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Here, we report a metabarcoding (ITS2) study to define the common core fungal microbiome (mycobiome) of healthy Musa spp. (bananas and plantains). To identify a list of 21 core fungal taxa, we first characterised the effects of edaphic conditions and host genotype – two factors that are likely to differ between farms – on the diversity of fungal communities in bulk soil and seven plant compartments. This experiment facilitated shortlisting of core ‘candidates’, which were then elevated to full core status if also found to frequent a wide-range of field-grown Musa spp. and exhibit hub-like characteristics in network analyses. Subsequently, we conducted a meta-analysis of eleven publicly available datasets of Musa spp. associated fungi demonstrating that the core fungi identified in our study have close relatives in other countries. The diversity and composition of mycobiomes differed between plant compartments and soils, but not genotypes. The core mycobiome included Fusarium oxysporum and its relatives, which dominated all plant compartments, as well as members of the Sordariomycetes, Dothideomycetes, and Mortierellomycota. Our study provides a robust list of common core fungal taxa for Musa spp. Further studies may consider how changes in the frequencies and activities of these taxa influence host fitness and whether they can be managed to improve banana production.
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Introduction

Musa spp. (bananas and plantains) are one of the world’s most important fruit crops but are constrained by a range of abiotic and biotic stresses, including diseases for which management options are either unavailable, or becoming less effective (Gutierrez-Monsalve et al., 2015; Bubici et al., 2019; Fu et al., 2019). Fungal diseases of Musa spp., such as black leaf streak, Eumusae leaf spot, freckle, and Fusarium wilt, are particularly notorious; however, many fungi benefit host fitness (Yano-Melo et al., 2003; Rodríguez-Romero et al., 2005; Drenth and Kema, 2021). If managed appropriately, banana fungal microbiomes (mycobiomes) could help growers to maintain healthy production systems. Nonetheless, plant-associated fungi are extremely diverse and may vary between locations. Hence, it is important to identify fungal taxa that are persistently associated with Musa spp. across a wide range of environmental conditions, viz. the ‘common core’ (Risely, 2020). This approach emphasises a relatively small subset of taxa on which to focus research efforts and helps avoid the development of microbiome management approaches that are context dependent (Toju et al., 2018). A common core mycobiome of Musa spp. is yet to be defined.

Different plant compartments offer unique niches for fungi and should be considered when defining a core mycobiome (Cregger et al., 2018). Previous studies of fungi associated with Musa spp. have focused on below-ground interactions, leaving the mycobiomes of above-ground plant compartments relatively underexplored (Wang et al., 2015; Rames et al., 2018; Shen et al., 2018). The diversity and composition of bacterial communities associated with Musa spp. have been shown to differ greatly between plant compartments (Birt et al., 2022). However, for fungi this association may be weaker. In cereals, legumes, Brassicaceae, and Agave spp., for example, the location in which plants are grown, rather than plant compartment has been observed to have a larger impact on the diversity and composition of fungal communities (Coleman-Derr et al., 2016; Tkacz et al., 2020).

Edaphic factors also need to be considered when defining a core mycobiome of Musa spp. as soil is the primary source of fungi that colonise plants (Busby et al., 2017). The diversity and composition of soil fungal communities differs depending on both abiotic factors such as nutrient availability (Vasco-palacios and Bahram, 2020) soil structure (Xia et al., 2020), and biotic factors such as plant-mediated soil feedback (Raaijmakers and Mazzola, 2016). Additionally, edaphic factors may also influence the types of relationships fungi play within the mycobiome ranging from pathogens to mutualists (Guerrero-Ariza and Posada, 2017). Hence, fungi that persistently associate with Musa spp. across diverse edaphic conditions are likely to be relevant to a range of production sites.

While the effects are often smaller than those associated with soil properties, the impacts of host genotype should also be considered when defining a core Musa spp. mycobiome (Hannula et al., 2010; Laurent et al., 2010). Changes in hormones, tissue phenotype, and life cycle timing between various genotypes can influence host-associated fungi (Vorholt et al., 2017). Finding a common core between Musa genotypes is important because it is estimated that there are more than 500 cultivars in use globally (Stover and Simmonds, 1987).

Here, we characterised the common core mycobiome of Musa spp. Our study began with a pot experiment to determine the impacts of plant compartment, edaphic conditions, and host genotype on fungal diversity using ITS2 rRNA gene amplicon sequencing. This experiment comprised more than 480 samples from eight plant compartments, three genotypes, and five distinct soils, and was used to define a list of candidate-core fungal taxa. We then characterised the fungal communities associated with more than 400 samples from field-grown Musa spp. comprising 52 genotypes. These results were used to refine our list of candidates and identify a final set of common core fungal taxa, which were compared with other members of the microbiome using network analysis, including bacteria from a previously published study (Birt et al., 2022). Finally, by comparing the sequences of our core fungi with those reported in 11 previous studies of banana-associated fungi, we provide evidence that they are commonly associated with Musa spp. in other parts of the world.



Methods


Experimental design

Pot experiment: To investigate the potential impacts of plant compartment, soil, and genotype on Musa spp. mycobiomes we conducted a pot experiment in a glasshouse as described previously in Birt et al. (2022). Briefly, the banana variety ‘Williams’ Musa (AAA Group, Cavendish Subgroup), Australia’s most common commercial cultivar (Australian Banana Growers Council, 2021) was grown in five distinct soils collected (0–30 cm depth) from North Queensland, Australia’s primary banana producing region (Supplementary Table S1). In one of these soils only, we also grew the banana variety ‘Lady finger’ Musa (AAB Group, Pome Subgroup) and the banana variety ‘Goldfinger’ Musa (AAAB Group, Prata Anã x SH-3142) to investigate the effect of genotype on Musa spp. mycobiomes. These genotypes represented Australia’s second most common cultivar (Australian Banana Growers Council, 2021) and a Fusarium wilt resistant cultivar (De Ascensao and Dubery, 2000), respectively. Eight plant compartments were sampled using an established procedure (Birt and Dennis, 2021): bulk soil (BS), the ectorhizosphere at the apex and base of the roots (AER, BER), the endorhizosphere at the apex and base of the roots (AEnR, BEnR), the rhizome/corm (C), the pseudostem (PS), and leaves (L) (Supplementary Figure S1).

Having assessed the key drivers of fungal communities associated with Musa spp. and used these to define a core mycobiome, we also performed a field survey to confirm our findings under field conditions and in a wider range of genotypes. Bulk soil (BS), ectorhizosphere (ER), endorhizosphere (EnR), pseudostem (PS), and leaf (L) samples were collected from 55 plants, representing 52 genotypes in a single field from the Australian Musa germplasm collection, South Johnstone, Queensland (Supplementary Table S2). For each plant, we collected a set of samples (i.e., BS, ER, EnR, PS, and L) associated with a young (large sucker), medium (emerged adult stem in vegetative growth), and older (signs of active flowering) pseudostem to provide three replicates for each compartment and encompass variation that may be attributable to the age of various tissues. Strict biosecurity is in place at the site and all plants appeared healthy with no signs of pest or pathogen pressure.



DNA extraction and fungal community profiling

DNA extraction: All samples were lyophilised, homogenised by grinding, and then DNA was extracted using the high throughput Power Soil DNA Isolation kit (Qiagen) according to the manufacturer’s instructions except for an extra 400 μl of Powerbead solution to moisten freeze dried samples enough for efficient extraction.

PCR: To avoid host co-amplification, we used the primers ITS-F_KYO1 (5′- CTH GGT CAT TTA GAG GAA STA A-‘3) (Toju et al., 2012) and ITS4 (5’- TCC TCC GCT TAT TGA TAT GC-‘3) (White et al., 1990) in polymerase chain reactions (PCRs) to amplify the full ITS region (PCR 1). These regions are less conserved among fungi and plants and therefore avoid plant-associated reads. We then purified the products using magnetic beads (Rohland and Reich, 2011) and used these as template in a second PCR targeting the ITS2 region using the more universal primers gITS7 (5’- GTG AAT CAT CGA ATC TTT G-‘3) (Ihrmark et al., 2012) and ITS4 to obtain an amplicon of appropriate length for DNA sequencing (PCR 2). In the second PCR, both primers were modified on the 5’ end to contain the Illumina overhang adapter for compatibility with the P5 and i7 Nextera XT indices. We tested the impact of this nested PCR (full ITS, then ITS2) on fungal community composition relative to a single step PCR (ITS2 only) and found no significant difference between protocols (see Supplementary experiment).

