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Abstract

:

Mycorrhizas play a vital role in ecosystem function, diversity and productivity. However, mycorrhizas in tropical forests are considered to be a neglected area of research in contrast to the well-studied diversity patterns of macro organisms. To this end, soil samples from 0 to 30 cm in depth were collected from six or four elevations in a typical tropical forest of Mt. Jianfeng and Mt. Diaoluo in China. The arbuscular mycorrhizal fungal (AMF) diversity and community composition were explored among different elevations based on high-throughput barcoded sequencing on the Illumina MiSeq platform. Environmental variables of soil characteristics, and elevation on AMF community assembly were analyzed using canonical correspondence analysis. In total, 316 AMF operational taxonomic units (OTUs) were found to belong to four identified and one unclassified order, and Glomus was the most dominant genus in tropical forest. AMF communities or diversity did not clearly reflect local environmental conditions, the spatial distance between mountains and elevation. In total, 68% and 56% of taxa of AMF were observed on multiple elevations in Mt. Jianfeng and Mt. Diaoluo, respectively. Furthermore, 8.9% and 19% of OTUs were exhibited on all elevations in Mt. Jianfeng and Mt. Diaoluo, respectively. The AMF alpha diversity, richness and evenness were similar across the two surveyed tropical mountains. The influence of elevation showed no distinct role on the diversity of AMF taxa. Overall, AMF communities and diversity are abundant in tropical forests and with little influence of elevation in tropical forests of China.
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1. Introduction


As a ubiquitous group of soil fungi, arbuscular mycorrhizal fungi (AMF) can form obligate symbioses with 70–90% of land plants; furthermore, they are involved in the cycling of nutrients and can also aid in the protection against abiotic stresses of host plants [1,2]. AMF diversity has been associated with plant community diversity, structure and ecosystem function [3,4,5]. Therefore, the research into AMF communities and diversity has been conducted in the global ecosystem [6] and across many ecosystems, such as forest [7], grassland [8], and agro-ecosystems [9].



Tropical forests are broadly considered to harbor the greatest amount of global biodiversity, productivity and terrestrial carbon stocks, which is a vital a process driving global climate, disease control, and also pollination [10]. However, the response of tropical forests and the subsequent feedback of global climatic changes are likely to be significant at the regional scale [11]. AMF are widely considered to be the dominant mycorrhizal type in tropical ecosystems [12,13] and are widely claimed to play a fundamental role in nutrient uptake and the composition of tree regeneration [14]. Many studies on AMF composition and diversity have focused on ascertaining their status and identifying the driving forces in tropical mountains; however, these studies did not identify the role and importance of AMF in tropical forest ecosystems [15,16].



Mountain ecosystems provide a unique opportunity to explore the interactions between soil microbes and plant performance along strong environmental gradients to understand driving forces contributing to species assemblages [17]. Ecologists have focused on the patterns of individual taxa and the community composition in response to elevational gradients based on the distribution of biodiversity at different elevations [18].



To ascertain the resources and changes of AM fungal communities or diversity along altitudinal gradients in tropical ecosystems, we studied AMF community composition and diversity based on typical tropical forests with the most integral tropical vegetation and the most abundant plant biodiversity sites from Mt. Jianfeng and Mt. Diaoluo in China. The objectives of the present study were to address (i) the AMF community composition or diversity at the molecular level and (ii) the correlations between the AMF community or diversity and the elevation gradient and soil parameters.




2. Materials and Methods


2.1. Study Site and Sample Collection


This study was conducted on Mt. Jianfeng (108°46′–109°45′ E, 18°23′–18°50′ N) and Mt. Diaoluo (109°41′38″–110°4′46″ E, 18°38′42″–18°50′22″ N) on Hainan Island in southern China. Mt. Jianfeng is the largest and best-preserved tropical rainforest in China. The forest surpasses the Amazon, the Congo River and Southeast Asian tropical rainforests in terms of the integrity of the vegetation and species diversity. Mt. Diaoluo is also the best preserved and most integrated tropical forest, with a forest coverage rate of 86.6%.



Soil samples were collected from six elevational gradients of 350 m, 600 m, 800 m, 1000 m, 1200 m, and 1350 m above sea level (a.s.l.) at Mt. Jianfeng and four elevational gradients of 250 m, 450 m, 660 m, and 930 m a.s.l. at Mt. Diaoluo, respectively. Sample belts were set for each elevation. With each sample belt, three 20 × 20 m plots were placed 50–100 m horizontally apart from each other. Each plot was divided into 100 m with 2 × 2 m subplots. One hundred 0–30 cm soil cores with a diameter of 5 cm were collected at the center of each subplot. The 100 soil cores were then combined to form one mixed sample for each plot. Subsamples of a soil mix (approximately 50 g) were randomly collected and stored in a cooling bin containing dry ice before being transported to a local laboratory to assess AM fungal diversity. A total of 30 samples was collected from the tropical forests of Hainan island.




