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Abstract 12 

Southern Africa is a biodiversity hotspot for a variety of orchids, including Habenaria. 13 

However, we know very little about the orchid mycorrhizae that are associated with these 14 

orchids. To bridge this gap, we compared the community of orchid mycorrhizae that are 15 

associated with two indigenous Habenaria species, H. barbertoni and H. epipactidea, using a 16 

high-throughput sequencing platform. We selected these two orchids because their distribution 17 

zones overlap in South Africa. Furthermore, H. barbertoni is endangered, whereas H. 18 

epipactidea is not. We hypothesised that the mycorrhizal diversity and composition linked with 19 

the roots of these two orchids would overlap, but that some distinct fungal taxa would exist, 20 

and these distinct fungi would include unusual taxa. Analyses of the DNA sequence data 21 

revealed that the two orchids shared 35 fungal OTUs. Twenty-four and seventeen OTUs were 22 

exclusively detected in the roots of H. barbertoni and H. epipactidea, respectively. Mycorrhizal 23 
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fungi from the rust lineage Atractiellales (Atractiellomycetes, Pucciniomycotina) were only 24 

detected in the roots of the endangered H. barbertoni, which represents the first report of these 25 

fungi associated with orchids outside of the Andean rainforest. Our findings increase 26 

knowledge of the diversity of mycorrhizae associated with indigenous orchids on the African 27 

continent. 28 
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1. Introduction 32 

The Orchidaceae is one of the largest and most diverse families of flowering plants 33 

(Givnish et al. 2015; Swarts and Dixon 2009). This diversity is reflected in the ability of the 34 

plants to thrive in a wide range of habitats and climatic zones, including tropical, subtropical, 35 

and alpine environments (Fay 2010). Orchids have a variety of unusual morphological and 36 

physiological characteristics that help them adapt to different ecological environments, such as 37 

symbiotic associations with specialised pollinators and mycorrhizal fungi (Byers 2021; Chase 38 

et al. 2015; Favre-Godal et al. 2020; Štípková et al. 2020; Tremblay 1992). 39 

Orchid mycorrhizae are fungi that symbiotically associate with orchid roots (Dearnaley 40 

2007; Rasmussen and Rasmussen 2009). These fungi are a fundamental part of the orchid’s 41 

life cycle because they assist in the germination of seeds and nutrient acquisition throughout 42 

the adult orchid’s life (Favre-Godal et al. 2020). The vast majority of orchid mycorrhizae are 43 

members of the lineage Basidiomycota, with only a few Ascomycota described so far 44 

(Dearnaley 2007; Favre-Godal et al. 2020). Orchids were once thought to exclusively associate 45 

with fungi from the 'Rhizoctonia' group (Dearnaley et al. 2012). Newer research has shown that 46 

orchid mycorrhizae originate from diverse fungal lineages (Jacquemyn et al. 2015; Kottke et 47 
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al. 2008; Kottke et al. 2010; Martos et al. 2009; Martos et al. 2012; McCormick et al. 2018; 48 

Oja et al. 2015; Suárez et al. 2006; Suárez et al. 2008; Valadares et al. 2021). However, our 49 

knowledge of the mycorrhizal diversity associated with some ubiquitous orchid genera, such 50 

as Habenaria, is limited. 51 

Habenaria is one of the largest genera of terrestrial orchids with 835 described species 52 

(Govaerts et al. 2021). Species from this genus are widely distributed in the tropics and 53 

subtropics, extending into temperate areas (Pridgeon et al. 2001). Southern Africa represents 54 

one of the major centres of diversity for this genus (Kurzweil and Weber 1992). In South 55 

Africa, 29 Habenaria species have been identified along the entire eastern coastline (Johnson 56 

and Bytebier 2015). Several of these species thrive only in small refugia, such as H. barbertoni, 57 

H. bicolor, H. humilior, H. kraenzliniana and H. mossii while others, such as H. epipactidea, 58 

H. arenaria, H. clavata, H. dregeana and H. falcicornis, are widely distributed (Johnson and 59 

Bytebier 2015). Echoing the global trend, several South African Habenaria species are 60 

becoming rarer and are on the brink of extinction (SANBI Red List of South African Plants 61 