Thermocycling conditions were as follows: 98°C for 45 s; then 15 cycles for PCR 1 or 20 cycles for PCR 2 of 98°C for 5 s, 56°C for 5 s, 72°C for 6 s; followed by 72°C for 1 min. Amplifications were performed using a SimpliAmp® 96-well Thermocycler (Applied Biosystems). All PCRs were performed on 2 μl template in 5X Phire Green Reaction Buffer (Thermo Fisher), 100 μM of each dNTP (Invitrogen), 0.4 μl Phire Green Hot Start II DNA Polymerase (Thermo Fisher), 10 mM of each primer, made up to a total volume of 20 μl with molecular biology grade water. Amplicons were purified and then dual indexed using the Nextera XT Index Kit (Illumina) according to the manufacturer’s instructions. Indexed amplicons were then purified, quantified using a PicoGreen dsDNA Quantification Kit (Invitrogen), and then pooled in equimolar concentrations prior to being sequenced on an Illumina MiSeq using 30% PhiX Control v3 (Illumina) and a MiSeq Reagent Kit v3 (600 cycles, Illumina) according to the manufacturer’s instructions.



Processing of sequence data

By combining all data from the pot experiment and field survey into a single bioinformatic analysis, we were able to compare the two datasets to validate whether core taxa identified in pots were present in the field. Data was processed by using a modified UPARSE workflow (Edgar, 2013). Firstly, samples were demultiplexed using cutadapt from QIIME2 (v2017.9.0, Bolyen et al., 2019). Fungal ITS2 regions were then extracted using ITSx (v1.0.11, Bengtsson-Palme et al., 2013) and chimeric sequences were removed using uchime2_ref of USEARCH (v10.0.240, Edgar, 2010) against the UNITE 8.2 database (Nilsson et al., 2019). The resulting reads were then mapped against representative sequences using fastx_uniques and cluster_otus (sequence similarity = 0.97) from USEARCH to produce an OTU table. BLASTN (Zhang et al., 2000) from QIIME2 was used to assign taxonomy using the UNITE 8.2 database (Nilsson et al., 2019). Samples were rarefied to 1,000 reads per sample. QIIME2 was used to calculate all alpha diversity metrics. While our nested PCR approach greatly reduced host contamination, Musa ITS2 rRNA gene reads were still present in some samples; hence, some samples had fewer than 1,000 fungal reads and were discarded. While most treatment combinations retained all 10 replicates, some ended up with fewer, albeit not less than four (Supplementary Tables S3–S5).



Statistical analyses

Effects of compartment and soil/genotype: Differences in alpha diversity (observed OTUs, Chao1, and Shannon) were investigated using ANOVA with Tukey’s HSD for post hoc analyses. Differences in fungal community composition between treatments (i.e., beta diversity) were investigated using PERMANOVA as implemented in the R package vegan (Oksanen et al., 2017). Fungal OTU relative abundances were Hellinger transformed prior to analysis. Differences in the composition of fungal communities associated with treatments shown to be significant were visualised using redundancy analysis (RDA) in vegan. All statistical analyses were performed using R version 3.6.0.

SourceTracker, a Bayesian statistical tool (Knights et al., 2011), was used to examine the extent to which the microbial community of a plant compartment was sourced from other compartments. Each compartment was defined as a microbial source and was compared to all others when using SourceTracker. A grand mean and standard deviation were calculated after SourceTracker had been run on the data from plants grown in each representative soil.

Definitions of core taxa: Abundance and occupancy relationships were chosen to define core OTUs as these are grounded in macroecological theory as a tool to establish the range of a species (Hanski, 1982; Gaston et al., 2000). Prevalent and abundant OTUs were defined as those present in ≥50% of samples within a plant compartment with an average relative abundance of ≥0.5% where found. These values were chosen as the minimum for defining a core OTU as they represent a level that minimises stochastic association (through prevalence thresholds) and to circumvent bias in the estimation of variability for taxa with low abundance as they would be near our detection limit. Studies examining core microbes in a range of other environments have taken similar approaches (Barnett et al., 2015; Brodie et al., 2016; Billiet et al., 2017; Adam et al., 2018). Candidate-core OTUs were identified based on those that were found within plants grown in all five soils.

Next, a final list of core taxa was produced by removing those only found in the pot dataset as these taxa were likely to occur due to the differences between the pot and field-grown plants. This was achieved by removing taxa that were not in the list of taxa found in the field dataset that were ‘key constituents’, defined as found in ≥50% of samples at an abundance of ≥0.5%. Through this validation process, we were able to confirm that a more stringent definition of core OTUs in the pot experiment (beyond ≥50% of samples within a plant compartment or beyond an average relative abundance of ≥0.5% where found) would miss some abundant and prevalent OTUs present in both datasets (Supplementary Figure S2).



Network analysis

Weighted co-occurrence networks were created from both the fungal and bacterial OTU tables from this and our previous study on the bacterial microbiome of Musa spp. (Birt et al., 2022), using samples from the independent field survey. Only OTUs found to have ≥1% relative abundance in three samples were included in the analysis to reduce computational load. Networks were calculated in R using the multi.spiec.easi function in the SpiecEasi package that accounts for the use of two independent but compositional datasets that are used in a single network (Kurtz et al., 2015; Tipton et al., 2018). The resulting network was then projected using Gephi (Bastian et al., 2009). Degree, betweenness centrality, Markov centrality, and closeness centrality were calculated using the igraph and centiserve R packages (Csardi and Nepusz, 2006; Jalili, 2017). A Fusarium sub-network and the corresponding centrality metrics were created and calculated using Gephi. All centrality metrics were assessed between candidate-core and non-core taxa using Wilcoxon rank-sum tests implemented in base R.



Meta-study of publicly available data

To determine the applicability of our core mycobiome to a worldwide context, we downloaded data from 11 previous phylogenetic marker gene studies on fungi associated with Musa spp. (Supplementary Table S6) using the SRA explorer (Ewels, 2020). For ITS rRNA gene high-throughput sequencing studies, the ITS1 and ITS2 regions were extracted using ITSx (Bengtsson-Palme et al., 2013). For 18S data, adapters were removed using cutadapt (Martin, 2011). Sequences were then filtered to remove low-quality reads, and an OTU table was produced using USEARCH (Edgar, 2013). The representative sequences were extracted from the top 10% of OTUs sorted by the maximum seen in any sample. BLASTN (Zhang et al., 2000) from QIIME2 was again used to assign taxonomy using against the UNITE 8.2 database for ITS rRNA gene sequences and SILVA 128 for 18S rRNA gene sequences (Quast et al., 2012; Nilsson et al., 2019). Next, the top hit based on the highest e-value was extracted for each OTU from the blast results. The taxonomy assigned for core and candidate-core OTUs was then searched for in these results using a custom R script.




Results


The effects of compartment, soil, and host genotype within the pot experiments

Compartment: The diversity and composition of fungal communities differed significantly between plant compartments, and this effect was stronger than those of soil and host genotype (Table 1; Supplementary Table S7). The least diverse fungal communities were associated with the apical endorhizosphere, followed by the basal endorhizosphere, the rhizome (Figure 1). The pseudostem and leaves were as diverse as the ectorhizosphere and bulk soil (Figure 1). In terms of composition, fungal communities were more similar in compartments that were closer to one another, with bulk soil and ectorhizosphere communities being distinct from those associated with endorhizosphere and above-ground plant compartments (Figure 2). This finding was also supported by Bayesian estimates of community provenance, which indicated that 91% of the pseudostem fungal microbiome was sourced from leaves, in contrast to 62% from bulk soil (Supplementary Table S8).



