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Abstract

:

Anti-seasonal drying-wetting cycles since 2010 have substantially altered its soil and vegetation status in the drawdown zone of China’s Three Gorges Reservoir (TGR). Such alternations may thus affect the composition and functioning of soil microbial communities, including the beneficial arbuscular mycorrhizal fungi (AMF), which enhance plant performance. Moreover, limited information is available if AMF communities are different in soils and roots, particularly under contrasting land-use changes. By combining the Illumina Miseq sequencing with bioinformatics analyses, AMF communities in both rhizosphere soils and roots of a stoloniferous and rhizomatous C4 perennial of Cynodon dactylon were characterized under three land-use types: (1) crop cultivated, (2) non-cultivated non-disturbed, and (3) disturbed non-cultivated land. A total of 35 and 26 AMF taxa were respectively detected from C. dactylon rhizosphere soils and roots from these three land-use types, which had endured four anti-seasonal drying/summer-wetting/winter cycles. Contrasting differentiations in the AMF community composition and structure were displayed in the C. dactylon rhizosphere soils and roots, and between land-use types. Nonmetric multidimensional scaling analyses revealed that AMF communities significantly correlated to soil organic carbon in the rhizosphere soils and roots of C. dactylon, to land-use types only in rhizosphere soils, whereas to soil moisture only in roots. Our results highlight the effects of soil nutrients and land-use changes on AMF community composition and diversity under the canopy of C. dactylon in TGR. The identified dominant AMF taxa can be employed to vegetation restoration in such degraded habitats globally.
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1. Introduction


The water table between 145 m and 175 m (impounded level) of the newly-formed drawdown zone has created a total area of ~400 km2 water body along the Three Gorges Reservoir (TGR) since the completion of a 185 m high dam in the middle stream of Yangtze River in 2010 [1]. As a consequence of flood control and hydropower manipulation, a 30 m hydro-logically seasonal up-and-down regime has been switched down to less than 140 m water table by emptying the downstream water during the natural flooding (wetting) in summer, but up to 175 m water table by storing the water during the natural un-flooding (drying) in winter. After such a conversion of drying-wetting cycles, plant species adapted to previously terrestrial habitats have almost completely degraded or die out, leading to totally different soil properties [2], in the newly-formed drawdown zone in the TGR region. Vegetation restoration, either structurally [3] or functionally [4], has thus been practiced to tackle with these changes in this drawdown zone [5,6,7]. Accumulated evidences have showed that Cynodon dactylon (a perennial, stoloniferous, and rhizomatous C4 species) is one of the promising restoration candidates [8,9]. This plant species can rapidly spread with creeping rhizomes, culms, and stolons, which adapt to altered drying-wetting conditions [8,9]. After revegetation, C. dactylon has experienced the hydrological manipulation of the drawdown zone, and contributed leaves and litter detritus, either in fresh or decomposable status, into the riparian soil. Soil microorganisms could thus play a vital role in nutrients cycling and soil fertility during the revegetation process in the TGR. However, limited information is available regarding how soil microbial communities could respond to such anti-seasonal drying-wetting cycles.



Studies have shown that interplays between below- and above-ground biotic communities play fundamental roles in controlling ecosystem processes and properties [10,11]. This is particularly true for arbuscular mycorrhizal fungi (AMF), which are essential components of plant-soil systems due to their symbiotic associations with the majority of host plants [12]. In general, AMF benefits their host plants with the increased acquisition of poorly mobile soil nutrients, especially phosphorus (P) and potassium (K) [12], enhanced stress tolerance, and stability of ecosystems [13,14,15]. Thus, AMF should have received much attention in the indigenous seedling production and restoration [16]. Meanwhile, the biological consequence of plant–AMF interactions is complicated, since the temporal and spatial heterogeneity varies with land-use changes [17,18]. The conversion from natural habitats into agricultural lands has resulted in vegetation loss, soil degradation, and negative influences on nutrient biogeochemical cycles [19]. Such changes in the vegetation cover and soil characteristics have been one of the leading causes for the loss of plant biodiversity [1,18,20]. In cultivated farm lands, AMF population, taxa composition, and diversity tend to be decreased when compared with their natural ecosystems [18,21,22]. Conversely, AMF diversity in the cultivated lands is higher than that in the natural land soils in a hot and arid ecosystem [17]. As a result, further studies are needed to understand how AM diversity and community vary with land-use change.