2022, http://redlist.sanbi.org/genus.php?genus=2829)  62 

In this study, we catalogued and compared the diversity of mycorrhizal fungi associated 63 

with the roots of two native Habenaria species from South Africa, H. barbertoni and H. 64 

epipactidea (Fig. 1A, B). In South Africa, both of these orchid species have overlapping 65 

distribution zones, but H. barbertoni is of conservation concern, whilst the H. epipactidea is 66 

not. We hypothesized that (1) the mycorrhizal diversity and composition associated with the 67 

roots of these two orchid species would be similar, but that some unique fungal taxa would 68 

exist in each species; and (2) the fungi which associate with the endangered H. barbertoni will 69 

include unusual taxa. 70 

2. Materials and methods 71 
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2.1 Collection of orchid samples 72 

In May 2018, three samples each of Habenaria barbertoni and Habenaria epipactidea 73 

were collected from a plot (-25.912111, 28.418389) near Pretoria, South Africa (Fig 1C, D). 74 

The two orchid populations in this plot were separated by a linear distance of less than 400 m. 75 

After collection, roots and tubers from each plant were repeatedly rinsed with tap water 76 

followed by sterile deionised water. Roots and tuber samples were dried using paper towels 77 

and stored at -20 °C until the extraction of DNA. 78 

2.2 Extraction of DNA from orchid roots 79 

All frozen root samples from both orchid species were separately homogenised using 80 

liquid nitrogen. Between homogenization of different plant samples, the mortar and pestle were 81 

surface sterilised with a 1% (v/v) sodium hypochlorite solution, followed by repeated rinsing 82 

with sterile deionized water. Total genomic DNA was extracted from 50 mg of homogenised 83 

root tissues using the MoBio Dneasy Powerplant Pro DNA Isolation Kit (Qiagen, Germany) 84 

according to the manufacturer's instructions. The concentration of each DNA sample was 85 

quantified using a NanoDrop™ 2000 spectrophotometer. Thereafter, all DNA samples were 86 

stored at -20 °C until PCR amplification of the internal transcribed spacer (ITS) of mycorrhizal 87 

fungi. 88 

2.3 Amplification of fungi from root DNA extracts  89 

For each DNA sample, two sets of PCR reactions were performed targeting the complete 90 

ITS region (ITS1 spacer region -5.8S gene -ITS2 spacer region) using orchid mycorrhizae 91 

specific primers. The first set of five technical replicates per sample was amplified using the 92 

primers ITS1-OF and ITS4-OF (Taylor and McCormick 2008). The second set of five technical 93 
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replicates was amplified using the primers ITS1 and ITS4-Tul (Figure S1; Taylor and 94 

McCormick 2008; White et al. 1990). The second set of amplifications aimed to capture the 95 

diversity of fungi from the Tulasnellaceae (Taylor and McCormick 2008).  96 

PCR reactions of 25 µl included 5 µl of 5  GoTaq Flexi Buffer (Promega, MI), 2.5 µl 97 

of MgCl2 (Promega, MI), 0.1 µl of dNTPs (Promega, MI), 1 µl of BSA (Amresco, OH), 0.125 98 

µl of GoTaq Hot Start Polymerase (Promega, MI), 0.5 µl of each primer, 2 µl (conc. 20 ng/µl) 99 

of DNA extracted from roots and the final volume was made up with PCR grade water. The 100 

PCR temperature cycling for each primer pair was 96 °C for 2 min, followed by 30 cycles of 101 

94 ˚C for 30 sec, 60 ˚C for 40 sec (ITS1-OF + ITS4-OF) / 54 ˚C for 40 sec (ITS1 + ITS4-Tul), 102 

72˚C for 1 min, and a final elongation for 72 ˚C for 10 min (Taylor and McCormick 2008). 103 

Positive amplification of the gene regions was verified using gel electrophoresis.   104 

2.4 Pooling of PCR products  105 

To determine the relative concentrations of the PCR products, the gel images were 106 

analysed using the software ImageJ v1.52q (Figure S1; Schneider et al. 2012). To standardize 107 

the DNA contribution, the PCR replicates for each DNA sample were pooled into a single unit 108 

based on the band intensity. Thereafter, 25 µl of each pooled PCR product was purified twice 109 

using Agencourt AMPure XP PCR purification beads (Beckman Coulter Genomics, USA) and 110 

visualized using gel electrophoresis (Figure S1).  111 

2.5 Preparation and sequencing of amplicon libraries 112 

Purified PCR products from the pooling step were submitted to Inqaba Biotechnical 113 

Industries (Pty) Ltd, South Africa for amplicon library preparation and Illumina MiSeq 114 

sequencing. The raw Illumina MiSeq sequencing data were deposited in the NCBI Sequence 115 
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Read Archive (https://submit.ncbi.nlm.nih.gov/ subs/sra/) under the accession number 116 