2.2. Analyses of Soil Parameters


All 30 soil samples were analyzed in triplicate. Soil pH was determined with a glass electrode with a ratio of soil to distilled water of 1:2.5; soil total carbon (C) and total nitrogen (N) were measured by an elementar vario MACRO cube analyzer (Elementar Analysensysteme, GmbH, Germany) [19,20], and total phosphorus (P) was assessed with sodium hydroxide fusion and the Mo–Sb spectrophotometric method [21].




2.3. DNA Extraction and PCR Amplification


Microbial genomic DNA was extracted from soil samples using the FastDNA SPIN Kit for Soil (MP Biomedicals LLC, Santa Ana, CA, USA) according to the manufacturer’s protocols. The final DNA concentration and purification were determined by NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, NC, USA), and DNA quality was checked by 1% agarose gel electrophoresis. The extracted DNA was subjected to nested PCR by Thermocycler PCR system (GeneAmp 9700, ABI, Carlsbad, CA, USA). The first PCR amplification was performed with primers AML1F (5′-ATCAACTTTCGATGGTAGGATAGA-3′) and AML2R (5′-GAACCCAAACACTTTGGT TTCC-3′). The PCR reactions were conducted using the following program: 3 min of denaturation at 95 °C, 32 cycles of 30 s at 95 °C, 30 s for annealing at 55 °C, and 45s for elongation at 72 °C, and a final extension at 72 °C for 10 min. PCR reactions were performed in triplicate with the 20 μL mixture containing 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase, and 10 ng of template DNA. The second PCR amplication used identical reaction conditions described above with the primers AMV4-5NF (5′-AAGCTCGTAGTTGAATTT CG-3′) and AMDGR (5′-CCCAACTATCCCTATTAATCAT-3′), and the following program: 3 min of denaturation at 95 °C, 30 cycles of 30 s at 95 °C, 30s for annealing at 55 °C, and 45s for elongation at 72 °C, and a final extension at 72 °C for 10 min. The resulted PCR products were extracted from a 2% agarose gel and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and quantified using QuantiFluor™-ST (Promega, Madison, WI, USA) according to the manufacturer’s protocol.



Purified amplicons were pooled in equimolar and paired-end sequenced (2 × 250) on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).




2.4. Processing of Sequencing Data


Operational taxonomic units (OTUs) were clustered with 97% similarity cutoff using UPARSE (version 7.1) [22] and chimeric sequences were identified and removed using UCHIME. The taxonomy of each gene sequence was analyzed by RDP Classifier algorithm [23] against the MaarjAM database using a confidence threshold of 70%.




2.5. Data Analysis


AMF taxa between Mt. Diaoluo and Jiangfeng and among different elevations were analyzed based on the OTU level, which was presented by Venn diagrams. The community composition was calculated by the percent of community abundance according to the average of OTU abundance of each OTU with the combination of less than 1% abundance of OTUs in different elevations of two mountains. AMF community richness, evenness and diversity were expressed by the index of sobs, shannoneven and Shannon based on AMF OTU level, respectively [24,25]. Canonical correspondence analysis (CCA) was employed for exploring the relationships between AMF community and environmental variables at the level of p ≤ 0.05 and p ≤ 0.01, respectively. The differences between two mountains and among different elevations were analyzed by Duncan test in SPSS 19.0. The CCA analyses are conducted in bioinformatics analysis cloud platform of MajorBio Cloud [26].





3. Results


3.1. AMF Community Composition and Distribution in Tropical Forest of China


A total of 316 OTUs belonging to Glomeromycota were detected in two mountains of tropical forest (Figure 1A). Two mountains were considered, 261 and 236 OTUs were detected in Mt. Diaoluo and Jianfeng, respectively. One-hundred-and-eighty-one OTUs were shared by two mountains. Endemic OTUs of 80 and 55 were identified in Mt. Diaoluo and Jianfeng, respectively. AMF OTUs changed from 80 to 143 with an average of 109.7 in six different elevations in Mt. Jianfeng, and from 103 to 173 with an average of 138.4 in four different elevations in Mt. Diaoluo (Figure 1B,C). Of OTUs in two mountains, 160 (68%) and 146 (56%) OTUs were shared by more than one elevation in Mt Jianfeng and Mt. Diaoluo, respectively (Figure 1).



