the genus level, the relative abundance of Rhizophagus was notably greater in the Syzygium samarangense plants (see Fig. 6B). Interestingly, the NMDS analysis of the AMF communities in the rhizospheres of plants with varying evolutionary separation times (Additional file 3: Fig. S3) coincidentally revealed that host plants with either excessively short or exceptionally long evolutionary separation times did not influence the composition of the AMF community.[image: ]
Fig. 6Cladograms illustrating the phylogenetic relationships generated by V.PhyloMaker for the 10 plant species investigated in the current study (A). In the context of the phylogeny for these 10 plant species, the length of the transverse segments signifies the evolutionary divergence time (measured in millions of years) among the various plants. The LEfSe analysis (B) was performed based on the relative abundance of different VT types within the AMF community of each sample. This diagram showcases the distinct AMF VTs across diverse plant groups. The 10 minor tropical fruit plant species were categorized according to their distinct evolutionary divergence times: As (135.9), Hu_Sd (119.9), Ac_Zm (115.8), Ss (35.9), Pg_Rt (29), and Ce_ClaA_ClaB_ClaC (12.3). The abbreviations corresponding to the 12 plants are documented in the Materials and methods section



The relationships among the evolutionary divergence times of host plants, soil factors and AMF parameters
After analyzing the rhizosphere nutrient content and various AMF parameters (including mycorrhizal colonization, spore density, α diversity, and community structure) among 12 distinct rare tropical fruit plants, it became evident that these factors exhibited variability. This variance occurred despite the presence of identical soil nutrient levels and consistent manual nutrient inputs. To further explore this phenomenon, we employed structural equation modeling (SEM) to explore the direct and indirect influences of host plants on AMF parameters. This quantification was based on the ET of different plant species.
The SEM proved to be an excellent fit for our data, as indicated by Fisher’s C statistic of 1.249 with a corresponding P value of 0.536, computed over 2 degrees of freedom. Specifically, we observed that the ET of host plants had a direct and positive significant impact on three α diversity indices of the AMF community. Notably, ET played a substantial role in enhancing richness, with a path coefficient of 0.6816 and a significance level of P < 0.001 (as illustrated in Fig. 7). Among the three mycorrhizal colonization indices, only the abundance of arbuscular structures (A) exhibited a direct correlation with ET, where the path coefficient was -0.3340 and the significance level was P < 0.05 (as depicted in Fig. 7). Interestingly, ET did not directly influence the AMF spore density; however, it did have a positive effect on both barren soil factors (BSFs) and fertile soil factors (FSFs). Notably, the density of AMF spores in the rhizosphere soil was directly affected by FSFs, with a path coefficient of -0.5890 and a significance level of P < 0.001 (as demonstrated in Fig. 7). Neither ET nor soil nutrients had a significant impact on the structure of the AMF community.[image: ]
Fig. 7A structural equation model was constructed to depict the hypothesized causal relationships among 7 variables, including the evolutionary divergence times (ETs) of different plant species, 2 soil nutrient factors, and 4 AMF parameters. The 2 soil nutrient factors correspond to the first two principal components derived from a PCA of seven soil properties, namely, barren soil factors (BSFs) and fertile soil factors (FSFs), as depicted in Fig. 1. The AMF parameters encompass mycorrhizal colonization, spore density, α diversity, and community structure. In the structural equation model, the mycorrhizal colonization indices employed included colonization frequency (F), colonization density (M), and arbuscular abundance (A). Additionally, 3 α diversity indices, namely, richness, Shannon index, and Pielou's evenness, were included in the current SEM. Similar to the approach used for soil nutrient factors, the first two axes of the principle component analysis (PCA) at the order level (as shown in Fig. 4B) were utilized to quantify data on community structure. In the diagrams, the red solid arrows signify significant relationships between two indices in a given pathway, while the black dashed arrows denote nonsignificant relationships within that pathway. The numbers above the arrows represent path coefficients, with positive and negative values indicating positive and negative relationships between the two indicators, respectively. An asterisk (*) denotes a path with a P value less than 0.05, ** signifies P < 0.01, and *** indicates P < 0.001




Discussion
AMF colonization of minor tropical fruit trees in the National Tropical Fruit Tree Field Genebank
