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Orchid–fungus interaction networks often consist of many different fungi that interact with co-occurring orchids in complex ways, but so far, it remains largely unclear which processes determine network structure, and both ecological and evolutionary mechanisms have been invoked to explain network architecture. In this research, we tested the hypothesis that closely related orchids associate with similar mycorrhizal fungi and vice versa by investigating the architecture of the interaction network between orchid mycorrhizal fungi (OMF) and nine co-occurring epiphytic Dendrobium species. All species grew on the bark of a single tree species (Camelia sinensis) in a traditional tea garden in China, which allowed us to assess the role of evolutionary history in determining the assembly of orchid–fungus communities without the confounding effects of environmental variation. In total, 101 different fungal operational taxonomic units (OTUs) known to be mycorrhizal in orchids were found. Most of the identified mycorrhizal OTUs were members of the Serendipitaceae (80% of all identified mycorrhizal sequences). All orchid species associated with a large number of fungi (average number of links: 31.6 ± 3.8), and orchids from the same species tended to have significantly more similar fungal partners than orchids from different species. The network of interactions was significantly nested (NODF = 41.59, p < 0.01), but not significantly compartmentalized (M = 0.26, Mrandom = 0.27). Phylogenetic analyses showed that the interaction network was not significantly affected by the phylogenies of the orchids or the fungi. Overall, these results indicate that the studied orchid species associated with multiple fungi simultaneously and that the network of associations was built on asymmetric and weak reciprocal dependences. Associating with multiple fungi may be a successful strategy of orchids to colonize vacant sites and to increase survival of established plants in epiphytic habitats.
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INTRODUCTION

As one of the most species-rich flowering plant families, the Orchidaceae comprises more than 27,000 species that are widely distributed across the globe and occur in a broad range of habitats (Givnish et al., 2015; Weigelt et al., 2019). Because orchid seeds lack an endosperm, they have become fully dependent on mycorrhizal fungi for germination and subsequent growth to a seedling (Rasmussen, 1995). In many orchid species, adult plants retain these fungi, most likely providing the orchids with carbohydrates and other organic compounds for growth (e.g., amino acids and vitamins) (Smith and Read, 2008). As a result, the presence of compatible orchid mycorrhizal fungi (OMF) has been regarded as one of the most important factors determining whether orchid plants can occur in a certain habitat or not and therefore is a major factor driving the distribution and abundance of orchid populations (McCormick and Jacquemyn, 2014; McCormick et al., 2018). Due to the orchid’s strong dependency on these symbionts for growth and survival, the interactions between orchids and mycorrhizal fungi represent an ideal model to study co-evolutionary processes and symbiotic ecology (Dearnaley et al., 2012; van der Heijden et al., 2015; Favre-Godal et al., 2020).

It has long been known that orchid species associate with different mycorrhizal fungi (Rasmussen, 1995). However, the precise factors determining the mycorrhizal communities associating with a particular orchid species remain largely unclear and may depend on both biotic and abiotic factors. For example, OMF communities have been shown to differ between geographic regions and habitats (Xing et al., 2013, 2020; Jacquemyn et al., 2015b; Duffy et al., 2019), between populations within a region (Jacquemyn et al., 2015b, 2016), life forms (Martos et al., 2012; Xing et al., 2015; Qin et al., 2019), between host tree species in the case of epiphytic orchids (Wang et al., 2017), and even between cytotypes within populations of a single species (Těšitelová et al., 2013). When multiple orchids co-occur at a given site, one orchid species may associate with more than one fungus at the same time, and these fungi may interact with other orchid species, so that multiple orchid species tap into a mycorrhizal network (Waterman et al., 2011; Jacquemyn et al., 2015a; Xing et al., 2019). Elucidating the structure of these interaction networks is important for understanding the co-evolutionary processes that shape orchid–fungus interactions.