PRJNA693177. 117 

2.6 Bioinformatics analyses of high-throughput sequence data 118 

The single-end high-throughput sequencing data were demultiplexed by the sequencing 119 

facility. Fungal ITS 1 data were analysed using the bioinformatics workflow provided by 120 

Quantitative Insights into Microbial Ecology 2 (QIIME 2) v2020.8 (Bolyen et al. 2019). 121 

Filtering, trimming, denoising, and removing singletons and chimaeras were accomplished 122 

using the 'q2-dada2' plugin (Callaham et al. 2016). During this step, the filtering settings were 123 

set at a Phred quality score of 30 and a sequence length cut-off of 200 bp. All sequences that 124 

did not fulfil these criteria were removed from the analyses. The ‘q2-vsearch' plugin (Rognes 125 

et al. 2016) was used for de novo assembly of the reads with 98 % sequence similarity. Using 126 

the UNITE fungal ITS database v8.3 (Abarenkov et al. 2021) as a reference, the ‘qiime feature-127 

classifier' (Rognes et al. 2016) was used to assign taxonomy to the operational taxonomic units 128 

(OTUs). 129 

2.7 Mycorrhizal community diversity and composition 130 

The mycorrhizal taxonomic composition of the two orchid species (H. barbertoni and H. 131 

epipactidea) was summarised in a taxonomic tree using the ‘MetacodeR’ package of the R 132 

software (Foster et al. 2016; R Core Team 2021). Moreover, a heat map depicting the 133 

abundance of taxa between the two orchid species was constructed using the plot heatmap 134 

function available through the ‘phyloseq’ package (McMurdie and Holmes 2013) of R 135 

software. 136 

To analyse the mycorrhizal diversity of the two orchid species, richness, and Shannon 137 

and Simpson diversity indices were calculated for each sample. To analyse mycorrhizal species 138 
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richness, the number of taxa per sample was calculated. The effect of the different orchid 139 

species on the richness and each diversity index was analysed using a one-way ANOVA 140 

followed by a Tukey's Honest Significant Difference (HSD) post hoc test to do pairwise 141 

comparisons of the means. In all cases, model validity was checked and the ‘agricolae’ package 142 

of the R software was used to analyse mycorrhizal diversity (de Mendiburu 2021; R Core Team 143 

2021). 144 

Differences among the mycorrhizal community composition of H. barbertoni and H. 145 

epipactidea were depicted using a Principal Coordinate Analysis (PCoA). PCoA was 146 

conducted on an abundance matrix using Bray-Curtis dissimilarity. To assess whether the two 147 

orchid species showed statistically different mycorrhizal community composition, we 148 

employed a permutational multivariate analysis of variance (PERMANOVA). The vegan 149 

package of the R software (Oksanen et al. 2020; R Core Team 2021) was used to analyse the 150 

community composition.  151 

3. Results 152 

3.1 Bioinformatics analyses of high-throughput sequence data 153 

High-throughput sequencing of six root DNA samples resulted in 292,232 raw reads. 154 

After quality filtering, 236,419 reads were used for downstream analysis. Assembling of these 155 

filtered reads corresponded to 75 fungal OTUs from the phyla Ascomycota (61.3%), 156 

Basidiomycota (34.6%), Mortierellomycota (2.6%), and Mucoromycota (1.3%) (Fig. 2, 3).  157 

The fungal OTUs identified in the roots of the two orchid species overlapped but their 158 

presence differed amongst orchid species (Fig. 3). For example, fungal OTUs from the orchid 159 

mycorrhizal orders Cantharellales and Sebacinales were more abundant in the roots of H. 160 

barbertoni than in the roots of H. epipactidea (Fig. 3). Twenty-four fungal OTUs were unique 161 
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to the roots of H. barbertoni. Some of these distinct fungal OTUs belonged to the orders 162 

Pleosporales, Sebacinales, and Atractiellales (Fig. 3). Sixteen OTUs were unique in H. 163 

epipactidea, which included taxa from the Pleosporales and Sebacinales (Fig. 3). 164 

A total of 59 fungal OTUs were detected from the roots of H. barbertoni (Fig. 3) of which 165 

35 OTUs represented Ascomycota, 17 Basidiomycota while the remaining were from 166 

Mortierellomycota and Mucoromycota (Fig. 3). Three fungal orders containing orchid 167 

mycorrhizae were detected from the Basidiomycota. These were the Cantharellales (3 OTUs), 168 