TABLE 1 The impacts of soil, genotype, and plant compartment on the alpha diversity (Shannon’s Diversity Index) and composition (Hellinger transformed OTUs) of fungal communities using ANOVA and PERMANOVA, respectively.
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FIGURE 1
 The alpha diversity (numbers of observed OTUs) of fungal communities associated with different plant compartments of Musa (AAA Group, Cavendish Subgroup) ‘Williams’ grown in pots with five distinct soils. Error bars represent standard errors of the means. Letters in circles indicate compartments that differ according to Tukey post hoc tests. endo, endorhizosphere; ecto, ectorhizosphere; In, Innisfail; Li, Liverpool; Pg, Pin Gin; To, Tolga; Tu, Tully.


[image: Figure 2]

FIGURE 2
 Distance-based Redundancy Analysis (RDA) ordination highlighting differences in the composition of fungal communities (Hellinger transformed OTUs) associated with Musa (AAA Group, Cavendish Subgroup) ‘Williams’ in various plant compartments. The ellipses represent standard deviations of the group centroids. endo, endorhizosphere; ecto, ectorhizosphere.


Members of the Ascomycota formed the majority of reads in all Musa spp. compartments (Figure 3). They were most abundant in the apical endorhizosphere (94.3% mean relative abundance, Figure 3) and least abundant in the leaves (70.8% mean relative abundance, Figure 3). While present in other compartments, representatives of the Basidiomycota were most common in leaves, where they comprised 10.5–45.0% mean relative abundance (Figure 3). Members of the Mortierellomycota and Glomeromycota were also detected but were relatively infrequent (Figure 3). Furthermore, c. 6.6% mean relative abundance of fungi in all communities could not be allocated a taxonomic rank below kingdom (Figure 3). Finally, while negligible in plants grown in other soils, members of the Chytridiomycota represented 11.3% mean relative abundance within the ectorhizosphere of plants grown in Tolga soil (Figure 3).

[image: Figure 3]

FIGURE 3
 The mean relative frequencies of fungal classes in different plant compartments associated with Musa (AAA Group, Cavendish Subgroup) ‘Williams’ grown in pots with five distinct soils, and two other Musa spp. genotypes grown in pots containing an Innisfail series soil. Within each phylum, classes represented at <1% mean relative abundance are grouped as other.


Soil and genotype: The diversity and composition of fungal communities also differed significantly between soils but not genotypes (Tables 1, 2). According to the Shannon Index, fungal diversity differed significantly between soils in the pseudostem, basal ectorhizosphere, and bulk soil (Table 2); however, these differences were not supported by all alpha diversity metrics (Supplementary Table S7). Fungal community composition was observed to significantly differ between soils in all belowground compartments, except the rhizome (Table 2).



TABLE 2 The influence of soil on the alpha diversity (Shannon’s Diversity Index) and composition (Hellinger transformed OTUs) of fungal communities within each compartment, as assessed by ANOVA and PERMANOVA, respectively.
[image: Table2]



Identifying ‘candidate core’ fungal taxa

Given that compartment and soil, but not genotype, were found to influence the Musa spp. mycobiome, we defined a list candidate-core fungal OTUs as follows. Firstly, for each soil, we identified the most abundant and prevalent OTUs on the basis that they were found in ≥50% of replicates one or more compartments, at a mean relative abundance of ≥0.5% where present (Supplementary Figures S3, S4). From the 173 OTUs that met these criteria, we then removed any that were not found in all soils (Supplementary Figures S3–S5), leaving 42 that were given ‘candidate-core’ status (Supplementary Figure S5).



Refining the ‘core’ mycobiome of Musa spp.

Next, we surveyed the fungal microbiomes of 52 field-grown banana plants, to assess whether the ‘candidate-core’ fungal OTUs identified in our pot experiment were also important under more realistic conditions. As observed in pots, field-grown plants were dominated by members of the Ascomycota and Basidiomycota (Supplementary Figure S6).

The ‘importance’ of ‘candidate-core’ fungal OTUs was considered from two key perspectives. Firstly, we inferred their importance to putative microbiome interactions using network analyses. These interactions were inferred using SPIEC-EASI for fungal ITS2 data only, and fungal ITS2 in combination with bacterial 16S data from the same samples (Birt et al., 2022; Supplementary Figures S7, S8). In both cases, ‘candidate-core’ fungal OTUs had significantly more connections (Degree), and larger betweenness, closeness, and Markov centrality scores than non-core OTUs (Table 3).



TABLE 3 Results from Wilcoxon sum rank tests of centrality metrics from fungal OTUs considered core and non-core.
[image: Table3]

Secondly, we inferred the importance of candidate core OTUs based on whether they were represented among the most abundant and prevalent fungal OTUs in the field mycobiomes (i.e., those present in ≥50% of field-grown plants at ≥0.5% mean relative abundance). Of the 36 OTUs that met these criteria, 14 were classified as ‘candidate core’ OTUs (i.e., same OTU), and seven were considered close relatives (i.e., identical taxonomy but different OTUs). Together, these 21 OTUs were elevated to full ‘core’ status and represented the majority of the most abundant and prevalent OTUs in every compartment (Figure 4). In addition, while representing only 0.35% of all OTUs in the field, the 21 ‘core’ OTUs represented c. 50–60% and c. 35–45% of sequences in roots and above-ground compartments, respectively (Figure 4). Lastly, 95% (20/21) of ‘core’ OTUs were represented in all 52 Musa spp. genotypes examined, either as the same OTU or a close relative. The only exception was Phaeosphaeria oryzae, which was present in 87% (45/52) Musa spp. genotypes.

[image: Figure 4]

FIGURE 4
 The number of abundant and prevalent OTUs from the field experiment and the relative abundance of fungi that were defined as core or non-core in each plant compartment from 52 field grown Musa spp. genotypes.




The core mycobiome of Musa spp.

The 21 core fungal OTUs constitute nine distinct genera, including eight within the Ascomycota, and one within the Mortierellomycota (Figure 5; Supplementary Figure S9). Representative ITS2 gene sequences of the core candidate-core are provided in the supplementary information (Supplementary Table S9).

[image: Figure 5]

FIGURE 5
 A heatmap showing the mean abundance of the core fungal microbiome taxa identified in this study in various Musa (AAA Group, Cavendish Subgroup) ‘Williams’ plant compartments and plants grown in distinct soils.


Fusarium spp. and their close relatives represent a significant proportion of the final core. Eight (38%) of the final core are members of the Nectriacaeae – the family containing Fusarium spp. OTU 1 (Fusarium oxysporum) was found at a high relative abundance throughout the plant and represented >50% of reads in the apical endorhizosphere (Figure 5). Core taxa that were not identified as Fusarium spp. were not found throughout the entire plant (Figure 5; Supplementary Figure S8). Different core taxa occupied the root-associated compartments compared to other compartments. For example, P. oryzae and Cladosporium sp. were found to be dominant only in the phyllosphere (Figure 5; Supplementary Figure S7). Pyrenchaetopsis tabarestanensis was dominant only in the root-associated compartments and bulk soil (Figure 5; Supplementary Figure S8).

Next, we used our microbiome networks to infer the putative interactions of core- taxa with Fusarium spp., which are known to influence the health of Musa spp. (Alabouvette, 1999; Nel et al., 2006a; Hill et al., 2021). Within this subnetwork, core taxa formed 46% of the nodes. Furthermore, core taxa were significantly more central according to the number of connections made (degree) and their tendency to connect distinct parts of the network (betweenness, Figure 6).
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FIGURE 6
 A subset of a dual amplicon co-occurrence network showing the interactions between Fusarium OTUs and their first order neighbours. Those that are core bacteria or fungi are highlighted. This network was created from the microbiome of 52 adult Musa spp. in a field setting. Node size is scaled by weighted degree.