To date, only few studies have investigated the structure of the network of interactions between orchids and OMF. Most of these networks were significantly nested, meaning that orchid species that associate with a small number of fungal operational taxonomic units (OTUs) tend to associate with fungal OTUs that associate with orchid species that have a large number of associations (Martos et al., 2012; Jacquemyn et al., 2015a; Xing et al., 2019), and some also showed a significant modular structure. Martos et al. (2012), for example, identified a highly modular structure of an orchid–fungus network constructed for a wide number of orchid species on Reunion Island. The modular structure was largely the result of orchids with different growth forms (epiphytic vs. terrestrial orchids) associating with different sets of fungi. Similar results were found by Xing et al. (2019) for terrestrial and epiphytic orchids in tropical China, suggesting that the habitats associated with terrestrial and epiphytic orchids harbor completely different mycorrhizal communities and that differences in environmental conditions are therefore a strong driver of network architecture.

Besides strong differences in environmental factors, phylogenetic relatedness has been recognized as an important factor determining network architecture (Bascompte and Jordano, 2007; Rezende et al., 2007; Jordano, 2010). In orchids, closely related species may have similar physiological and/or morphological traits and therefore associate with similar sets of fungi. The few available data have shown that there is some evidence for a phylogenetic signal in mycorrhizal specificity in orchids. For example, the interaction network between a large number of Orchis species and Tulasnellaceae fungi was significantly influenced by the phylogenetic relationships between the Orchis species (Jacquemyn et al., 2011). Similarly, the interaction network between epiphytic Dendrobium species and Tulasnellaceae fungi was significantly influenced by the phylogenetic relationships between the Dendrobium species (Xing et al., 2017). However, it is still difficult to draw any general conclusions about the assembly of mycorrhizal communities in orchids, because in most of these studies, data were collected at different locations and phylogenetic effects may have been confounded with environmental effects, including differences in host trees or soil conditions. One way to get better insights into the role of phylogenetic relationships in determining orchid mycorrhizal interaction networks is to collect data at a single site where many species of a single orchid genus stably coexist and, hence, to exclude the confounding effects of environmental variation that is related to sampling many different locations.

In this research, we investigated mycorrhizal associations in nine co-occurring species of the epiphytic orchid genus Dendrobium. Previous research on some species of this genus has shown that different species associated with different numbers of fungi (Xing et al., 2013) and that differences in mycorrhizal specificity were to some extent related to the phylogeny of the orchids (Xing et al., 2017). However, in both studies, samples were collected from different host trees or different habitats (rock surface vs. tree bark), so that the observed phylogenetic effects could not be unambiguously separated from the effects of environmental factors. In this study, we investigated mycorrhizal associations in nine co-occurring Dendrobium species that were growing on the tree trunks and branches of a single host plant species, Camelia sinensis, that was cultivated in a traditional tea garden in China. Because the oldest trees in the tea garden are around 100 years old, this study system provides an unrivaled opportunity to assess the role of evolutionary history in the assembly of orchid–fungus communities without the confounding effects of environmental variation. The aim of this research was therefore to answer the following questions: (1) Does mycorrhizal fungal community composition significantly differ between co-occurring Dendrobium species epiphytic to the same host plant species? (2) Is the Dendrobium–OMF interaction network characterized by significant nestedness and/or modularity? (3) Can the structure of the observed orchid mycorrhizal network be explained by phylogenetic constraints?



MATERIALS AND METHODS


Study Sites and Sampling

This research was conducted in a traditional tea garden located at the foot of Jinuo Mountain (100°55′33″–101°14′45″ E, 20°53′11″–22°9′59″ N), Xishuangbanna, Yunan Province, China. The tea garden is owned by Jinuo people (a small ethnic group in tropical China). The area is characterized by a subtropical climate (average temperature: 18.9°C; average rainfall: 1400 mm/year–1). C. sinensis was the only one cultivated tree species in the tea garden. Currently, it contains more than 8000 tea trees on an area of about 200 hectares. The first tea trees were planted more than 100 years ago, and since then, the garden has been systematically enlarged. In this traditional tea garden, nine Dendrobium species (Dendrobium gratiosissimum, Dendrobium thyrsiflorum, Dendrobium aphyllum, Dendrobium cariniferum, Dendrobium brymerianum, Dendrobium jenkinsii, Dendrobium capillipes, Dendrobium devonianum, and Dendrobium sinominutiflorum) had managed to spontaneously colonize the tree trunk or branches of C. sinensis.