Tropical soils are generally considered highly acidic with relatively low nutrient levels [49]. According to the classification standards of the second national soil survey in China [50], before its establishment, the soil in the National Tropical Fruit Tree Field Genebank exhibited strong acidity, with all nutrient indicators being relatively low (Additional file 4: Table S1). With 9 consecutive years of chemical fertilizer application, the soil pH further decreased, but the contents of soil nutrients, especially available nutrients, significantly increased (the contents of AP and AK in the rhizosphere of most plants significantly exceeded the grade I standards, Additional file 1: Fig. S1). All the fine root samples in the present work were associated with AMF (Additional file 2: Fig. S2 and Fig. 2). However, the mycorrhizal colonization density (M) and arbuscular abundance (A) of all the samples were relatively low in this soil environment, and the highest M and A were found in C. excavata plants, at only 26.49% and 19.14%, respectively (Fig. 2). Similarly, compared with those in 12 other plants, the nutrient contents in C. excavata plants were consistently among the lowest (Additional file 1: Fig. S1). There are two pathways for the absorption of mineral elements by plants: the direct root cortical cell absorption pathway and the mycorrhizal pathway [51]. In cases where there is an ample supply of available nutrients in the soil, the plant's reliance on the mycorrhizal absorption pathway is significantly diminished [52]. Within the context of AM symbiosis, the host plant provides organic compounds to AMF with the prerequisite that AMF supplies mineral elements to the host plant [53]. As a result, in the National Tropical Fruit Tree Field Genebank, the extensive application of chemical fertilizers conspicuously suppressed the symbiotic relationship between fruit trees and AMF.

AMF community in 12 kinds of minor tropical fruit trees
The traditional morphological identification method has clear limitations in assessing the true distinctions among AMF communities because it relies heavily on the experience of the evaluator [54]. Therefore, through the utilization of high-throughput sequencing technology, we investigated AMF resources in the rhizosphere soils of 12 varieties of minor tropical fruit trees located within the National Tropical Fruit Tree Field Genebank. Similar to molecular identification-based research conducted on AMF communities in the rhizosphere soils of other plant species [6, 55, 56], this study identified numerous ASVs as Glomeromycota fungi. Among the studied plant species, the rhizosphere soil of C. excavata plants presented the highest number of identified ASVs, with an average of 70,540 ASVs per sample (Additional file 6: Table S3). This observation was consistent with the findings that C. excavata, the plant with the highest spore count in the rhizosphere soil, yielded consistent results (Fig. 2).
The National Tropical Fruit Tree Field Genebank, situated in southern China, has been documented as having Glomeraceae as the predominant AMF family in the region [6, 57]. Figure 3 further confirms Glomeraceae as the primary AMF family within the National Tropical Fruit Tree Field Genebank. In this study, sequencing data were utilized, and a comparative analysis was conducted using the MaarjAM database [38], which encompasses only 19 VTs of Paraglomus out of a total of 384 VTs. For the classification of AMF sequences, the NCBI Taxonomy database and the Glomeromycota PHYLOGENY database (collectively encompassing information on 341 AMF species) were used. However, these databases provide data on only 26 and 9 species of Paraglomus, respectively. Despite the identification of only 14 VTs of Paraglomus in the rhizosphere soils of 12 plants (Additional file 6: Table S3), Paraglomus constituted the largest proportion (31.622%) of the entire AMF community (Fig. 3). As an early diverging AMF [58], Paraglomus fungi were found to be widely distributed across the agricultural landscape, displaying a patchy distribution and low diversity. Notably, its distribution was found to be unrelated to soil physiochemical characteristics [59]. This observation may explain why Paraglomus was the dominant genus within the AMF community in the rhizosphere soil of the 12 examined plants.
Utilizing Grime's C (competitor)-S (stress tolerator)-R (ruderal) framework, AMF can be classified into C-AMF, S-AMF, and R-AMF [60]. Previous research has indicated that tilled agricultural soils exhibit an increase in the predominance of ruderal AMF species, particularly those belonging to the Glomeraceae family [60, 61]. Notably, studies have demonstrated that Claroideoglomus AMF also possesses ruderal traits [62–65]. At the VT level, the 20 most abundant VTs (Additional file 7: Table S4, accounting for 76.89% of the total sequence count) within the entire AMF community consisted of 12 affiliated with the Glomeraceae family and 3 affiliated with Claroideoglomeraceae, a subgroup within Claroideoglomus. This outcome suggested that the majority of the AMF species in the rhizosphere soil of the 12 plants in the National Tropical Fruit Tree Field Genebank adopted ruderal strategies.