In addition to the crop cultivated land (CL), two newly-formed land-use types, as non-cultivated non-disturbed land (NCND) and disturbed non-cultivated land (DNC), have existed along the drawdown zone of the TGR’s riparian banks after the completion of the hydropower dam since 2010. The disturbances in DNC include frequent human activities, e.g., boat-transportation, fishing, etc. during the flooding wet period (between October and March), while picnicing, fishing, etc. during the non-flooding dry period (between April and September). The CL is tilled by manpower with low-input management, and peanut (Arachis hypogaea Linn.) is commonly cultivated during the non-flooding period. Interestingly, the population of the stoloniferous and rhizomatous C. dactylon, a widely distributed flooding-tolerant C4 that is perennial in the drawdown zone of the TGR, has increased under the prolonged submergence and drying-wetting cycles since 2010 [23]. Apart from a strong growth performance, C. dactylon has shown high AMF colonization (15–54%) [23], which might contribute to improved vegetation restoration in the anti-seasonal drawdown zones of TGR [24]. Although the diversity and distribution patterns of AMF communities have been investigated in TGR [24] and wetlands [25,26,27,28,29], the responses of the AMF community of flooding-tolerant plants, including C. dactylon, to changes in soil property and land-use types under the drying-wetting alternations are still poorly understood. Moreover, limited information is available if AMF occurrence and functioning are different between soils and roots, particularly under contrasting land-use changes [24,26]. Therefore, we focused on the AMF community structure and diversity in the rhizosphere soils with those in the roots of C. dactylon under three contrasting land-use types of (1) NCND, (2) DNC, and (3) CL along the drawdown zone of the riparian banks in the TGR. Specifically, we hypothesized that (i) AMF communities were different in the rhizosphere soil and roots of C. dactylon; (ii) Both of the AMF communities and diversity in the rhizosphere soils/roots of C. dactylon were differentially affected by land-use type; and, (iii) The responses of C. dactylon rhizosphere soils/roots AMF communities to soil organic carbon and available phosphorus were different under contrasting land-use changes.




2. Materials and Methods


2.1. Site Description and Sampling


The drawdown zone of the TGR region (29°16′–31°25′N, 106°50′E–111°50′E) is located along a 600 km long valley between Chongqing (29°16′N, 116°50′E) and Yichang (31°25′N, 111°50′E) in the middle stream of the Yangtze River in China. The climate of this region is a southeast subtropical monsoon with a mean annual temperature of 19 °C, which ranges from 7.8 °C in February to 26.2 °C in August. The mean annual rainfall is about 1304 mm (80% in February and October) (Figure S2) [30]. The soil was clay loam (Entisol, USDA soil taxonomy).



Since 2010, the water table has been regulated to 175 m in winter and 145 m in summer in the TGR’s dam for the purpose of flood control and hydropower manipulation. In May, the water table gradually descends and C. dactylon starts to grow in the drawdown zone, thus it is not a good time to collect soil and root samples in May or June. In early September 2014, after five months growth, the roots and rhizosphere soils of C. dactylon were then sampled in the drawdown zone between 145 m and 175 m before the water table was rising in October. The distance between the sampling sites of A and B or B and C (1050 m2, each) was about 130 km along the drawdown zone in the TGR (Figure 1a and Table S1). All land-use types of NCND, DNC, and CL, also the C. dactylon vegetation, were included in the A, B, and C site (Figure 1b). In each land-use type site, C. dactylon plants with a similar growing period were selected for root sampling. Each site had three blocks and each block had three sampling plots (10 m2). In each sampling plot, five groups (three plants each) of C. dactylon were extracted with almost all roots (Figure 1b). Root-attached soils from C. dactylon were gently shaken by holding with their shoots and brushed down as rhizosphere soils. Those rhizosphere soils or roots from one plot were mixed as one composite sample. A total of five composited rhizosphere soils and five composited root samples were thus obtained from each land-use type. However, the root sample from the same land-use type land in site A, B, or C was mixed together for later DNA extraction. Plant roots, stems, and leaves were also harvested. All samplings were randomly performed, as shown in Figure 1b. The rhizosphere soil and root samples were stored in plastic bags at 4 °C until processed. After the debris removal, soil samples were passed through a 2 mm sieve, homogenized, and divided into two parts. One part of the soils was kept at –80 °C for molecular analysis and another part was air-dried for the analysis of soil physicochemical properties. One part of the fresh roots was washed in running water, dried with paper towels, and stored at –80 °C for molecular analyses. Another part of the fresh roots was stored in the FAA solution (5 mL formaldehyde, 5 mL acetic acid, and 90 mL 50% ethanol) for the root AMF colonization assessment.




2.2. Soil Physical and Chemical Properties


Soil pH (soil: water = 1:2.5, v/v) was measured with a digital pH meter (Sartorius pH Meter PB-21, Beijing, China). Soil organic carbon (SOC) was determined by the K2Cr2O7 oxidation method. Soil total nitrogen (TN) was measured with the Kjeldahl digestion (Distillation Unit B-324, Büchi Company, Flawil, Switzerland). Soil available phosphorus (AP) was extracted with 0.5 M sodium bicarbonate (NaHCO3) at pH 8.5 and was evaluated while using the Olsen method through colorimetrical analyses (UV-1800, AOE Instruments, Shanghai, China). Soil available potassium (AK) was extracted with 1 M ammonium acetate (NH4Ac) at pH 7 and then measured using flame atomic adsorption spectrophotometry (AP1200, Aopu Instruments, Shanghai, China). Soil moisture (SM) was measured after 24 h oven-drying at 105 °C. The determination of all the above-mentioned measurements was according to [31]. Soil electrical conductivity (EC) was measured according to the saturated soil paste extract method [32]. Table 1 presens the basic physical and chemical properties of rhizospheres soils.