An assessment of the core taxa in publicly available datasets

Finally, we sought to determine whether our core fungal taxa had been detected in association with banana plants in other parts of the world. To do this, we used publicly available data from 11 other studies that considered the Musa spp. mycobiome (Supplementary Table S6). These studies expanded our search to China, Uganda, and other parts of Australia (Supplementary Table S6). We searched for the core taxa in the top 10% of OTUs sorted by maximum abundance: F. oxysporum was found in all but one study, Fusarium spp. were found in all studies, and Mortierella sp. and Nigrospora sp. were found in all but two and three, respectively. Every other core genus was identified in at least one study (Supplementary Figure S9). Although dropped from the final core set, Acromonium sp. and Curvularia sp. were found in seven and five studies of eleven, respectively (Supplementary Figure S10).




Discussion

To manage Musa spp. microbiomes, it is logical to first identify common core taxa as they are the most likely to be present across a range of conditions. Here we focussed on identifying the common core fungal taxa associated with Musa spp. To do this we used ITS2 amplicon sequencing to characterise fungal communities in multiple, above, and below-ground compartments of pot and field-grown plants. This was done to assess the entirety of the fungal community associated with the plant. In addition, we sought to consider variation associated with two of the key factors that may differ between farms, viz. soil properties and host genotype.


Musa spp. mycobiomes are diverse and differ between plant compartments and soils, but not genotypes

Compartment: Plant compartment was the strongest predictor of fungal community diversity and composition, with distinct communities associated with specific tissues. Hence, when comparing results between studies or designing new experiments, it is important to consider the compartment with which the mycobiomes are associated. For example, investigating the mycobiomes of bulk soil is unlikely to yield a result that is representative of fungi associated with roots or other tissues. Our findings also indicate that the fungal communities were diverse in both the ectorhizosphere and leaves, but declined in diversity in the root endophytic compartments. This finding differs from that of a recent investigation of the mycobiome of Musa explants and field-grown Musa spp. during Fusarium wilt disease progression (Liu et al., 2019). This study found that the endorhizosphere was more diverse than shoots (a pseudostem and rhizome pooled sample). In our study, Fusarium spp. were particularly dominant in the root endophytic compartments, whereas in the study of Liu et al. (2019), they were less dominant. As a result, Fusarium spp. in our study may have been competitively excluding other fungi in the root endophytic compartment and lowering the overall diversity; similar mechanisms have been demonstrated in other plants (Younginger et al., 2022). Although statistical comparisons of communities were not made by Liu et al., they did report the most dominant taxa being different in various compartments. We too found large differences in community composition between compartments. These distinct communities are likely to arise from compartment-specific ecological niches and environmental conditions as well as the varying ability of the plant to regulate communities in different tissues (Rossmann et al., 2017). Proximal compartments tended to be more similar and leaf communities were distinct from those found in soil-associated compartments. These findings indicate that fungi associated with Musa spp. may disperse into endophytic tissues from both the leaves and roots.

Edaphic factors: We also observed that the soil in which the plant is grown influences fungal diversity. This is to be expected as it is a major reservoir of fungi available to the plant (Hawksworth and Lu, 2017) and has previously been observed for bacteria associated with Musa spp. (Birt et al., 2022). Despite the impact of soil, we found core taxa that were persistently associated with plants grown in different soils. These would be relevant for various farms with differing edaphic conditions. Our investigation revealed differences in both alpha and beta fungal diversity among banana production soils, with larger changes in the root-associated compartments. Nevertheless, interactions between plants and fungi at the root can still have whole plant effects (Chandrasekaran et al., 2019). Differences in fungal diversity have also been observed in studies of banana plantation soils in Spain (Gómez-Lama Cabanás et al., 2021; Ciancio et al., 2022). Within one of these studies, pH was found to differ between soils, as it did in our study (Ciancio et al., 2022). Amendments to pH in banana plantation soils have been shown to influence fungal diversity and may therefore be a driver of fungal diversity in this study (Zhang et al., 2019).

Host genotype: Genotype was not found to influence the fungal microbiome of healthy Musa spp. in this study. Nevertheless, as some of the cultivars tested are known to be resistant to fungal pathogens (Goldfinger), clearer differences may become apparent when different genotypes experience pathogen pressure. For example, differences in the mycobiome of the leaves of various Populus tree genotypes were most apparent when foliar pathogens were present (Cregger et al., 2018). As genotype does not have a large impact on the Musa mycobiome, much of the mycobiome research that has been conducted on specific Musa genotypes may be translatable to various genotypes in production (Nel et al., 2006b). We also found a similar pattern for bacterial communities in a previous study (Birt et al., 2022). However, an investigation of differences in fungi associated with the seeds of wild Musa spp. showed clear differences in the diversity of associated fungal species, with implications for germination rate (Hill et al., 2021). By contrast, our study used sterile tissue culture plantlets (the industry standard) which could have prevented the vertical transmission of fungi.



The validation of core fungal taxa

The 42 candidate-core fungi microbiome were defined using a pot experiment. We validated our core taxa with a field survey of 52 genotypes because we were aware that there were other genotypes relevant to production that had not been included in the pot experiment, as well as differences between pot and field grown plants (Poorter et al., 2016). Here, we found 21 ‘core’ OTUs, which despite only being 0.35% of OTUs, represented c. 50–60% and c. 35–45% of sequences in roots and above-ground compartments, respectively (Figure 4). All but one of these taxa were also present in all 52 genotypes. In addition, although developmental stage has been shown to influence plant microbiomes (Edwards et al., 2018), these core taxa were found in adult and juvenile plants. Work on other plant mycobiomes have found that dominant fungi often establish early in the plant lifecycle (Johnston-Monje et al., 2021). Given the sterile nature of tissue culture plantlets used in banana production, there may be ample opportunity to introduce core taxa in the plant hardening stage prior to introduction in the field.



Core OTUs have close banana-associated relatives around the world

To explore a range of climatic zones, different forms of management, and a greater diversity of genotypes and edaphic factors, we checked whether our core taxa could be found in publicly available datasets. We found evidence of the core taxa in Uganda, China, and other parts of Australia. The most dominant of these were the Fusarium spp., a Mortierella sp., and a Nigrospora sp. The consistent association of these fungi could imply they have strong co-evolutionary history (Gross, 2019). Another possibility is that these fungi are environmental generalists and they have been spread through plant matter transported by humans (Golan and Pringle, 2017). This is particularly likely for bananas as they are the world’s most traded fruit and have a long history of being moved around the planet (Voora et al., 2020). Although our data does not allow us to deduce the ecological functions of these core taxa, we could infer their functional importance from network analysis.



Core OTUs occupy central positions in co-occurrence networks

By combining the dataset from this paper with a previous study of the bacterial microbiome of Musa spp. we were able to create a dual amplicon co-occurrence network. Networks such of these can provide increased network stability, higher connectivity, and similar topological re-organization patterns compared single phylogenetic marker networks (Tipton et al., 2018). We found that core fungi occupied central positions within this network (Table 3; Supplementary Figure S5). Fungi with central positions in networks have been shown to have implications for disease incidence in banana production soils (Yang et al., 2022). Interestingly, we also found that core taxa had co-occurrence relationships with Fusarium spp., which have important implications for plant health in Musa spp. (Ploetz, 2015; Hill et al., 2021).



Associations of core taxa with host fitness

Circumstantial evidence from the literature also indicates that some of the core taxa are associated with plant health in Musa spp. A study into the fungi associated with Fusarium Wilt in Musa spp. found that Cladosporium spp. were dominant in healthy plants found adjacent to wilting plants, indicating a possible role in disease control (Liu et al., 2019). This study also found Cladosporium spp. to persist in tissue culture plants, suggesting a strong association with Musa spp. throughout their lifecycle. Moreover, non-pathogenic strains of Fusarium associated with Musa spp. and have frequently been studied for their ability to control pathogenic Fusarium strains (Forsyth et al., 2006; Nel et al., 2006b; Belgrove et al., 2011). Despite being most studied for their ability to cause disease, F. oxysporum has been reported to be associated with the rhizosphere of healthy Musa spp. (Nel et al., 2006a). Of 60 F. oxysporum isolates found by Nel et al. (2006a) to be associated with the rhizosphere of various banana plants, only one isolate caused disease. In total, these isolates could be placed into 12 phylogenetic groups. In a subsequent study, it was demonstrated that some of these F. oxysporum isolates were not able to control a pathogenic F. oxysporum f. sp. cubense in vitro but were highly effective in planta (Nel et al., 2006b). The abundance of Mortierella spp., another core taxa, has been shown to be positively associated with suppression of Fusarium wilt in Musa spp., but decreased in relative abundance the longer a field was under monoculture conditions (Shen et al., 2018). Mortierella spp. have been shown to antagonise pathogens through antibiotic production and could perform similar functions for Musa spp. (Melo et al., 2014).