Surprisingly, among the 12 varieties of minor tropical fruit trees examined, C. excavata exhibited the highest AMF spore density (Fig. 2). However, A. squamosa had significantly greater observed VTs than did the other trees (Fig. 5). These findings suggest the absence of a direct or intrinsic correlation between AMF spore density (determined via wet sieving and sucrose centrifugation) and the richness of AMF communities (determined through high-throughput sequencing). Two plausible explanations are proposed for this discrepancy. First, the AMF species identified by molecular methods originated from total soil DNA, while some AMF spores may have been lost during extraction using the wet sieving and sucrose centrifugation methods [66]. Additionally, distinct AMF species may exhibit varying sporulation periods [67]. In accordance with these findings, A. squamosa displayed the highest diversity and evenness (Fig. 5).
Notably, in a broader study encompassing 32 orchards across two Chinese provinces, a total of 96 samples were collected from mango and litchi plants, resulting in the identification of 104 distinct VTs [6]. Similarly, in a more localized study within the root rhizosphere soil of 31 wheat varieties in Lévis, Eastern Canada, 226 diverse VTs were identified from 93 samples [23]. In contrast, our analysis of 60 samples collected from 12 plants revealed 207 various VTs, a count significantly higher than that in previous studies in mango and litchi orchards [6] and only marginally lower than the number of AMF VTs found in durum wheat rhizosphere soil [23]. This finding suggested that the diversity of host plant species may have a more substantial impact on the increase in AMF species than the increase in sampling scale and sample quantity. In addition to the 10 species employed in the present work, there are an additional 25 minor tropical fruit tree species present in the Field Genebank. Our findings indicate the presence of high AMF species richness and diversity in the rhizosphere soils of minor tropical fruit trees within the National Tropical Fruit Tree Field Genebank.

Impact of host plants on the AMF community composition, α diversity, spore density, and colonization status in the rhizosphere
Understanding the spatial distribution of AMF within rhizosphere soils is pivotal for understanding the symbiotic relationships between AMF and their host plants. In contrast to plants with a random distribution, AMF exhibit specific patterns within the rhizosphere soil of host plants [68]. Nevertheless, varying conclusions have emerged from different studies regarding the influence of host plants on AMF community structure, irrespective of environmental conditions, ranging from minimal human disturbance to agricultural cultivation. For instance, in the temperate forests of Sasayama, Hyogo Prefecture, Japan, different plant species harbor similar compositions of AMF and ectomycorrhizal fungi [69]. However, three distinct studies focusing on grassland plant rhizosphere soil have reported a pronounced preference for AMF among specific hosts in these ecosystems [24–26]. Similarly, in southern Chinese orchards, litchi and mango plants have been found to significantly alter the composition of AMF communities in their surrounding rhizosphere soils [6]. In contrast, an examination of 31 varieties of durum wheat revealed a consistent composition of AMF communities in both the roots and surrounding rhizosphere soil [23]. Importantly, in the present work, variables such as tree age, fertilizer application, irrigation, and weed control were consistent, particularly among the diverse tropical fruits investigated. Moreover, we utilized the V.PhyloMaker tool to analyze the phylogenetic information of 12 distinct minor tropical fruit trees (Fig. 6A). This methodology allowed for the quantification of the influence of host plants on the structure of rhizosphere AMF communities while effectively controlling for potential confounding environmental factors.
In this investigation, advanced analytical methods, namely, LEfSe (Fig. 6B) and NMDS (Additional file 3: Fig. S3), were employed to scrutinize the AMF community structures associated with 5 plant species that exhibited later evolutionary development. These species included 3 plants from distinct genera within the same family and 2 from different species within a single genus. The results distinctly demonstrated that each of these plant species harbors a unique AMF community structure. In stark contrast, plants that underwent earlier evolutionary divergence displayed no significant variation in their AMF community compositions. Intriguingly, in cases of minimal evolutionary separation, such as among the 3 C. lansium cultivars, the differences in rhizosphere AMF communities were not substantial (Additional file 3: Fig. S3A). Consistent with these observations, the outcomes derived from SEM (Fig. 7) reinforced the notion that the evolutionary divergence time of the host plants does not exert a considerable influence on the configuration of their associated AMF communities.