Sebacinales (1 OTU), and Atractiellales (2 OTUs) (Fig. 3).  169 

Habenaria epipactidea roots harboured a total of 51 fungal OTUs (Fig. 3). Among these, 170 

30 OTUs represented Ascomycota, 18 were from the Basidiomycota, and the rest were from 171 

Mortierellomycota and Mucoromycota (Fig. 3). Among the Basidiomycota OTUs, two orders 172 

were detected with previously described orchid mycorrhizae. These are the Cantharellales (3 173 

OTUs), and Sebacinales (1 OTU) (Fig. 3). 174 

Apart from orchid mycorrhizal fungi, other fungi were also detected in the orchid roots. 175 

These fungi were from the orders Pleosporales, Capnodiales, Chaetothyriales, Hypocreales, 176 

Sordariales, Trichosphaeriales, Xylariales, Leucosporidiales, Sporidiobolales, Tremellales, 177 

and Mortierellales (Fig. 2, 3). Both orchid species contained a diverse assemblage of fungi 178 

from the classes Microbotryomycetes and Tremellomycetes (Fig. 2, 3), including mostly yeast-179 

like unicellular fungi, such as those from the families Leucosporidiaceae, Sporidiobolaceae, 180 

Filobasidiaceae, Trimorphomycetaceae, and a few more (Fig. 2, 3). 181 

3.2 Mycorrhizal community diversity and composition 182 

Mycorrhizal community diversity (richness and Shannon and Simpson indexes) did not 183 

differ between H. barbertoni and H. epipactidea (P > 0.05; Fig. 4). The PCoA plot showed a 184 
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dispersed pattern in the mycorrhizal community composition between the two orchid species 185 

(Figure 5). However, the PERMANOVA did not confirm that the orchid species explained the 186 

variation in mycorrhizal community composition (F = 6.05, r2 = 0.60, P = 0.1). 187 

4. Discussion 188 

Using high-throughput sequencing, we compared the communities of orchid mycorrhizal 189 

fungi associated with the roots of two South African endemic orchid species, H. barbertoni 190 

and H. epipactidea. Analyses of the sequence data revealed a significant number of taxa that 191 

were shared between the two orchid species. However, twenty-four fungal OTUs were found 192 

exclusively in the roots of H. barbertoni, while seventeen were found only in the roots of H. 193 

epipactidea. The roots of the endangered orchid H. barbertoni contained OTUs from the orchid 194 

mycorrhizae orders Atractiellales, Cantharellales, and Sebacinales. 195 

A large number of fungal OTUs were found in both orchid species. This was not 196 

surprising given that these orchid species are from the same genus, Habenaria and have an 197 

overlapping distribution in South Africa (Johnson and Bytebier 2015). This was evident at our 198 

sampling site where the populations of both orchids were growing close to each other. A similar 199 

pattern was also seen in studies comparing mycorrhizal diversity associated with orchids from 200 

the same genus (Ercole et al. 2015; Waterman et al. 2011; Xing et al. 2015; Yukawa et al. 201 

2009). However, despite the similarity in the general diversity and community composition, 202 

the abundance of many individual shared fungal OTUs differed widely in the two orchid 203 

species. 204 

The read abundances of common mycorrhizal OTUs from the Cantharellales differed 205 

substantially between the two orchid species. It is, however, well known that read abundances 206 

between-species comparisons can be skewed (Amend et al. 2010; Johnson et al. 2021) and 207 
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caution must be exercised when assessing hypotheses based on read abundance data (Amend 208 

et al. 2010; Anslan et al. 2018; Nilsson et al. 2019). Read counts in our study were consistent 209 

between the biological replicates of each orchid species and thus it is unlikely that the variation 210 

in abundance of mutually shared fungal OTUs stems from sequencing bias. As a result, we 211 

believe the observed variations in abundance are related to plant age and species. Both of these 212 

factors influence the structural barriers in plants, influencing the colonization by mycorrhizal 213 

fungi (Chomicki et al. 2014; Soudzilovskaia et al. 2020; Teste et al. 2020). 214 

We detected some orchid mycorrhizal fungal OTUs that were unique in one of the orchid 215 

species. These included fungal OTUs from the orders Atractiellales and Sebacinales. Among 216 

these, two OTUs from the Atractiellales (Atractiellomycetes) were exclusively detected in the 217 

roots of H. barbertoni. These included Atractiella rhizophila and an ‘unidentified 218 