Despite being isolated from healthy plants, other close relatives of core fungi have also been associated with causing disease in Musa spp.: Colletotrichum siamense, Nigrospora sp., and Cladosporium spp. are known to cause foliar and post-harvest diseases (Jones, 2000; Surridge et al., 2003; Kumar et al., 2017; Uysal and Kurt, 2020). Nevertheless, non-pathogenic strains of these fungi have been reported. For example, Colletotrichum spp. have been isolated from healthy Musa spp., but their function was not elucidated (de Lapeyre de Bellaire et al., 2000). Often relatively small changes in fungal genomes can result in pathogenic lifestyle, such as the SIX genes identified in Fusarium spp. (Czislowski et al., 2017); without these genes, the fungi may be commensal or mutualist (Van Dam et al., 2017). Nevertheless, taxa may also switch between being mutualist and pathogenic under certain conditions (Slippers and Wingfield, 2007; Ribeiro et al., 2020).



Comparisons of the core mycobiome of Musa with other plant species

The size and composition of the core Musa mycobiome has some notable overlaps with other plants. For instance, the core mycobiome of sugarcane (Saccharum officinarum) also includes members of the Cladosporium and Pleosporales (De Souza et al., 2016). Yet, this study found 45 taxa to be core; however, it did not explain core members across different soils which may account for the increased number of taxa considered core. A recent investigation of fungal taxa associated with grapevines (Vitis vinifera) explored core taxa across different soil types and found 15 fungal taxa to be core (Liu and Howell, 2021). This investigation also found Cladosporium and Fusarium OTUs to be core taxa. Similarly, 12 core fungal taxa were found to be associated with the healthy mycobiome of chilli pepper (Capsicum annuum) which again included Cladosporium and Fusarium OTUs (Gao et al., 2021). Together, these results suggest that the core fungi associated with Musa spp. may have a broad host range across different plant species.




Conclusion

This study has given novel insight into the drivers behind the diversity of fungi associated with Musa spp. By understanding these, we have defined core taxa consistently associated with Musa spp. in various settings. Through network analysis, these taxa have been shown to be more central in community interactions. The function of this set of organisms in conferring health to banana plants is still to be determined. However, this list of core taxa can now provide a focal point for management of these highly complex communities. Future work could investigate whether these taxa result from the style of the production system or an affinity with Musa spp. Investigations into their exact functions and how their abundances can be controlled will also provide a better basis for their management use. In the applied use of a core microbiome, there are also opportunities for using these candidates in microbiome manipulation, such as host-mediated microbiome engineering, large-scale bioprospecting, or the introduction of core-microbe consortiums.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA729168.



Author contributions

PD and AP secured funding and designed the study. HB, PD, and AP collected samples and performed experiments. HB and AR performed marker gene sequencing. HB, PD, and AS analyzed data. HB and PD wrote the paper with input from all authors. All authors contributed to the article and approved the submitted version.



Acknowledgments

This project was funded by Hort Innovation using the research and development banana industry levy and funds from the Australian Government, with co-investment from the Queensland Government and the University of Queensland, through the project BA14014. Katherine Weigh, Dylan Smith, Amarjeet Kaur, and Christian Forstner are gratefully acknowledged for assistance. We would also like to thank Sharon Hamill and Phil Berry-Porter for providing tissue culture plants.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1127779/full#supplementary-material



References

 Adam, E., Bernhart, M., Müller, H., Winkler, J., and Berg, G. (2018). The Cucurbita pepo seed microbiome: genotype-specific composition and implications for breeding. Plant Soil 422, 35–49. doi: 10.1007/s11104-016-3113-9

 Alabouvette, C. (1999). Fusarium wilt suppressive soils: an example of disease-suppressive soils. Australas. Plant Pathol. 28, 57–64. doi: 10.1071/AP99008

 Australian Banana Growers Council (2021). Key Facts. Available at: https://abgc.org.au/our-industry/key-facts/ (Accessed May 13, 2021).

 Barnett, B. A., Holm, D. G., Koym, J. W., Wilson, R. G., and Manter, D. K. (2015). Site and clone effects on the potato root-associated Core microbiome and its relationship to tuber yield and nutrients. Am. J. Potato Res. 92, 1–9. doi: 10.1007/s12230-014-9405-9

 Bastian, M., Heymann, S., and Jacomy, M. (2009). Gephi: An Open Source Software for Exploring and Manipulating Networks. In Third International AAAI Conference on Weblogs and Social Media, 3, 361–362.

 Belgrove, A., Steinberg, C., and Viljoen, A. (2011). Evaluation of nonpathogenic Fusarium oxysporum and Pseudomonas fluorescens for panama disease control. Plant Dis. 95, 951–959. doi: 10.1094/pdis-06-10-0409

 Bengtsson-Palme, J., Ryberg, M., Hartmann, M., Branco, S., Wang, Z., Godhe, A., et al. (2013). Improved software detection and extraction of ITS1 and ITS2 from ribosomal ITS sequences of fungi and other eukaryotes for analysis of environmental sequencing data. Methods Ecol. Evol. 4, 914–919. doi: 10.1111/2041-210X.12073

 Billiet, A., Meeus, I., Van Nieuwerburgh, F., Deforce, D., Wäckers, F., and Smagghe, G. (2017). Colony contact contributes to the diversity of gut bacteria in bumblebees (Bombus terrestris): Colony contact and gut bacteria in Bombus. Insect Sci 24, 270–277. doi: 10.1111/1744-7917.12284

 Birt, H. W. G., and Dennis, P. G. (2021). “Appropriate sampling of plants for use in culture independent microbiome studies” in The Plant Microbiome: Methods and Protocols. eds. L. C. Carvalhais and P. G. Dennis (New York, NY: Springer), 23–29.

 Birt, H. W. G., Pattison, A. B., Skarshewski, A., Daniells, J., and Dennis, P. G. (2022). The core bacterial microbiome of Banana ( Musa spp.). Environ. Microbiome. 17:46. doi: 10.1186/s40793-022-00442-0 

 Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9 

 Brodie, J., Williamson, C., Barker, G. L., Walker, R. H., Briscoe, A., and Yallop, M. (2016). Characterising the microbiome of Corallina officinalis, a dominant calcified intertidal red alga. FEMS Microbiol. Ecol. 92:fiw110. doi: 10.1093/femsec/fiw110 

 Bubici, G., Kaushal, M., Prigigallo, M. I., Gómez-Lama Cabanás, C., and Mercado-Blanco, J. (2019). Biological control agents against fusarium wilt of Banana. Front. Microbiol. 10:616. doi: 10.3389/fmicb.2019.00616 

 Busby, P. E., Soman, C., Wagner, M. R., Friesen, M. L., Kremer, J., Bennett, A., et al. (2017). Research priorities for harnessing plant microbiomes in sustainable agriculture. PLoS Biol. 15:e2001793. doi: 10.1371/journal.pbio.2001793 

 Chandrasekaran, M., Chanratana, M., Kim, K., Seshadri, S., and Sa, T. (2019). Impact of arbuscular mycorrhizal fungi on photosynthesis, water status, and gas exchange of plants under salt stress–a meta-analysis. Front. Plant Sci. 10:457. doi: 10.3389/fpls.2019.00457 

 Ciancio, A., Rosso, L. C., Lopez-Cepero, J., and Colagiero, M. (2022). Rhizosphere 16S-ITS Metabarcoding profiles in Banana crops are affected by nematodes, cultivation, and local climatic variations. Front. Microbiol. 13:855110. doi: 10.3389/fmicb.2022.855110 

 Coleman-Derr, D., Desgarennes, D., Fonseca-Garcia, C., Gross, S., Clingenpeel, S., Woyke, T., et al. (2016). Plant compartment and biogeography affect microbiome composition in cultivated and native agave species. New Phytol. 209, 798–811. doi: 10.1111/nph.13697 

 Cregger, M. A., Veach, A. M., Yang, Z. K., Crouch, M. J., Vilgalys, R., Tuskan, G. A., et al. (2018). The Populus holobiont: dissecting the effects of plant niches and genotype on the microbiome. Microbiome. 6:31. doi: 10.1186/s40168-018-0413-8 

 Csardi, G., and Nepusz, T. (2006). The igraph software package for complex network research. Inter J. 1695, 1–9.