AMF communities were presented by the percent of community abundance on OTUs with an integration of less than 1% OTUs in different mountains and elevations (Figure 2). The most abundant OTU is OTU114 and OTU190 with abundances of 8.4% and 9.3% in Mt. Diaoluo and Jianfeng, respectively (Figure 2A). In Mt. Diaoluo, the highest abundance of AMF OTU changes from 10.5% to 18.8% among four elevations (Figure 2B). The change of the most abundant AMF OTU is from 8.7% (OTU280) in a.s.l. 600 m to 38.4% (OTU190) in a.s.l. 1200 m in Mt. Jianfeng (Figure 2C).



AMF belonged to four identified orders including Archaeosporales (10 OTUs), Diversisporales (51 OTUs), Glomerales (218 OTUs), and Paraglomerales (3 OTUs), and one unclassified order (34 OTUs) (Table 1). The genera of Glomus is the dominant genus with 218 OTUs, which accounts for the total number of 69%.




3.2. AMF Diversity between Different Mountains and among Different Elevations in Tropical Forest of China


The community richness, evenness and diversity of AMF were not significantly different between two mountains in tropical forest soil based on OTU level, which is based on the index of sobs, shannoneven and Shannon, respectively (Figure 3). The highest richness, diversity and evenness of AMF were observed in a.s.l. 800 m in Mt. Jianfeng (Figure 4). The AMF diversity were significantly higher in a.s.l. 800 m than those in a.s.l. 1350 m (Figure 4A,B). At the same time, the AMF richness in a.s.l. 1200 and 1350 m was also remarkably lower than in a.s.l. 800 m and a.s.l. 1000 m, respectively (Figure 4A). In addition, there are no significant differences among other elevations for either the community richness or diversity in Mt. Jianfeng (Figure 4A,B). As far as the different elevations were concerned, AMF community richness, evenness and diversity were similar among all elevations in Mt. Diaoluo (Figure 4D–F).




3.3. Contribution of Environmental Factors to AMF Diversity in Tropical Forest of China


The significance of elevation and soil parameters including C, N, P, C:P, N:P, C:N, and pH for the AMF community composition was explored using CCA (Figure 5). Elevation and soil C, N, C:P have significant effects on the AMF diversity in two mountains (Figure 5A). Individual environmental factors accounted for between 1.7% (soil total P) and 93.3% (soil total C) of the variation in AMF diversity in two tropical mountains (Figure 5A). The AMF diversity was not affected by elevation and seven soil factors across four elevations in Mt. Diaoluo (Figure 5B). In Mt. Jianfeng, five out of eight environment factors including elevation and soil C, N, C:P, N: P remarkably affected the AMF community along elevations with the explanation rate from 62.7% to 93.0% for AMF community variation (Figure 5C).





4. Discussion


Alexander and Selosse (2009) reported that mycorrhizas in tropical forests are a neglected area of research [14]. In this study, we explored the diversity of AMF in the tropical forest of China, and to ensure an accurate assessment of diversity across tropical forests, we used two mountains of Mt Diaoluo and Jianfeng at the same latitudes as suitable sites. AMF were detected in two tropical mountains with 316 OTUs (Figure 1A) compared with 350 to 1000 molecularly defined AMFs in the global land ecosystem [27], which is also higher than has been previously observed in molecular surveys in different global ecosystems [6]. This result is generally accepted as tropical forests have a higher biodiversity, which is also reflected by the increase in plant diversity. AMF is obligated to associate with living plant roots and is widely claimed to not be host-specific [1]. Therefore, studies have reported that high AMF diversity is usually along with high plant diversity. This low endemism or high shared taxa of AMF between Mt. Diaoluo and Jianfeng and among elevations in two mountains supports the conclusion that a global assessment of AMF diversity reveals very low endemism or high shared taxa made by Davison et al. (2015), which showed that 93% of the AMF taxa are presented in multiple continents and 34% in six global continents [6].



Alpha diversity indicators of AMF as assessed by species richness, diversity and evenness, displayed no differences between the two surveyed tropical mountains, which might be explained by the following reasons. Firstly, the results showed that the detection of the number of AMF OTUs in the two mountains may be credible because the numbers of AMF OTUs does not increase with sampling effort in Mt. Jianfeng as compared to Mt. Diaoluo (Figure 1 and Figure 3). This finding might be related with plant diversity because plant diversity in Mt. Diaoluo is higher than that in Mt. Jianfeng [28]. Secondly, AMF communities may not only be controlled by plant diversity but also by other characteristics of the plant community. Li et al. (2014) suggested that host identity is an important determinant for the structure of the AMF communities along the elevational gradients in high altitude environments [29]. Thirdly, AMF community diversity is regulated by multiple factors, such as all kinds of environmental factors [30]. Probably, the effects of environmental factors and host plants on AMF community diversity are also not accordant, which leads their impacts to be counteracted [31]. At the same time, the results that soil characteristics affect AMF community in this study further support the reason.