Root samples of all nine Dendrobium species were collected in March 2019 from the traditional tea garden. For each Dendrobium species, five individual plants were selected. Individuals of each Dendrobium species were selected in such a way that they were at least 15 m apart. In total, 45 samples were collected from 45 different trees. For each individual plant, we collected more than four independent root fragments (more than 2 cm long) whenever possible, without dislodging the plant. Root samples were refrigerated until processing (within 3 days of sampling). Sampled roots were surface-sterilized with ethanol (70%) for 30 s and rinsed three times in sterile water to avoid unnecessary contaminations from the velamen of the roots and surface of root epidermis. Then the root fragments were checked for the presence of orchid mycorrhizae, that is, intracellular hyphal pelotons (Rasmussen, 1995). A 5 mm-long root section harboring pelotons was sampled for each root fragment, that is, five root sections per plant, and stored in −20°C for DNA extraction.



Assessment of Mycorrhizal Communities

For DNA extraction, three pieces of colonized roots (2 cm long) were used for each sampled individual. Genomic DNA was extracted using the E.Z.N.A.® plant DNA Kit (Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s instructions. To amplify the fungal internal transcribed spacer 2 (ITS2) region of the fungi associated with Dendrobium species, the fungal specific primer pair combination ITS 3 (White et al., 1990) and ITS4-OF (Taylor and McCormick, 2008) was used, which has been used previously for the detection of diverse mycobionts of Dendrobium and other orchid species (Jacquemyn et al., 2016; Waud et al., 2016; Xing et al., 2017). Samples were amplified according to the dual−indexing strategy. Different samples were distinguished by 8-bp barcode sequences added at the 5′ end of the forward and reverse primers. PCR reactions were performed in triplicate 50-μL mixtures containing 5 μL of 10 × Pyrobest Buffer, 4 μL of 2.5 mM dNTPs, 2 μL of each primer (10 μM), 0.3 μL of Pyrobest DNA Polymerase (TaKaRa), and 30 ng of template DNA. The PCR program was as follows: 95°C for 5 min, 30 cycles at 95°C for 30 s, 56°C for 30 s, and 72°C for 40 s with a final extension of 72°C for 10 min. Each PCR was run with an appropriate negative control (no template). Amplicons were extracted from 2% agarose gels, and three PCR replicates of each sample were pooled and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions. Purified dsDNA amplicons were quantified using QuantiFluorTM-ST (Promega, United States) and pooled in equimolar quantities to prepare sequencing libraries. The libraries were paired-end sequenced using the Illumina Miseq PE300 sequencing platform (2 × 300 bp) by Beijing Allwegene Tech, Ltd. (Beijing, China).



Data Processing and OTU Delimitation

The extraction of high-quality sequences was performed with the QIIME package (Quantitative Insights Into Microbial Ecology; v1.2.1). Raw sequences were selected based on sequence length, quality, primer, and tag, wherein sequence quality was evaluated and enforced according to the following criteria. Low-quality sequences were removed when raw reads were shorter than 110 nucleotides. 300-bp reads were truncated at any site receiving an average quality score < 20 over a 50-bp sliding window, and truncated reads that were shorter than 50 bp were discarded. Reads containing ambiguous characters were also removed, and only sequences that had an overlap longer than 10 bp were assembled according to their overlap sequence. Reads that could not be assembled were discarded.

The unique ITS2 sequence set was classified into OTUs with a 97% identity threshold using UPARSE (Edgar, 2013). Chimeric sequences were identified and removed using USEARCH (version 8.0.1623) (Edgar, 2010). To minimize the risk of retaining sequences that resulted from sequencing errors, global singletons and doubletons (OTUs that were represented by only one or two sequences in the entire dataset) were removed, as this has been shown to improve the accuracy of diversity estimates (Ihrmark et al., 2012; Waud et al., 2014). The remaining OTUs were assigned taxonomic identities based on the BLAST results of the OTU representative sequences (selected by UPARSE) using the GenBank nucleotide (nt) and Unite databases (Edgar, 2013).



Data Analysis


Analysis of Phylogeny of Plants and Mycorrhizal Otus

To estimate the overall coverage of the fungal communities studied, MOTHUR (Schloss et al., 2009) was used to generate rarefaction curves for each Dendrobium sample. Mycorrhizal symbionts of Dendrobium mainly belonged to the fungal families Ceratobasidiaceae, Tulasnellaceae, Serendipitaceae, and Sebacinaceae (Xing et al., 2013, 2017) (Supplementary Table S1). Here we restricted our analysis to those fungal families known to associate with Dendrobium species. Representative sequences for each mycorrhizal OTU were submitted to GenBank under the accession numbers (MT134828-MT134861 and MT134863-134929).