 Czislowski, E., Fraser-Smith, S., Zander, M., O'Neill, W. T., Meldrum, R. A., Tran-Nguyen, L. T. T., et al. (2017). Investigation of the diversity of effector genes in the banana pathogen, Fusarium oxysporum f. sp. cubense, reveals evidence of horizontal gene transfer. Mol. Plant Pathol. 19, 1155–1171. doi: 10.1111/mpp.12594 

 De Ascensao, A. R., and Dubery, I. A. (2000). Panama disease: Cell Wall reinforcement in Banana roots in response to elicitors from Fusarium oxysporum f. sp. cubense race four. Phytopathology 90:1173. doi: 10.1094/PHYTO.2000.90.10.1173 

 de Lapeyre de Bellaire, L., Chillet, M., Dubois, C., and Mourichon, X. (2000). Importance of different sources of inoculum and dispersal methods of conidia of Colletotrichum musae, the causal agent of banana anthracnose, for fruit contamination. Plant Pathol. 49, 782–790. doi: 10.1046/j.1365-3059.2000.00516.x

 de Souza, R. S. C., Okura, V. K., Armanhi, J. S. L., Jorrín, B., Lozano, N., da Silva, M. J., et al. (2016). Unlocking the bacterial and fungal communities assemblages of sugarcane microbiome. Sci. Rep. 6, 1–15. doi: 10.1038/srep28774 

 Drenth, A., and Kema, G. (2021). The vulnerability of bananas to globally emerging disease threats. Phytopathology 111, 2146–2161. doi: 10.1094/PHYTO-07-20-0311-RVW 

 Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460–2461. doi: 10.1093/bioinformatics/btq461 

 Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604 

 Edwards, J. A., Santos-Medellín, C. M., Liechty, Z. S., Nguyen, B., Lurie, E., Eason, S., et al. (2018). Compositional shifts in root-associated bacterial and archaeal microbiota track the plant life cycle in field-grown rice. PLoS Biol. 16:e2003862. doi: 10.1371/journal.pbio.2003862 

 Ewels, P. (2020). SRA explorer. Github. Available at: https://sra-explorer.info/ (Accessed August 14, 2020).

 Forsyth, L. M., Smith, L. J., and Aitken, E. A. B. (2006). Identification and characterization of non-pathogenic Fusarium oxysporum capable of increasing and decreasing fusarium wilt severity. Mycol. Res. 110, 929–935. doi: 10.1016/j.mycres.2006.03.008 

 Fu, X., Wong, A. W., Guzman, M., and Gleason, M. (2019). Battling black Sigatoka of Banana in cost Rica. Plant Health Instr. doi: 10.1094/PHI-I-2019-0628-01

 Gao, M., Xiong, C., Gao, C., Tsui, C. K. M., Wang, M. M., Zhou, X., et al. (2021). Disease-induced changes in plant microbiome assembly and functional adaptation. Microbiome 9, 187–118. doi: 10.1186/s40168-021-01138-2 

 Gaston, K. J., Blackburn, T. M., Greenwood, J. J. D., Gregory, R. D., Quinn, R. M., and Lawton, J. H. (2000). Abundance-occupancy relationships. J. Appl. Ecol. 37, 39–59. doi: 10.1046/j.1365-2664.2000.00485.x

 Golan, J. J., and Pringle, A. (2017). “Long-distance dispersal of fungi” in The fungal kingdom. eds. J. Heitman, B. J. Howlett, P. W. Crous, E. H. Strukenbrock, T. Y. James, and N. A. R. Gow (Washington, DC:A SM: Press), 309–333. doi: 10.1128/9781555819583.ch14

 Gómez-Lama Cabanás, C., Fernández-González, A. J., Cardoni, M., Valverde-Corredor, A., López-Cepero, J., Fernández-López, M., et al. (2021). The Banana root Endophytome: differences between mother plants and suckers and evaluation of selected bacteria to control Fusarium oxysporum f. sp. cubense. J. Fungi. 7:194. doi: 10.3390/jof7030194 

 Gross, M. (2019). The success story of plants and fungi. Curr. Biol. 29, R183–R185. doi: 10.1016/j.cub.2019.02.058

 Guerrero-Ariza, D., and Posada, R. (2017). Why is there a tripartite symbiosis in banana crops? Rhizosphere. 4, 29–35. doi: 10.1016/j.rhisph.2017.06.001

 Gutierrez-Monsalve, J. A., Mosquera, S., González-Jaramillo, L. M., Mira, J. J., and Villegas-Escobar, V. (2015). Effective control of black Sigatoka disease using a microbial fungicide based on Bacillus subtilis EA-CB0015 culture. Biol. Control 87, 39–46. doi: 10.1016/j.biocontrol.2015.04.012

 Hannula, S. E., De Boer, W., and Van Veen, J. A. (2010). In situ dynamics of soil fungal communities under different genotypes of potato, including a genetically modified cultivar. Soil Biol. Biochem. 42, 2211–2223. doi: 10.1016/j.soilbio.2010.08.020

 Hanski, I. (1982). Dynamics of regional distribution: the Core and satellite species hypothesis. Oikos 38:210. doi: 10.2307/3544021

 Hawksworth, D. L., and Lu, R. (2017). Fungal diversity revisited: 2.2 to 3.8 million species. Microb. Spect. 5, 79–95. doi: 10.1128/microbiolspec.funk-0052-2016 

 Hill, R., Llewellyn, T., Downes, E., Oddy, J., MacIntosh, C., Kallow, S., et al. (2021). Seed banks as incidental fungi banks: fungal endophyte diversity in stored seeds of Banana wild relatives. Front. Microbiol. 12:737616. doi: 10.3389/fmicb.2021.643731 

 Ihrmark, K., Bödeker, I., Cruz-Martinez, K., Friberg, H., Kubartova, A., Schenck, J., et al. (2012). New primers to amplify the fungal ITS2 region–evaluation by 454-sequencing of artificial and natural communities. FEMS Microbiol. Ecol. 82, 666–677. doi: 10.1111/j.1574-6941.2012.01437.x 

 Jalili, M. (2017). Centiserve: Find Graph Centrality Indices. CRAN. Available at: https://cran.r-project.org/package=centiserve (Accessed July 15, 2022).

 Johnston-Monje, D., Gutiérrez, J. P., and Lopez-Lavalle, L. A. B. (2021). Seed-transmitted bacteria and fungi dominate juvenile plant microbiomes. Front. Microbiol. 12:737616. doi: 10.3389/fmicb.2021.737616 

 Jones, D. R. (2000). Diseases of Banana, Abaca and Enset. Wallingford: CABI Publishing.