2.3. Determination of AM Colonization


Fresh roots, after being fixed with FAA (5 mL formaldehyde, 5 mL acetic acid, and 90 mL 50% ethanol) for ≥ 48 h, were rinsed with tap water and then cut into 1 cm segments. The roots were firstly cleared with 10% (w/v) KOH for 1 h at 90 °C, bleached with H2O2 for 30 min., acidified in 5% HCl for 8 min., and finally stained with 5% Hero blue dark ink (in white vinegar, the ink was commercially from the Hero Ink Factory, Shanghai, China) for 3 min. at 20 °C [33]. After being rinsed with tap water, the roots were preserved in lactoglycerol at 20°C. Root AM fungal colonization was examined under a compound-light microscope (Zeiss Axio Lab A1, Oberkochen, Germany) and determined by the magnified intersections method [34].




2.4. Extraction of Soil and Root DNA and Amplicon Generation


Plant DNA was extracted from 0.5 g roots while using a Plant DNA extraction kit (Tiangen Biotech, Beijing, China), while soil DNA was extracted with 0.5 g soil using a Fast DNA spin kit for soil (Tiangen Biotech, Beijing, China), according to the manufacturer’s protocols. Root and soil DNA extracts were both used for PCR after a 1:10 dilution with distilled water. The ITS2 fragment of 290–328 base pair (bp) was firstly amplified with the AMF-specific primer mixtures of SSUmAf (mixture of SSUmAf1 and SSUmAf2, Table S7) and LSUmAr (mixture of LSUmAr1, LSUmAr2, LSUmAr3, and LSUmAr4, Table S7) [35], and then performed a nested PCR with the general eukaryote primer ITS4 [36] and a newly designed forward fungal specific primer ITS70 [37,38] (Table S7). All of the PCR reactions were carried out in 30 μL reactions with 15 μL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs, Massachusetts, USA); 0.2 μM of forward and reverse primers (SSUmAf and LSUmAr, ITS70, and ITS4, respectively), and about 10 ng template DNA. The first round thermal cycling consisted of initial denaturation at 95 °C for 1 min., followed by 38 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 90 s, and elongation at 72 °C for 2 min., finally 72 °C for 5 min. The second round thermal cycling consisted of initial denaturation at 94 °C for 4 min., followed by 35 cycles of denaturation at 94 °C for 30 s, annealing at 49 °C for 30 s, and elongation at 72 °C for 90 s, finally 72 °C for 10 min. The loading buffer (Takara, Kyoto, Japan) was mixed with the same volume of PCR products and the electrophoresis was operated on 2% agarose gel for estimating the quantity of PCR products. Subsequently, the obtained PCR products were purified with a GeneJET Gel Extraction Kit (Thermo Scientific, Waltham, MA, USA) and the purified amplicons were pooled in equimolar concentrations. The sequencing libraries were generated while using an NEB Next® Ultra™ DNA Library Prep Kit (New England Biolabs, Massachusetts, USA) for Illumina following the manufacturer’s recommendations, and index barcodes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific, Waltham, MA, USA) and Agilent Bioanalyzer 2100 system (Agilent Technologies Co. Ltd., Santa Clar, CA, USA). The library was finally sequenced on an Illumina MiSeq platform (Novogene Bioinformatics Technology Co. Ltd., Beijing, China).




2.5. Bioinformatics Analysis


The raw sequence data were filtered while using QIIME v. 1.5.0 (Quantitative Insights into Microbial Ecology, [39]) to remove low-quality reads with an average quality score < 20, no valid primer sequence or barcode sequence, ambiguous bases >5. The ITS2 region of filtered sequences was extracted using the fungal ITSx software package [40], and then potential chimeras were detected using the chimera.uchime command in Mothur 1.31.2 [41] by comparison with entries in the unified system for the DNA-based fungal taxa linked to the classification (UNITE) database [42]. The non-chimeric ITS2 sequences were clustered into operational taxonomic units (OTUs) at a 97% sequence similarity via the UPARSE pipeline [43] after the de-replication and discard of all singletons. A representative sequence of each OTU was selected and aligned against the NCBI, UNITE, and international nucleotide sequence databases collaboration while using the basic local alignment search tool [44,45]. A neighbor joining tree of the representative OTU sequences obtained in this study and reference sequences from GenBank were constructed using the p-distance model with 1000 replicates to produce bootstrap values to identify the obtained AMF OTUs. Fungal OTUs were identified as AMF if they matched well with the known AMF taxa and lineages according to the nomenclature of Glomeromycota (http://www.amf-phylogeny.com and [46]). The numbers of reads per sample were rarefied to the smallest sample size via the sub.sample command in mothur 1.31.2 to remove the effects of uneven sequence depths among samples on the AMF community analysis [41].




2.6. Data and Statistical Analyses


The permutation multivariate analysis of variance (PERMANOVA) approach, followed by a Monte Carlo permutational test (n = 999), was carried out to compare the differences in the abundance of each OTU among the NCND, DNC, and CL lands. The permutation analysis for the multivariate homogeneity of dispersions (PERMDISP; [47]) with the “adonis” and “betadisper” functions of the vegan package of R version 3.4.3, respectively [48]. The β-diversity values that were used in the PERMANOVA and PERMDISP analyses were calculated with the “Bray-Curtis” metric based on the OTU-level matrices (Table S5). Soil properties, AMF colonization values, and diversity index among these three lands were also tested by one-way ANOVA.