Phylogenetic relationships between the studied Dendrobium species and between the detected mycorrhizal OTUs were established using maximum likelihood (ML) bootstrap analyses. For construction of the Dendrobium ML tree, nuclear ITS combined with four plastid genes (matK, rbcL, psbA-trnH, and trnL-F) were used (Xiang et al., 2013). The Dendrobium and mycorrhizal OTU sequences were aligned using Clustal X version 2.0 (Larkin et al., 2007). The K2 + G + I and K2 + G evolution models were identified as the best-fit models for the Dendrobium and mycorrhizal fungal datasets, respectively, using the Akaike information criterion implemented in jModelTest 2 (Darriba et al., 2012). For both datasets, an ML phylogeny was constructed with RAxML 7.2.8 (Stamatakis et al., 2008). Clade support was estimated with RAxML through a non-parametric bootstrap analysis of 1000 pseudo-replicate datasets.

The phylogenetic distances between the OTUs from the ML tree were used to calculate the mean pairwise distance (MPD) of the OTUs associated with each individual orchid plant. All calculations were done using the software package picante (Kembel et al., 2010) in R (R Development Core Team, 2016).



Analysis of OMF Community Structure and Interaction Network

Non-metric multidimensional scaling (NMDS) ordination was performed to visualize differences in the OM fungal communities associating with the nine Dendrobium species. PERMANOVA was carried out using the adonis function in the vegan package of R (Oksanen et al., 2015) to test whether OM fungal community composition differed significantly between Dendrobium species. The Bray–Curtis distance was used as a measure for community dissimilarity and significance was determined using 9999 permutations. In addition, an indicator species analysis (De Cáceres et al., 2010) was carried out by the multipatt function in the indicspecies package of R to investigate whether certain mycorrhizal fungi were significantly associated with a given Dendrobium species.

Two network measures, nestedness and modularity, were used to describe the architecture of the network of interactions between the nine Dendrobium species and all identified OTUs. Nestedness was determined by calculating the NODF value, which provides an unbiased measure to estimate the degree of nestedness (Almeida-Neto et al., 2008). Significance of nestedness was assessed by two different null models (Guimarães and Guimarães, 2006). In the first null model (ER), each cell of the interaction matrix has the same probability of being occupied. However, because this null model tends to be very general and does not take into account that the number of connections per species often varies substantially (Bascompte et al., 2003), we also used a second, more conservative null model (CE), in which the probability of drawing an interaction is proportional to the level of specialization, i.e., the probability of each cell being occupied is the average of the probabilities of occupancy of its row and column (Almeida-Neto et al., 2008). All nestedness analyses were performed using the software package ANINHADO ver. 3.0 (Guimarães and Guimarães, 2006).

We used the module-finding algorithm of Newman and Girvan (2004), implemented through simulated annealing by Guimerà and Amaral (2005), to determine the number of modules and to assess the degree of modularity of the network. This algorithm provides an index of modularity M:
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where NM is the number of modules, L represents the number of links in the network, ls is the number of links between nodes in module s, and ds is the sum of the number of links of the nodes in module s. To determine the significance of the observed modularity index, 999 random networks with the same species degree distribution as the original network were constructed and the observed modularity index was compared with indices from random networks (Guimerà et al., 2004). All network analyses were performed on the binary interaction network.