Under natural conditions, plants engage in stringent reciprocal exchange with AMF, wherein AMF provide essential mineral nutrients to their host plants, which in turn supply AMF with organic matter [70]. This exchange has led to a prevailing assumption in traditional scientific discourse that AMF diversity is diminished in cultivated soils, particularly those enriched with heavy chemical fertilizers [15]. In contrast, extensive research has revealed the robust diversity of AMF in nutrient-rich soils [18, 55, 71]. Our study corroborates this finding by demonstrating the notable diversity of AMF within the rhizospheres of 12 distinct plants (Additional file 6: Table S3), despite the regular application of substantial chemical fertilizers.
Under consistent baseline nutrient conditions and annual nutrient inputs, the variation in rhizosphere nutrients among host plants may still reflect inherent differences in the host species. Consequently, we employed SEM to explore both the direct influence of host plants on the α diversity of their associated AMF communities and their indirect effects (mediated through alterations in rhizosphere nutrient profiles impacting AMF diversity). Ancient soils typically possess lower concentrations of mineral elements and organic matter than modern soils [72]. Plants that evolved earlier, and are adapted to resource-scarce environments, exhibit lower nutrient requirements [72]. Therefore, under uniform and sufficient chemical fertilization, the rhizospheres of phylogenetically older fruit trees tend to accumulate more nutrients. Consistent with this hypothesis, the evolutionary divergence time of host plants directly impacts both nutrient-poor and nutrient-rich soil factors (Fig. 7). In our study, the α diversity of the plant rhizosphere AMF communities, assessed by 3 distinct metrics, was directly correlated with the evolutionary divergence time of the host plants, with a particularly significant influence (P < 0.001) on the richness (Fig. 7). However, the impact of rhizosphere soil nutrient content on these metrics was not significant (Fig. 7). In the AM symbiotic relationship, AMF and host plants coevolve; early evolving plants typically form symbiotic associations with early evolving mycorrhizal fungi [73]. In this context, the dominant AMF in this study, Paraglomus fungi and ruderal AMF, both representative of early evolving AMF [58, 60], exhibited a distribution pattern that was minimally affected by soil nutrient content [59, 74]. This limited influence of soil nutrients on fungal distribution suggested that the evolutionary divergence time of host plants is a key factor shaping the α diversity of AMF communities across 12 fruit tree rhizospheres.
The observed negative influence of host plant evolutionary divergence time on rhizosphere AMF spore density and mycorrhizal colonization (Fig. 7) appears to be associated with the dominant ruderal strategy of these AMF. Compared with competitive and stress-tolerant AMF, ruderal AMF are characterized by higher growth rates, accelerated asexual spore reproduction, increased hyphal turnover, more effective hyphal repair, and more efficient spore dispersal [60]. Plants with recent evolutionary divergence exhibit a lower diversity of AMF in their rhizospheres (Fig. 5), resulting in a greater proportion and consequently greater density of ruderal AMF spores and arbuscules. Importantly, while ruderal AMF make a lesser contribution to nutrient uptake by host plants, they provide better protection to hosts against pathogens and herbivores [60], which are crucial challenges in tropical fruit cultivation [5]. Our study indicated that all 12 distinct fruit trees examined had relatively low AMF abundance within their roots and low AMF spore density in the rhizosphere (Fig. 2). Moreover, excessive application of readily available nutrients in the rhizosphere suppresses AMF sporulation (Fig. 7), highlighting the need to tailor chemical fertilizer application to the specific nutrient requirements of host plants to optimize the utility of ruderal AMF in the National Tropical Fruit Tree Field Genebank.


Conclusion
In the National Tropical Fruit Tree Field Genebank, 12 unique minor tropical fruit trees exhibited associations with AMF but displayed low mycorrhizal colonization density and arbuscular abundance. The highest AMF spore density in 100 g of air-dried rhizosphere soil was a mere 204.80 spores. High-throughput sequencing revealed diverse AMF communities, with 207 VTs and 4681 AMF ASVs in the soil samples. The dominant AMF were primarily early evolved Paraglomus fungi (31.619%) and ruderal AMF (56.848%). Despite the highly acidic and nutrient-rich conditions, a surprising diversity in the AMF communities was noted across the 12 fruit trees. Nonetheless, no correlation was found between α diversity and spore density. SEM indicated that the ET of host plants significantly influenced the three α diversity indices of the AMF community directly and spore density indirectly (mediated by fertile soil factors). However, neither ET nor soil nutrients significantly impacted the community structure. Among the mycorrhizal colonization indices, only the abundance of arbuscular structures showed a direct negative correlation with ET.
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