AMF communities in C. dactylon roots and rhizosphere soil were ordinated (two-dimensional solution) based on OTU matrices while using nonmetric multidimensional scaling (NMDS) to elucidate the influence of land-use type and soil properties on the AMF community. To explore the correlations between each community and the corresponding environmental factors, soil variables and land-use type were fitted as vectors onto the NMDS plots using the function ‘envfit’ from the ‘vegan’ library of the R package [49]. The PERMANOVA was carried out with the vegan package in the R version 3.4.3 to establish whether significant differences in AMF community composition existed between land-use types (R Development Core Team, 2013) [48].




2.7. Accession Number


All Illumina MiSeq Platform sequencing data were deposited in the sequence read archive of public NCBI database under the accession number SAMN05773093– SAMN05773102, SAMN05773138 ‒ SAMN05773145, SRP156764, and SRP156765.





3. Results


3.1. Differences in Soil Properties between Three Contrasting Land-Use Types


Soil electrical conductivity (EC) was higher at both NCND and DNC than at CL (Table 1). The soils were alkaline (pH 8.18–8.28) with a lower pH value at the non-cultivated non-disturbed land (NCND) than at both the cultivated land (CL) and disturbed non-cultivated land (DNC). Soil available phosphorus (AP), organic carbon (SOC), and moisture (SM) were significantly higher at NCND, followed by at CL and DNC. Soil available potassium (AK) and total nitrogen (TN) ranked as CL > NCND > DNC.




3.2. Differences between Soil and Root DNA Sequences


A total of 226,845 and 229,302 ITS2 sequencing reads were respectively obtained from rhizosphere soils and the roots of C. dactylon, respectively. Among the Miseq sequencing tags from the soil, the total number of Glomeromycota were 148,615 (65.51% of all reads from the rhizosphere soil, Table S6), according to the QIIME blast results from the UNITE and INSD database. These sequences from the soil were assigned to 518 OTUs at a 97% similarity level (belonging to nine genus and 35 taxa, see Table S2). The neighbor-joining phylogenetic tree showed the relationships of the representative sequences of OTUs and referenced sequences from the NCBI and UNITE database (Figure S1 and Table S8). As for the roots, a total of 229,302 Glomeromycota sequences (70.23% of all tags from the root, Table S6) were assigned to 295 OTUs at a 97% similarity level (belonging to eight genus and 26 taxa, see Table S3). A total of 37 AMF taxa were observed from the rhizosphere soil (35 taxa) and root (26 taxa).




3.3. AMF Community Structure in Rhizosphere Soils under Three Contrasting Land-Use Types


The AMF communities in the rhizosphere soils were determined based on the relative abundance of AMF sequence tags. The most abundant genera in the rhizosphere soils of C. dactylon were Glomus and Rhizophagus in all of these three lands (NCND, CL, and DNC), followed by Paraglomus, Claroideoglomus, Septoglomus, Diversispora, Funneliformis, Dominikia, and Archaeospora (Figure 2). A total of 35 AMF taxa were detected from all these lands (Figure 2d and Table S2). A greater relative abundance of an AMF genus in rhizosphere soils at NCND was ranked as Rhizophagus > Paraglomus > Glomus, while Glomus > Rhizophagus > Septoglomus at DNC and Glomus > Claroideoglomus > Dominikia at CL (Figure 2). At the taxa level, the most frequent taxa were Rhizophagus intraradices (12.90%), followed by Glomeraceae sp. (10.19%) at NCND. By contrast, the abundant AMF taxa were Glomeraceae sp. (15.61%) and Glomus sp. (11.90%) at CL. At DNC, the most frequent taxa were Glomeraceae sp. (24.17%) and Glomerales sp. (16.38%). In addition, the Par2 Paraglomus sp., Archaeosporales sp., and Diversispora eburnea were found in the rhizosphere soil at NCND only; Archaeospora sp., Glomus sp. 8 SUN_2011, Glomus microcarpum, and Glomus cubense were in the rhizosphere soil at CL only; whereas the Archaeosporaceae sp. was in the rhizosphere soil at DNC only (Figure 2 and Table S2).




3.4. AMF Community Structure in Roots under Three Contrasting Land-Use Types


Rhizophagus was the most frequent genus in the roots of C. dactylon from all three land types (Figure 2), followed by Archaeospora, Glomus, Funneliformis, Septoglomus, Claroideoglomus, and Diversispora. A total of 26 AMF taxa were observed in roots of C. dactylon from the lands (Figure 2d). A greater relative abundance of an AMF genus in rhizosphere soils at NCND ranked as Rhizophagus > Glomus > Paraglomus, while Rhizophagus > Archaeospora > Glomus at DNC and Rhizophagus > Glomus > Septoglomus at CL (Figure 2). At the taxa level, the most dominant genera in roots were Rhizophagus intraradices (39.38%) and Rhizophagus irregularis, (19.33%) at NCND, Glomeraceae sp. (15.07%) and Rhizophagus intraradices (13.54%) at CL, while Rhizophagus sp. (21.87%), Archaeosporaceae sp. (27.57%) and Rhizophagus irregularis (9.26%) at DNC (Table S3). Additionally, the exclusive AMF taxa in roots were Claroideoglomus walker, Claroideoglomeraceae sp., Diversispora sp., Diversisporaceae sp., Glomus versiforme, and Rhizophagus custos at DNC and Glomus sp. 0502 at NCND; while, Glomus aggregatum, Glomus cubense, Glomus indicum, Glomus sp., Glomus microcarpum, and Rhizophagus fasciculatus at CL (Table S3).