In order to test whether the observed interaction network structure was significantly affected by the phylogeny of the Dendrobium or the OMF, two different methods were used. In the first method, we calculated a dissimilarity matrix based on Jaccard’s index from the binary interaction matrix using the package ade4 in R. We then used a Mantel test (Mantel, 1967) to relate this matrix to a pairwise phylogenetic distance matrix, containing the distances between the pairs of tips from a phylogenetic tree using its branch lengths (Rezende et al., 2007). This analysis was performed using the vegan package (Oksanen et al., 2015) in R. In a second method, we used a linear model approach that fits the phylogenetic variance-covariance matrix to the plant–fungi interaction matrix (Ives and Godfray, 2006). We calculated the independent phylogenetic signals of the Dendrobium (dD) and OMF (df) phylogenies on the interaction matrix and the strength of the signal of both phylogenies combined [mean square error (MSEd)]. The significance of the phylogenetic structure was determined by comparing the MSE of this model of evolution (MSEd) with the MSE derived under the assumption of no phylogenetic signals (i.e., a star phylogeny) and with the MSE derived under the assumption of a maximum phylogenetic signal (i.e., Brownian motion evolution, MSEb). The model minimizing the MSE was considered the best fit. Bipartite linear models were performed using the pblm function in the picante R package (Kembel et al., 2010). Because members of the Sebacinales represented the most dominant group of fungi associating with the investigated Dendrobium species, analyses were repeated for these fungal strains only to test the robustness of the results.



RESULTS


Fungal OTUs

In total, Illumina Miseq PE300 sequencing generated 800,998 (2870 OTUs) fungal sequences for the nine Dendrobium species. After analysis, 96.70% of the total number of sequences could be assigned to Basidiomycota (756 OTUs; 524,352 sequences) and Ascomycota (2019 OTUs; 250,220 sequences). Rarefaction curves showed that the number of OTUs was close to saturation for each Dendrobium species (Supplementary Figure S1).

BLAST analysis of the representative sequences of each OTU indicated the presence of both mycorrhizal and non-mycorrhizal sequences [with hits to Ascomycetes and other generalist endophytic fungi (data not shown)]. The whole Basidiomycota community composition and fungal community in each Dendrobium species are shown in Supplementary Figures S2A–C. After discarding chimeric OTUs as well as global singletons, 101 OTUs could be assigned to known mycorrhizal fungi of Dendrobium (Ceratobasidiaceae, Tulasnellaceae, Serendipitaceae, and Sebacinaceae) (Supplementary Tables S1, S2). These fungi comprised 343,776 sequence reads (65.56% of all Basidiomycota sequences, 28.4–77.9% of sequences of each sample).



Mycorrhizal Fungal Communities

Among the identified 101 mycorrhiza fungal OTUs, members of Serendipitaceae were most abundant (67 OTUs; 276,008 sequences; 80.3%), followed by Ceratobasidiaceae (16 OTUs; 45,302 sequences; 13.2%), Tulasnellaceae (five OTUs; 13,164 sequences; 3.8%), and Sebacinaceae (13 OTUs, 9302 sequences; 2.7%). Around two-thirds (67 OTUs) of all mycorrhizal fungal OTUs were detected in more than one Dendrobium species, while the other third (34 OTUs) was only found in one Dendrobium species. No OTU was found that occurred in the roots of all nine Dendrobium species; however, four OTUs were shared among eight Dendrobium species.

The average numbers of OM fungal OTUs a Dendrobium species associates with varied between 9.80 ± 1.06 and 36.40 ± 3.14 (Figure 1A), which were detected in D. thyrsiflorum and D. jenkinsii, respectively. Similarly, MPD values varied between orchid species, ranging from 0.20 ± 0.01 in D. sinominutiflorum to 0.32 ± 0.01 in D. gratiosissimum, respectively (Figure 1B).
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FIGURE 1. Number of operational taxonomic units (OTUs) (A) and mean pairwise distance of the mycorrhizal fungal communities (B) detected in each Dendrobium species.


The nine Dendrobium species investigated associated with distinct mycorrhizal communities (Figures 2A,B). Permutational multivariate analysis of variance (PERMANOVA) further confirmed that the OM fungal community significantly differed between the investigated Dendrobium species (pseudo-F = 22.23, R2 = 0.83, P < 0.01). Species indicator analyses showed that 50 mycorrhizal OTUs were significantly associated with one of the studied Dendrobium species (Supplementary Table S3).
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FIGURE 2. Differences in mycorrhizal fungal community composition between the nine co-occurring Dendrobium species in the traditional tea garden. (A) Relative abundance of mycorrhizal fungal families associating with the nine Dendrobium species. (B) Non-metric multidimensional scaling (NMDS) plot illustrating differences in mycorrhizal communities between the nine Dendrobium species. Each data point represents an individual plant.