 Knights, D., Kuczynski, J., Charlson, E. S., Zaneveld, J., Mozer, M. C., Collman, R. G., et al. (2011). Bayesian community-wide culture-independent microbial source tracking. Nat. Methods 8, 761–763. doi: 10.1038/nmeth.1650 

 Kumar, V. S., Nair, B. A., Nair, P. V. R., Annamalai, A., Jaishanker, R., Umamaheswaran, K., et al. (2017). First report of Colletotrichum siamense causing anthracnose of cliff banana in India. Plant Dis. 101:390. doi: 10.1094/PDIS-07-16-0961-PDN

 Kurtz, Z. D., Müller, C. L., Miraldi, E. R., Littman, D. R., Blaser, M. J., and Bonneau, R. A. (2015). Sparse and compositionally robust inference of microbial ecological networks. PLoS Comput. Biol. 11:e1004226. doi: 10.1371/journal.pcbi.1004226 

 Laurent, A. S., Merwin, I. A., Fazio, G., Thies, J. E., and Brown, M. G. (2010). Rootstock genotype succession influences apple replant disease and root-zone microbial community composition in an orchard soil. Plant Soil 337, 259–272. doi: 10.1007/s11104-010-0522-z

 Liu, D., and Howell, K. (2021). Community succession of the grapevine fungal microbiome in the annual growth cycle. Environ. Microbiol. 23, 1842–1857. doi: 10.1111/1462-2920.15172 

 Liu, Y., Zhu, A., Tan, H., Cao, L., and Zhang, R. (2019). Engineering banana endosphere microbiome to improve fusarium wilt resistance in banana. Microbiome. 7:74. doi: 10.1186/s40168-019-0690-x 

 Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J 17, 10–12. doi: 10.14806/ej.17.1.200

 Melo, I. S., Santos, S. N., Rosa, L. H., Parma, M. M., Silva, L. J., Queiroz, S. C. N., et al. (2014). Isolation and biological activities of an endophytic Mortierella alpina strain from the Antarctic moss Schistidium antarctici. Extremophiles 18, 15–23. doi: 10.1007/s00792-013-0588-7 

 Nel, B., Steinberg, C., Labuschagne, N., and Viljoen, A. (2006a). Isolation and characterization of nonpathogenic Fusarium oxysporum isolates from the rhizosphere of healthy banana plants. Plant Pathol. 55, 207–216. doi: 10.1111/j.1365-3059.2006.01343.x

 Nel, B., Steinberg, C., Labuschagne, N., and Viljoen, A. (2006b). The potential of nonpathogenic Fusarium oxysporum and other biological control organisms for suppressing fusarium wilt of banana. Plant Pathol. 55, 217–223. doi: 10.1111/j.1365-3059.2006.01344.x

 Nilsson, R. H., Larsson, K. H., Taylor, A. F. S., Bengtsson-Palme, J., Jeppesen, T. S., Schigel, D., et al. (2019). The UNITE database for molecular identification of fungi: handling dark taxa and parallel taxonomic classifications. Nucleic Acids Res. 47, D259–D264. doi: 10.1093/nar/gky1022 

 Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., et al. (2022). vegan: Community Ecology Package. CRAN. Available at: https://CRAN.R-project.org/package=vegan

 Ploetz, R. C. (2015). Fusarium wilt of Banana. Phytopathology 105, 1512–1521. doi: 10.1094/PHYTO-04-15-0101-RVW

 Poorter, H., Fiorani, F., Pieruschka, R., Wojciechowski, T., van der Putten, W. H., Kleyer, M., et al. (2016). Pampered inside, pestered outside? Differences and similarities between plants growing in controlled conditions and in the field. New Phytol. 212, 838–855. doi: 10.1111/nph.14243 

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2012). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219 

 Raaijmakers, J. M., and Mazzola, M. (2016). Soil immune responses. Science 352, 1392–1393. doi: 10.1126/science.aaf3252

 Rames, E. K., Pattison, A. B., Czislowski, E., and Smith, M. K. (2018). Soil microbial community changes associated with ground cover management in cultivation of Ducasse banana (Musa sp. ABB, Pisang Awak subgroup) and suppression of Fusarium oxysporum. Australas. Plant Pathol. 47, 449–462. doi: 10.1007/s13313-018-0578-4

 Ribeiro, T. H. C., Fernandes-Brum, C. N., de Souza, C. R., Dias, F. A. N., Almeida-Junior, O., Regina, M. D. A., et al. (2020). Transcriptome analyses suggest that changes in fungal endophyte lifestyle could be involved in grapevine bud necrosis. Sci. Rep. 10:9514. doi: 10.1038/s41598-020-66500-0

 Risely, A. (2020). Applying the core microbiome to understand host–microbe systems. J. Anim. Ecol. 89, 1549–1558. doi: 10.1111/1365-2656.13229 

 Rodríguez-Romero, A. S., Guerra, M. S. P., and del Carmen Jaizme-Vega, M. (2005). Effect of arbuscular mycorrhizal fungi and rhizobacteria on banana growth and nutrition. Agron. Sustain. Dev. 25, 395–399. doi: 10.1051/agro:2005039

 Rohland, N., and Reich, D. (2011). Cost-effective, high-throughput DNA sequencing. Genome Res. 22, 939–946. doi: 10.1101/gr.128124.111.22

 Rossmann, M., Sarango-Flores, S. W., Chiaramonte, J. B., Kmit, M. C. P., and Mendes, R. (2017). “Plant microbiome: composition and functions in plant compartments” in The Brazilian Microbiome. eds. V. Pyrlo and L. Roesch (New York, NY: Springer), 7–20.

 Shen, Z., Penton, C. R., Lv, N., Xue, C., Yuan, X., Ruan, Y., et al. (2018). Banana fusarium wilt disease incidence is influenced by shifts of soil microbial communities under different monoculture spans. Microb. Ecol. 75, 739–750. doi: 10.1007/s00248-017-1052-5 

 Slippers, B., and Wingfield, M. J. (2007). Botryosphaeriaceae as endophytes and latent pathogens of woody plants: diversity, ecology and impact. Fungal Biol. Rev. 21, 90–106. doi: 10.1016/j.fbr.2007.06.002

 Stover, R. H., and Simmonds, N. W. (1987). Bananas. 3rd. London: Longman.

 Surridge, A. K. J., Wehner, F. C., Crous, P. W., and Viljoen, A. (2003). First report of Cladosporium musae on banana in South Africa. Australas. Plant Pathol. 32, 499–503. doi: 10.1071/AP03051

 Tipton, L., Müller, C. L., Kurtz, Z. D., Huang, L., Kleerup, E., Morris, A., et al. (2018). Fungi stabilize connectivity in the lung and skin microbial ecosystems. Microbiome. 6:12. doi: 10.1186/s40168-017-0393-0 

 Tkacz, A., Bestion, E., Bo, Z., Hortala, M., and Poole, P. S. (2020). Influence of plant fraction, soil, and plant species on microbiota: a multikingdom comparison. mBio 11:e02785-19. doi: 10.1128/mBio.02785-19 

 Toju, H., Sugiura, R., Schlaeppi, K., Yamamichi, M., Fukuda, S., Kiers, E. T., et al. (2018). Core microbiomes for sustainable agroecosystems. Nat. Plants. 4, 247–257. doi: 10.1038/s41477-018-0139-4 

 Toju, H., Tanabe, A. S., Yamamoto, S., and Sato, H. (2012). High-coverage ITS primers for the DNA-based identification of ascomycetes and basidiomycetes in environmental samples. PLoS One 7:e40863. doi: 10.1371/journal.pone.0040863 

 Uysal, A., and Kurt, Ş. (2020). First report of Colletotrichum siamense causing anthracnose on banana fruits in Turkey. J. Plant Pathol. 102:42161. doi: 10.1007/s42161-020-00534-1

 Van Dam, P., Fokkens, L., Ayukawa, Y., Van Der Gragt, M., Ter Horst, A., Brankovics, B., et al. (2017). A mobile pathogenicity chromosome in Fusarium oxysporum for infection of multiple cucurbit species. Sci. Rep. 7:9042. doi: 10.1038/s41598-017-07995-y 

 Vasco-palacios, A. M., and Bahram, M. (2020). Carbon content and pH as important drivers of fungal community structure in three Amazon forests. Plant Soil 450, 111–131. doi: 10.1007/s11104-019-04218-3

 Voora, V., Larrea, C., and Bermudez, S. (2020). Global Market Report: Bananas. Winnipeg, Manitoba: International Institute for Sustainable Development.