AMF OTU richness at all elevations in the two mountains with changes from 80 to 173 was more abundant than previous studies [29,30]. We propose the following reasons: (i) AMF diversity in a region was lower than the sum of different sites owing to the characteristics of low endemism [6]; (ii) it is possible that the diversity of AMF taxa is also higher in tropical forest than others ecosystems due to high plant diversity; (iii) illumina MiSeq sequencing has higher sequencing depth and throughput, higher-quality read cover, and a lower rate of erroneous sequences compared with previous molecular methods. Therefore, the finding of Davison et al. (2015) is consistent with our result with the mean of 66 AMF taxa in each site [6]. Meanwhile, AMF diversity quantified from DNA extracted from soil is higher than roots due to the fungal characteristics of non-obligate symbiosis with plant hosts. However, there are also conflicting reports [32]. Therefore, we consider two questions that should be explored for better explaining the result. Firstly, is to investigate the AMF OTU richness in plant roots in the present region. The second is to study the differences of AMF diversity between soil and root samples [33].



The effects of elevation on AMF diversity have been widely reported due to its importance in the diversity of plants and microorganisms. Our results suggest that elevation plays a negligible role in AMF community diversity in tropical forest of China, which might be explained by no detected trend of AMF diversity with the changes of elevations in different sites. AMF richness and diversity showed a significant negative correlation with altitude from a.s.l. 3320 up to 3800 m in South American Puna grassland [34]. Other studies also supported this conclusion of a decline in AMF species richness with increasing elevation [35].



CCA analysis showed that elevation and soil variables had variable effects on AMF community distribution in two mountains. Previous studies have also queried which soil variables have the greatest amount of contribution to the structure of an AMF community. For example, soil phosphorus is considered as a key role for AMF communities in lots of studies [36]. However, soil phosphorus did not play any significant role in the present study, which is consistent with some previous findings [37]. Therefore, in our opinion, it is worth studying further the effect of different environment factors on AMF communities in tropical forest.



When the genera of AMF taxa are considered, we find that Glomus is a dominant genus, which is in agreement with the results of other studies in arid areas [38]. This is possibly explained by broad ecological amplitude, ability for easy colonization, and easy propagation [27].
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Figure 1. Venn diagrams (using relevant subsets of the full data set) showing the sharing of arbuscular mycorrhizal (AM) fungal OTUs (operational taxonomic units) between two mountains (A) and among different elevations in Mt. Jianfeng (B) and Mt. Diaoluo (C) in the tropical forest of China. 
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Figure 2. AM fungal communities in two mountains (A) and among different elevations in Mt. Diaoluo (B) and Mt. Jianfeng (C) in the tropical forest of China. DL and JF mean Mt. Diaoluo and Mt. Jianfeng. 
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Figure 3. The comparision of AM fungal diversity including sobs (A), Shannon (B) and Shannoneven index (C) based on the level of OTUs in two mountains in the tropical forest of China. Each column represents the mean value and bar standard deviation. DL and JF mean Mt. Diaoluo and Mt. Jianfeng. 
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Figure 4. The comparision of AM fungal diversity based on the level of OTUs among different elevations of Mt Jianfeng (A–C) and Mt. Diaoluo (D–F) in the tropical forest of China. Each column represents the mean value and bar standard deviation. The different lowercase letters above the bars represent significant differences across elevations at the level of p ≤ 0.05. 
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Figure 5. The influence of environmental factors on AM fungal communities based on the canonical correspondence analysis (CCA) in two different mountains (A) and different elevations of Mt. Diaoluo (B) and Mt. Jiangfeng (C) in tropical forest of China. The ** means the significant effect at the level of p ≤ 0.01. 
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Table 1. Arbuscular mycorrhizal fungal OTU number in different order, family and Genera in Mt. Jianfeng (JF) and Mt. Diaoluo (DL).
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Order

	
Family

	
Genus

	
Number of OTUs

	
Total OTUs




	
Mt. JF

	
Mt. DL






	
Archaeosporales

	
Ambisporaceae

	
Ambispora

	
1

	
1

	
1




	

	
Archaeospora

	
3

	
5

	
6




	

	
Unclassified

	
2

	
2

	
2




	

	
Unclassified

	

	
1

	

	
1




	
Diversisporales

	
Acaulosporaceae

	
Acaulospora

	
13

	
18

	
19




	
Diversisporaceae

	
Diversispora

	
6

	
1

	
7




	

	
Unclassified

	
1

	
2

	
2




	
Gigasporaceae

	
Scutellospora

	
15

	
13

	
16




	

	
Unclassified

	
5

	
6

	
7




	
Glomerales

	
Glomeraceae

	
Glomus

	
161

	
196

	
218




	
Paraglomerales

	
Paraglomeraceae

	
Paraglomus

	
2

	
1

	
3




	
unclassified

	

	

	
26

	
16

	
34
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