Network of Interaction Between Dendrobium and OMF

The overall network relating nine Dendrobium species to 101 OMF OTUs comprised 285 established links (connectance C: 0.314) (Figure 3). The average number of links per Dendrobium species was 31.67 ± 3.80. The overall network appeared to be significantly nested (NODF = 41.59, null model ER = 33.79, p < 0.01; null model CE = 37.81, p < 0.01). In contrast, there was no evidence that the network was significantly modular (M = 0.26, Mrandom = 0.27). When only Sebacinales OTUs were considered, the network was still significantly nested (NODF = 41.43, Er = 34.08, Ce = 38.17, p < 0.01), but not significantly modular (M = 0.25, Mrandom = 0.26). Mantel tests revealed no significant relationship between the ecological dissimilarity matrix and the phylogenetic distance matrix (r = −0.36, p > 0.05 and r = 0.03, p > 0.05 for the orchids and fungi, respectively). The linear model approach to evaluate the phylogenetic signal of both the Dendrobium and the OMF phylogenies on the orchid–OMF network showed that the strength of the overall phylogenetic signal (MSEd = 0.220) was similar to that of a star phylogeny (MSEs = 0.220), confirming that there is no phylogenetic signal in the interaction between orchids and their fungi. Similar results were obtained when only Sebacinales fungi were taken into account (data not shown).
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FIGURE 3. Interaction network between the co-occurring Dendrobium species and mycorrhizal fungi. The network shows all links between nine Dendrobium species and 101 mycorrhizal fungal OTUs (285 binary links in total). Branch support values (≥70) above the branches are maximum likelihood non-parametric bootstrap percentages.




DISCUSSION


Mycorrhizal Communities Associating With Co-occurring Dendrobium Species

In this study, we used Illumina Miseq PE300 sequencing to investigate the mycorrhizal communities associating with nine Dendrobium species that had managed to colonize the trunk of C. sinensis in a traditional teagarden from a neighboring forest within the last 100 years. Our results clearly showed that all Dendrobiun species associated predominantly with fungi of the Serendipitaceae, although members of Ceratobasidiaceae, Tulasnellaceae, and Sebacinaceae were also detected. These results differ from previous studies that have shown that the dominant fungal partners associating with Dendrobium species growing at other locations and habitats (e.g., Dendrobium crumenatum, Dendrobium speciosum, Dendrobium dicuphum, D. aphyllum, and D. cariniferum) were mainly members of the genus Tulasnella, while the fungi associating with Dendrobium nobile, Dendrobium sinense, and Dendrobium hancockii mainly belonged to Mycena and Epulorhiza (reviewed by Liu et al., 2010; Zhang et al., 2012; Xing et al., 2017). However, in this study, Mycena fungi were only sporadically detected and no Epulorhiza members were found. Further research investigating more individuals from other populations is needed to see whether the observed fungi are characteristic for the site, or whether they represent the dominant fungi for these particular Dendrobium species. One prominent result was that all investigated Dendrobium species associated with many fungal partners at the same time. This result indicates that a wide diversity of fungi was present on the bark of the tea plant and that this may have allowed orchids to easily colonize the trees. From the point of the orchid, associating with multiple fungi may be advantageous as it facilitates colonization of new habitats and allows epiphytic orchids to survive in nutrient-poor epiphytic habitats by maximizing nutrient uptake and enhancing drought resistance (Cevallos et al., 2018).



Network Architecture

Although there was some overlap in mycorrhizal associations between the studied orchid species, our results indicated that each species associated with a distinctive set of fungi, leading to significant differences in mycorrhizal communities between species. These results are in accordance with previous studies that have compared OM fungal communities between co-occurring orchids (Jacquemyn et al., 2014, 2015a; Chen et al., 2019). However, in contrast to these studies, the differences in mycorrhizal communities were not so pronounced that they turned the network into a set of modules that contained species that interact more strongly among themselves than with species from other modules. This was, for example, the case in Mediterranean grasslands, where at least nine different modules of associating species were observed (Jacquemyn et al., 2015a). Whether this difference between studies is due to differences in life form (epiphytic vs. terrestrial orchids), remains to be seen. A more likely explanation for the observed lack of modularity may be that all sampled species belonged to the same genus and therefore have a tendency to associate with similar sets of fungi. A recent study that investigated fungal associations in a large set of co-occurring orchids showed that epiphytic species that belonged to different orchid genera clustered in different modules (Xing et al., 2019). Moreover, epiphytic orchids often grow on different host trees, which may harbor different fungal communities (Wang et al., 2017). Because all species studied here grew on the same host tree, the chance to find different partners can also be expected to be limited.