3.5. Defferences of AMF Community Structure between Rhizosphere Soils and Roots under Three Contrasting Land-Use Types


Interestingly, under all the three contrasting land-use types, the abundance of AMF in the rhizosphere soil differed from that in roots at the AMF genus level. For example, the genus Glomus had more taxa in the rhizosphere soils at CL and DNC than that in the corresponding roots (Figure 2). Expectedly, the genus Rhizophagus was more abundant in the roots due to its behavior (life cycle) than that in the corresponding rhizosphere soils at CL, DNC, and NCND (Figure 2). We also found that the abundance of the same AMF taxa in the rhizosphere soil was not in parallel with those in the roots under three land-use types. As shown in Table S2 and S3, Rhizophagus irregularis and Rhizophagus sp. were more abundant in the roots of C. dactylon than in its corresponding rhizosphere soils at NCND or DNC (Figure 3 or Tables S2 and S3). In contrast, Glomerales sp. was abundant in the rhizosphere soils under C. dactylon, while it was less in C. dactylon roots at DNC (Tables S2 and S3). Meanwhile, AMF community in roots differed from those in the rhizosphere soil. For instance, Glo11 (Glomus sp. 0502) was exclusively observed in the roots; while, several taxa (i.e., Archaeosporales sp., Archaeospora sp., Claroideoglomus luteum) were exclusively in the rhizosphere soil (Tables S2 and S3).




3.6. AMF α-Diversity, Colonization and Community under Three Contrasting Land-Use Types Lands


The values of AMF OTUs and asymptotic AMF taxon richness (Chao1) were significantly (P < 0.05) higher in the roots at CL than at NCND, and the values of α-diversity were lowest at DNC in rhizosphere soils or roots (Table 2). CL had the highest Shannon-Wiener index in rhizosphere soil and roots, followed by NCND and DNC. In contrast, a significantly higher root AMF colonization ranked as it was followed by DNC ≈ CL > NCND. Meanwhile, root AMF colonization significantly positively related to soil pH (r = 0.71, P < 0.001) or moisture (r = 0.45, P < 0.05), but negatively to soil available phosphorus (r = ‒0.37, P < 0.05).



The NMDS analysis showed significant differences in AMF community composition in rhizosphere soils or roots between three contrasting land-use types (Figure 4). The distance was calculated with the “Bray-Curtis” metric. The stress was 0.131 for rhizosphere soil and 0.070 for root. Such differences were confirmed by the PERMANOVA in the rhizosphere soil and/or root for the three land use types (F = 1.32, P = 0.023; F = 2.01, P = 0.001 and F = 1.14, P = 0.168, respectively, Table S5). Moreover, the PERMDISP analyses also showed that beta diversity differences in the rhizosphere soils and/or roots were not significant under the three contrasting land-use types (P > 0.05, Table S5).




3.7. Effects of Abiotic Factors on the AMF Community between Rhizosphere Soils and Roots


The relationships between AMF (in the rhizosphere soil and root) community composition and land-use type or basic soil properties were determined by the NMDS analysis tht was based on their OTU matrix (Figure 4 and Table S4). Soil organic carbon was significantly positively related to AMF community in the rhizosphere soils and/or roots. In addition, land-use type was significantly correlated to AMF community in the rhizosphere soils of C. dactylon only, while to soil moisture in the roots that are associated with C. dactylon only (Figure 4 and Table S4).





4. Discussions


4.1. Differences in AMF Communities in Rhizosphere Soils and Roots


Based on the obtained amplicon sequences through the high-throughput analyses, our study compared the AMF community assemblages in C. dactylon roots and rhizosphere soils among three contrasting land-use types in the Three Gorges Reservoir (TGR) area. The proportions of the same AMF genus in the rhizosphere soils did not parallel with those in the roots. The AMF genus proportions of roots/rhizosphere soils ranged from 8.2% to 18.5%, 43.0% to 9.7% and 9.2% to 0.3% for Glomus, Rhizophagus, and Archaeospora, respectively, when differentiating the distinct AMF genera under these three contrasting land-use types (Figure 2a). This is in accordance with results from studies in AMF community between roots (natural shrubs or herbaceous species) and soils (silt-loamy or flat Haplic Cambisols texture) from non-submerged terrestrial ecosystems [50,51]. The differences of AMF communities between soils and roots could be due to a more heterogeneous rhizosphere soil and the seasonal nature of AMF communities [52]. For example, the formerly active AMF propagules (e.g., arbuscules, spores, and extra-radical mycelia) still presented in the rhizosphere soils, in addition to propagules of current symbionts [48]. On the other hand, the preference of AMF for the plant root was also observed in several studies [52,53]. For instance, Rhizophagus was more abundant in roots than in soil, due to its behavior (life cycle) and characteristics [12]. It has been demonstrated that the Rhizophagus irregularis/intraradices group possesses numerous genes that encode transporters and played vital roles in nutrient uptake between AMF and host plant [54,55].