 Vorholt, J. A., Vogel, C., Carlström, C. I., and Müller, D. B. (2017). Establishing causality: opportunities of synthetic communities for plant microbiome research. Cell Host Microbe 22, 142–155. doi: 10.1016/j.chom.2017.07.004 

 Wang, B., Li, R., Ruan, Y., Ou, Y., Zhao, Y., and Shen, Q. (2015). Pineapple-banana rotation reduced the amount of Fusarium oxysporum more than maize-banana rotation mainly through modulating fungal communities. Soil Biol. Biochem. 86, 77–86. doi: 10.1016/j.soilbio.2015.02.021

 White, T. J., Bruns, T., Lee, S., and Taylor, J. L. (1990). “Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics” in PCR Protocols: A Guide to Methods and Applications. eds. M. Innis, D. Gelfand, J. Sninsky, and T. White (Cambridge, MA: Academic Press), 315–322.

 Xia, Q., Rufty, T., and Shi, W. (2020). Soil microbial diversity and composition: links to soil texture and associated properties. Soil Biol. Biochem. 149:107953. doi: 10.1016/j.soilbio.2020.107953

 Yang, J., Duan, Y., Liu, X., Sun, M., Wang, Y., Liu, M., et al. (2022). Reduction of banana fusarium wilt associated with soil microbiome reconstruction through green manure intercropping. Agric. Ecosyst. Environ. 337:108065. doi: 10.1016/j.agee.2022.108065

 Yano-Melo, A. M., Saggin, O. J., and Maia, L. C. (2003). Tolerance of mycorrhized banana (Musa sp. cv. Pacovan) plantlets to saline stress. Agric. Ecosyst. Environ. 95, 343–348. doi: 10.1159/000485605

 Younginger, B. S., Stewart, N. U., Balkan, M. A., and Ballhorn, D. J. (2022). Stable coexistence or competitive exclusion? Fern endophytes demonstrate rapid turnover favouring a dominant fungus. Mol. Ecol. 32, 244–257. doi: 10.1111/mec.16732

 Zhang, J., Bei, S., Li, B., Zhang, J., Christie, P., and Li, X. (2019). Organic fertilizer, but not heavy liming, enhances banana biomass, increases soil organic carbon and modifies soil microbiota. Appl. Soil Ecol. 136, 67–79. doi: 10.1016/j.apsoil.2018.12.017

 Zhang, Z., Schwartz, S., Wagner, L., and Miller, W. (2000). A greedy algorithm for aligning DNA sequences. J. Comput. Biol. 7, 203–214. doi: 10.1089/10665270050081478

OPS/xhtml/Nav.xhtml




Contents





		Cover



		The core fungal microbiome of banana (Musa spp.)



		Introduction



		Methods



		Experimental design



		DNA extraction and fungal community profiling



		Processing of sequence data



		Statistical analyses



		Network analysis



		Meta-study of publicly available data









		Results



		The effects of compartment, soil, and host genotype within the pot experiments



		Identifying ‘candidate core’ fungal taxa



		Refining the ‘core’ mycobiome of Musa spp.



		The core mycobiome of Musa spp.



		An assessment of the core taxa in publicly available datasets









		Discussion



		Musa spp. mycobiomes are diverse and differ between plant compartments and soils, but not genotypes



		The validation of core fungal taxa



		Core OTUs have close banana-associated relatives around the world



		Core OTUs occupy central positions in co-occurrence networks



		Associations of core taxa with host fitness



		Comparisons of the core mycobiome of Musa with other plant species









		Conclusion



		Data availability statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

The core fungal microbiome of
banana (Musa spp.)












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-14-1127779-g005.jpg
Soil Core status.

waheus Rzsphere 5 o e oo
aim % o enio i 1
oo ce %) § oo, Ento,
i PR ] 3 1 3 ] i §
—— 2 LI

ascom B m o N LT cel [OoN [N H
Ty, gy i

, I o
s (_unc
1 Cocurbtaracese; o_pyrenchoetapsis 5_taborestanenss

.,am..-s

o mmh 121 ¢ Oaymelaceoe; o
o (51 (_Phascspnaerioceae; g_Phacosphoeri; s_oryzae
R Syroes

[ Bl \ﬁl- e l u -___I\"l e
o
v
8 1_Gomereacese; o_Colltorichum; s_siamense

(351 recasstocen; o Mokl 5 trciromss
P

o

e

b

1 Necriacaene; o Fusiom; s_ooyspoum

.f“"”cn.ms,n.am[ [ERE———

o_Glomersas |

s (_Nectiacaese; _Fusarum; s_solant
31 (_Nectacosae; o_Paracemonium; 5_Une.
LR - ———

__
0 N I NI [ o+ 1 oertacoe; o Morvere; 5_une.





OPS/images/fmicb-14-1127779-g006.jpg
Metric w P
Degree 692 0.038 *
Weighted degree 663 0.089
Betweenness 795 <0.001 ***
Page rank 668 0.078

@ core bacteria (same oTU)
() Non-core bacteria






OPS/images/fmicb-14-1127779-g003.jpg
100

Relative abundance (%)

1

Relative abundance (%)

80

60

40

20

00

60

40

20

Bulk Soil Apical Ectorhizosphere

Basal Ectorhizosphere

ENEj=NE ENgEE Imll-l (1)
I 80/ 80
601 60
40 40
20, 20
||
® © 00 W A ® ®© ®© 00N A ® © 000 W A
Legend Apical Endorhizosphere Basal Endorhizosphere
100 100
e EEEEE L
@ Liverpool
801 80
@ PinGin
@ Tolga Williams 6ol 60,
@ Tuly
@ Innisfail 40 40
B innisfail  Goldfinger
201 20
A Innisfail  Ladyfinger
o
® © ®© 0N A ® © ® e 0 Hm A
Rhizome Pseudostem Leaf
100; 100-
60 60
40 40
20 20 l
® © 0 m A ® © © 0 m A ® © 00 m A
Ascomycota Basidiomycota Chytridiomycota Mortierellomycota
M Unclassified Ascomycota [ Orbiliomycetes [l Agaricomycetes [l Rhizophydiomycetes [l Mortierellomycetes

Dothideomycetes
B Eurotiomycetes
B Leotiomycetes

[0 pezizomycetes
[ Sordariomycetes [l Tremellomycetes
[0 Other Ascomycota [0 Ustilaginomycetes

L[] Other Basidiomycota [ll Other GI

xobasidiomycetes [I] Other Chytridiomycota
Glomeromycota
W Glomeromycetes

[ Unclassified Fungi
lomeromycetes [l Other Phyla





OPS/images/fmicb-14-1127779-g004.jpg
@

TU:

o

of

Number

20
18
16
14
12
10

Ecto

Core
[~INon-core

Endo Pseudostem Leaf
osphere

100

Relative abundance (%)

@
3

N
5}

Ecto Endo Pseudostem Leaf
rhizosphere





OPS/images/fmicb-14-1127779-t003.jpg
Network Metric Candidate-core Non-core fungi

fungi
(Median 1st quartile, (Median 1st
3rd quartile) quartile, 3rd
quartile)
Fungi Betweenness 184 (42,793) 300, 181) 2760 0.002%
Fungi Closeness 1987107 (1.95%107, 196¥10 (1874107, 2640 0011*
200°107) 199410
Fungi Degree 40,8) 30,6) 2537 0033*
Fungi Markov 7.06%10 (60*10°, 7.8*10°) 656%10 (394107, 2575 0.024%
7.5*107Y)
Fungi and bacteria Betweenness 398 (193, 1,031) 149 (34, 381) 2978 <0.001%5
Fungi and bacteria Closeness 264%10 (2.58%10°", 256410 (250107, 2828 <0.001%5
270107 263410
Fungi and bacteria Degree 8(6.11) 6.8 2719 0.004%%
Fungi and bacteria Markov 133#107 (L0°10°, 1.7%10°) 256*10 (254107, 2695 0,006+
26%107)

Letters indicate OTUs included in the network: F are fungi only, F and B are fungi and bacteria. Networks were built from data from an independent field survey of 52 genotypes of Musa spp.
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These results derive from our pot experiment which included five distinct soil, three Musa
spp. genotypes, and eight compartments.
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The results are for the Musa (AAA Group, Cavendish Subgroup) ‘Williams’ plants grown in five.
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