Although the OM fungal communities differed significantly between the studied Dendrobium species, the nestedness analysis showed that orchid mycorrhizal associations were significantly nested. The nested structure may be explained by the fact that more than two-thirds of the total mycorrhizal OTUs were detected in more than one Dendrobium species, indicating that the studied Dendrobium species share a considerable part of their mycorrhizal fungi. This result was consistent with previous finding of Jacquemyn et al. (2011), who also showed a highly nested network of mycorrhizal interactions in the genus Orchis. The nested structure suggests differences in specialization levels between orchids, with some orchids specializing on a limited number of fungi, whereas others are more opportunistic and capable of associating with more fungi. In the case of Dendrobium, the studied species are clearly mycorrhizal generalists and able to initiate associations with many different mycorrhizal fungi. What explains the nested structure remains somewhat unclear. It might be that some orchid species are less restrictive toward their fungi and initiate associations with a large number of fungi, while others are more selective. It might also be that some orchid species are less restrictive to micro-habitats and have grown at many different locations, while others are more selective regarding growth places and therefore are more limited in partner choice. In situ baiting experiments combined with in vitro germination experiments are needed to see whether the observed differences in mycorrhizal associations are related to growth preferences or to inherent differences in orchid–fungus compatibility.

Previous studies have shown that phylogenetic relationships often contribute to network structure (Rezende et al., 2007) because closely related species tend to have similar physiological or morphological traits and therefore associate with similar partners. Until now, only few studies have incorporated phylogenetic relationships in the analysis of orchid–fungus interactions (Jacquemyn et al., 2011, 2015a; Martos et al., 2012; Xing et al., 2019). Significant phylogenetic effects have been observed in networks where species from one single genus are considered, and in these cases, effects are due to the phylogeny of the orchids, not to that of the fungi. Our results showed that the observed interaction network bore no significant phylogenetic signal. This indicates that closely related Dendrobium species not necessarily associate with similar sets of mycorrhizal fungi, and vice versa. However, our results also showed that orchids from the same species tended to interact with more similar fungi than orchids from different species. This suggests that there are some ecological or physiological traits in orchids that put a constraint on the interactions between orchids and fungi, but because there was no phylogenetic signal in the interaction, it seems that these ecological or physiological traits are not phylogenetically constrained and that the traits that influence the specificity of the orchid–fungus interactions are therefore labile.



CONCLUSION

In this paper, we have taken advantage of a unique situation where multiple Dendrobium species grew on the bark of a single host tree, which allowed assessing the impact of phylogenetic relatedness on network structure. Our results showed that all Dendrobium species associated with a large number of different mycorrhizal fungi and that the detected mycorrhizal communities significantly differed between orchid species. Moreover, the network of associations was significantly nested, indicating that orchid species that associate with a small number of fungal OTUs tend to associate with fungal OTUs that associate with orchid species that have a large number of associations. These results are reminiscent of findings reported in other systems that have shown that most mutualistic networks are built on asymmetric and weak reciprocal dependences (Cevallos et al., 2017). In our case, the observed nested pattern may ease colonization of vacant sites and allow establishment of seedlings of different species, just as in other systems a nested pattern may increase robustness to the loss of species and interactions, and hence favor increased diversity in comparison with randomly assembled mutualistic communities (Bascompte et al., 2003; Burgos et al., 2007; Rezende et al., 2007; Bastolla et al., 2009). Finally, we found that the structure of the network was not influenced by the phylogenies of the orchids or the fungi. The lack of a clear phylogenetic signal on the interaction network may further facilitate the formation of orchid–fungus interactions and therefore expedite colonization and establishment of orchids in epiphytic habitats (Cevallos et al., 2018). However, more research using both in situ and in vitro seed germination experiments is needed to see whether the observed patterns of orchid–fungus interactions affect seed germination and seedling establishment of epiphytic orchids.
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