Additionally, the AMF taxa had strong overlap between the rhizosphere soils and roots in our study, especially at the cultivated land (CL) (Figure 2e). Similar results were found by Chen et al. [56], who revealed that the AMF community in the Haplic Calcisol soil was strongly overlapped with that in the roots in a temperate steppe in Inner Mongolia, China. However, the mechanism determining the overlap of AMF community between the soils and mixed roots is largely unknown. An explanation was that the mutualistic characteristics of AMF propagules and the frequent interplay between AMF and host plants, which leads to an overlap of AMF community between the rhizosphere soils and roots [56]. All together, these findings indicated that a moderate disturbance could lead to a positive interaction in AMF community between rhizosphere soils and the host roots (Figure 2).




4.2. Differences in AMF Colonization, Diversity and Community in the Rhizosphere Soils and Roots under Three Contrasting Land-Use Types


Intermittent flooding environments in wetland habitats could cause stress on plants that might lead to slow rates of respiration and photosynthesis of plants due to the hampered availability of O2, CO2, and/or light [57]. In this study, the AMF colonization in the flooding-tolerant host roots of C. dactylon was significantly higher at the disturbed non-cultivated (DNC) land than at the non-cultivated non-disturbed (NCND) and cultivated land (CL) (Table 2). This might be due to a higher soil pH but lower soil moisture, toxic substances, and availability of oxygen, nitrogen, phosphorus, potassium, or other nutrients at DNC or CL than at NCND (Table 1), which could increase the AMF colonized roots [58]. This is inconsistent with a previous report in a wetland habitat, moderate flooding increased the AMF colonization in the roots of an aquatic species (Polygonum hydropiper), and intensive flooding inhibited the AMF colonization in the roots of P. hydropiper [29]. An explanation was that the moderate flooding greatly increased the number of adventitious roots and promoted the development of root aerenchyma in P. hydropiper, while promoting the efficiency of root oxygen release and the growth of P. hydropiper [59]. While considering the obligate symbiotic nature of AMF and their requirement for oxygen and nutrients to thrive [12], it is possible that their AM colonization of wetland hosts in TGR, might be enhanced by a moderate disturbance, while being decreased by excessive disturbance. However, the two sets of results might not be comparable since the AMF colonization had been detected under summer flooding in their studies [27,58,59], whereas under winter flooding in the present study, in addition to different host plants were examined. Indeed, AMF colonization is affected by the host plant identity [60,61].



Although studies had shown that tillage or land-use changes could display negative or no effects on AMF diversity [62,63,64,65,66], AMF diversity in both the rhizosphere soils and roots associated with C. dactylon in this study was significantly higher at CL than at DNC, and then at NCND (Table 2). Explanations for such different effects could be (1) the host plants that were tested were different, C. dactylon in this study was a flooding-tolerant herbaceous plant with adventitious roots and aerenchyma, as AMF diversity was affected by the host plant identity [60,61]; (2) the land-use intensity was different, as the AMF diversity was affected by land-use intensity [67]. Thus, such effects may depend on region-specific factors, including host characteristics, environmental conditions, and land-use intensity [29,68,69]. On the one hand, this present study did show a higher AMF richness and diversity in the rhizosphere soils than in roots, which is consistent with findings from Pellegrino et al. [70] and Moora et al. [67]. On the other hand, the aboveground biomass production and composition of the plant species, and the type of disturbance did affect AMF symbionts in the roots greatly [71,72].



Apparently, differences in the distribution of the same AMF genus or taxa existed among these three land-use type lands (Figure 2), and the overlapped taxa were increased with the land-use intensity (Figure 2e). This is consistent with the findings that arable farming and associated tillage generally favored the colonization of AMF within the Glomeraceae family or Glomus genus [73]. Additionally, our study strengthened the fact that land-use intensification greatly altered AMF compositions [67]. Meanwhile, the AMF taxa in compatible with arable soils corresponded well to those found in a number of other studies [50,74,75]. For instance, Funneliformis mosseae and Glomus versiforme had been recognized as common taxa in the clay loams of Denmark [75]. Such results might indicate that these AMF taxa could be globally distributed in a broad range of soil types. In contrast, the distributions of several taxa (e.g., Archaeosporales sp. and Diversispora eburnea) were restricted to the NCND land (Table S2). These taxa dominantly existed in the fine textured soils [76], which suggested that AMF had some degree of either specialization or restriction to land-use types. These findings have indicated that the AMF communities in drying-wetting environments would include some specific AMF taxa in the TGR region and also some common taxa existing in other habitats. Whether the dominant AMF taxa (e.g., Funneliformis mosseae and Glomus versiforme) or specific taxa (e.g., Diversispora eburnea) can be used as biofertilizer in the vegetation restoration remains to be clarified in future studies.




4.3. Correlations of Differences between AMF Community and Relevant Abiotic Factors


C. dactylon have well-developed adventitious roots and aerenchyma to adapt to specific wetland habitats [77], which can obtain more carbohydrates and oxygen to support a high diversity of AMF communities in their soils and roots under waterlogged conditions. A range of characteristics, such as soil properties and anthropogenic activities (e.g., tillage, chemical fertilization and land-use types) etc., were different from each other at NCND, DNC, and CL (Table 1). Among them, which factor could contribute most to the differences in AMF community between rhizosphere soils and roots? Interestingly, SOC was one of the primary contributors to affect the AMF community both in the rhizosphere soils and roots of C. dactylon (Figure 4, Table S4). Studies have confirmed that the AMF communities in the soils along a large-scale aridity gradient from southeast to northwest of China and tropical savannas soils of Brazil were generally mediated through SOC [78,79]. It was speculated that a higher SOC could satisfy more AMF spores and mycelium germination, which demand for carbohydrates, thus directly affecting the AMF community composition in the rhizosphere soils or roots [78,79]. Nonetheless, it remains unknown as to how SOC directly regulate AMF community, and further work needs to pay more attention to this issue.



Besides, nonmetric multidimensional scaling (NMDS) analyses indicated that land-use type was also a primary contributor to affect AMF community in the rhizosphere soils of C. dactylon (Figure 4, Table S4). Previous studies have demonstrated that the AMF communities in the sub-Saharan savannas soils of West Africa and temperate climatic zone soils of Central Europe were generally mediated through land-use type or intensity [66,80]. An explanation might be that land-use type could alter soil abiotic properties, such as soil available phosphorus and C/N ratio, thus influencing the AMF community in the rhizosphere soils. On the other hand, the use of fertilizers and human activities in cultivated or disturbed land has selectively regulated the abundance and composition of AMF taxa that are able to tolerate such disturbances. Similarly, other studies also showed that land-use types (e.g., tillage methods) could influence soil microbial activity and structure by influencing the habitat of soil microbes, such as soil texture and microbial substrates, thus affecting soil nutrients and the AMF community [81,82]. In contrast, soil moisture was only significantly correlated with AMF community in the C. dactylon root (Figure 4, Table S4). This is consistent with previous studies that soil nutrients (e.g., soil moisture) had different correlations with AMF community in the central Tibet Plateau between rhizosphere soils and roots [83]. Changes in moisture altered N and P availability in soil, thereby altering AMF community composition and diversity [84]. Nonetheless, it is difficult to separate the effects of soil property and land-use type on AMF. Thus, further research is needed to uncover how major macronutrients could regulate differences in their AMF community between the rhizosphere soils and roots that are associated with the same or different vegetation.




4.4. Primer Systems for Evaluating AMF Community


Different primer systems have been developed to characterize AMF communities [35,37,85,86]. Kohout et al. [38] compared five AMF-specific primer sets for nuclear ribosomal DNA covering (1) the partial large subunit (LSU), (2) the partial small subunit (SSU), (3) the partial small subunit and internal transcribed spacer (ITS), (4) the partial SSU–ITS–partial LSU region (Krüger, [35]), and (5) a new primer set covering the ITS2 region (ITS2). The AMF-specific primer (AML1/AML2) in SSU can also amplify a significant proportion of plant DNA when compared with other primers [63]. Moreover, the SSU primers (NS31/AML2) showed a high extent co-amplifies Asco- and Basidiomycota [38,83]. Congruent with previous reports, a strong bias towards the Glomeraceae in the LSU primers, which discriminate several Glomeromycota lineages, such as the Diversisporaceae [87], Paraglomeraceae, Claroideoglomeraceae, and Archaeosporales, has been found [35]. Similarly, a high extent of non-specific amplification has been found with the “ITS” primers, which yield both non-target AMF and non-AMF sequences that are supported by previous reports [88]. The newly forward primer ITS70 [37] could amplify the ITS2 region in combination with the ITS4 primer, which could detect all of the AMF families that were revealed by the “Krüger” primers [35]. As demonstrated by Stockinger et al. [86], the ITS or ITS2-LSU region has high resolution for the AMF taxa, as a suitable target fragment for their high-throughput sequencing. However, an appropriate forward primer for amplifying this region is not available, as the ITS3 primer largely mismatches with AMF taxa from Ambisporaceae, Rhizophagus, Sclerocystis, and Acaulospora [89]. The ITS70 primer, which overcomes these problems, when combined with the ITS4 as a reverse primer, can be used for the second step of a nested PCR approach, if following the AMF-specific amplification by the “Krüger” primers SSUmAf/LSUmAr in the first step [35]. When considering that the Krüger primers can amplify more than 1485 base pair (bp) DNA fragments, this primer combination might be especially suitable for using the new next generation sequencing (NGS) approach—Illumina—which is cheaper than other NGS methods (SMRT-sequencing), but it offers only shorter fragments with a maximal length of 380 bp [90]. Thus, the new AMF-specific primer ITS70/ITS4 could be considered to be a suitable primer set to evaluating arbuscular mycorrhizal fungal communities, but this combination requires further testing.





5. Conclusions


In the drawdown zone of the TGR, higher AMF diversity and distinctive AMF taxa were displayed in rhizosphere soils than in roots of a C4 C. dactylon under three contrasting land-use lands. A clear differentiation on AMF community composition was detected in the rhizosphere soils and roots of C. dactylon. Soil organic carbon had significant effects on the AMF community in both rhizosphere soils and roots. In addition, AMF communities in rhizosphere soils specifically correlated to land-use type, whereas in roots to soil moisture. We concluded that the difference in AMF community between rhizosphere soils and the roots of C. dactylon was due to the synergistic effects of land-use type and soil nutrients. As a result, the inoculation of common taxa (e.g., Funneliformis mosseae and Glomus versiforme) can play vital roles in the vegetation restoration, while considering the nutrients exchange between AMF and C. dactylon in the drying-wetting habitat. Hence, this study could provide insights into the impacts of land-use types on AMF communities in altered drying-wetting habitats while preventing soil degradation and maintaining ecosystem biodiversity around the world.
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Figure 1. Geographical locations of study sites (a) and sampling patterns of both roots and soils in three contrasting land use types (b) along the drawdown zone of Three Gorges Reservoir. 
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Figure 2. Variations of relative abundances of arbuscular mycorrhizal fungal (AMF) taxa in the roots or rhizosphere soils of C. dactylon in all of the three land-use types (a), in the rhizosphere soils (b), roots (c), the Venn diagram of AMF taxa among three contrasting land-use types (d) and between soils and roots under each land-use type (e) along the drawdown zone of Three Gorges Reservoir. NCND (non-cultivated non-disturbed land), DNC (disturbed non-cultivated land), and CL (cultivated land). 
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Figure 3. Heatmaps of top thirty relative abundances of arbuscular mycorrhizal fungus (AMF) indicating taxa were significantly differed in rhizosphere soils (a) and roots (b) of C. dactylon along the drawdown zone of the Three Gorges Reservoir. The 14 columns represent the individual sampling blocks in the NCND (non-cultivated non-disturbed land), DNC (disturbed non-cultivated land) and CL (cultivated land). The scale bar indicates the abundance of AMF taxa (-3/-2 represents minimum, 3/2 represent maximum). Abbreviations: CL1: C. dactylon from CL; CL2: C. dactylon from CL; CL3: C. dactylon from CL; CL4: C. dactylon from CL; CL5: C. dactylon from CL; DNC1: C. dactylon from DNC; DNC2: C. dactylon from DNC; DNC3: C. dactylon from DNC; DNC4: C. dactylon from DNC; DNC5: no hint obtained after the NGS sequencing; NCND1: C. dactylon from NCND; NCND2: C. dactylon from NCND; NCND3: C. dactylon from NCND; NCND4: C. dactylon from NCND; NCND5: C. dactylon from NCND. 
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Figure 4. Nonmetric multidimensional scaling (NMDS) ordinations of arbuscular mycorrhizal fungus (AMF) community composition based on the Bray-Curtis dissimilarity in both the rhizosphere soils (a) and roots (b) of C. dactylon along the drawdown zone of Three Gorges Reservoir. The three contrasting land-use types were fitted as centroids onto the NMDS graph (stress (a) = 0.131; stress (b) = 0.070). LU, land-use type; SOC, soil organic carbon; SM, soil moisture. 
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Table 1. Chemical properties of rhizosphere soil in three contrasting land use types along the drawdown zone of the Three Gorges Reservoir.
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	Land-Use Type
	EC
	pH
	SM (%)
	SOC (g/kg)
	TN (g/kg)
	C/N ratio
	AK (mg/kg)
	AP (mg/kg)





	NCND
	2588 ± 10.0a
	8.18 ± 0.01b
	27.58 ± 1.17a
	9.50 ± 0.02a
	0.69 ± 0.01b
	13.71 ± 0.19a
	119.56 ± 1.40b
	12.09 ± 0.19a



	DNC
	2600 ± 2.00a
	8.28 ± 0.00a
	16.76 ± 2.10b
	6.77 ± 0.10c
	0.59 ± 0.01c
	11.47 ± 0.33c
	40.56 ± 0.92c
	9.95 ± 0.28b



	CL
	2140 ± 6.00b
	8.27 ± 0.01a
	17.95 ± 1.00b
	8.96 ± 0.03b
	0.92 ±0.02a
	9.70 ± 0.22c
	148.84 ± 4.56a
	9.58 ± 0.09b







Abbreviations: AK, available potassium; AP, available phosphorus; CL, cultivated land; C/N, carbon and nitrogen ratio; DNC, disturbed non-cultivated land; EC, soil electrical conductivity; NCND, non-cultivated non-disturbed land; SM, soil moisture; TN, total nitrogen. Data (means ± SE, n = 3) and different letters (a, b, c) in the same column indicate significant differences between contrasting land use types at P < 0.05.
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