Atractiellales’. This class is the only lineage of rust fungi (Pucciniomycotina) that form 219 

symbiotic associations with orchids (Kottke et al. 2010). To date, Atractiellomycetes were 220 

exclusively detected in the roots of epiphytic neotropical orchids from the northern Andean 221 

mountain rainforest (Kottke et al. 2010).  Finding these fungi associated with a South African 222 

orchid species is particularly interesting and further research is needed. 223 

Kottke et al. (2010) suggested that the association between Atractiellomycetes and 224 

orchids is an example of an early evolutionary event in the development of orchid mycorrhizae. 225 

This group of mycorrhizae originated during the Late Cretaceous, 100-66 mya (Brundrett and 226 

Tedersoo 2018). However, classes within Pucciniomycotina, such as the Atractiellomycetes, 227 

emerged much earlier, between 211–383 Mya (He et al. 2019; Zhao et al. 2017). As a result, 228 

following the mass extinction event during the Cretaceous-Tertiary boundary (65.5 mya), 229 

orchids most likely formed symbiotic interactions with Atractiellomycetes and other unique 230 
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fungi for adapting to the changing environment (Benton et al. 2021). This and other strategies 231 

allowed orchids to radiate rapidly during this period (Ramírez et al. 2007; Zhang et al. 2018).  232 

We detected several OTUs of saprophytic and phytopathogenic fungi from the orders 233 

Pleosporales, Capnodiales, Hypocreales, and Xylariales. Pleosporales have been previously 234 

described as growth-promoting orchid associated fungi, but their mycorrhizal status has not 235 

been confirmed yet (Jacquemyn et al., 2017). In addition, a few OTUs from unknown Fusarium 236 

species were detected. This genus includes fungi that are pathogenic to several orchid species 237 

(Srivastava et al. 2018). However, recent studies have indicated that Fusarium oxysporum can 238 

also form orchid mycorrhizal associations (Jiang et al. 2019). Similar to those orchid 239 

mycorrhizae identified from mycoheterotrophic orchids, some of these saprophytic or 240 

pathogenic fungi detected in this study perhaps form symbiotic associations with Habenaria 241 

(Johnson et al. 2021; Kottke et al. 2010; Martos et al. 2009). Infection trials would be needed 242 

to confirm this hypothesis.  243 

We detected an assortment of yeast-like unicellular fungi from the phyla 244 

Microbotryomycetes and Tremellomycetes (Basidiomycota). So far, no yeast-like unicellular 245 

fungi are known to form symbiotic relationships with plants. However, research revealed that 246 

these yeast-like unicellular fungi can increase mycorrhizal colonisation leading to improved 247 

nutrient absorption and enhanced stress tolerance in plants (Alonso et al. 2008; Azcón et al. 248 

2013; Botha 2011; Gollner et al. 2006; Mestre and Fontenla 2021; Sampedro et al. 2004; 249 

Yurkov et al. 2012). Consequently, these unicellular fungi may be endophytes of the two 250 

Habernaria species (Scholtysik et al. 2013; Solis et al. 2015) which may perform similar 251 

services in the orchid-mycorrhizae symbiosis.  252 

Previously, both Waterman et al. (2011) and Makwela et al. (2022) studied the diversity 253 

of mycorrhizae associated with endemic South African orchids. The current study and the one 254 
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by Makwela and co-workers were both conducted in the Gauteng Province of South Africa, 255 

whereas Waterman and co-workers focussed on the orchid species from the Eastern and 256 

Western Cape Provinces. The sampling sites of our study were significantly different from the 257 

other study conducted in Gauteng and geographically separated by big urban developments. 258 

Nevertheless, comparing the studies from Gauteng revealed both overlapping (Cantharellales 259 

and Sebacinales) and unique orchid mycorrhizal fungi. However, the abundance of these 260 

overlapping fungal OTUs significantly differed between these studies. For example, 261 

Cantharellales were more abundant among Habernaria species than in Brachycorythis conica 262 

subsp. transvaalensis, while Sebacinales were present at lower frequencies. It is noteworthy 263 

that fungi from the Ceratobasidiaceae were abundant among the orchids from the Cape 264 

Provinces but absent from the orchids studied in Gauteng. Based on these studies, we 265 

hypothesise that the Ceratobasidiaceae may be widespread in the soil of coastal Southern Africa 266 

but are rare inland. 267 

5. Conclusions 268 

 We compared the community of mycorrhizal fungi associated with the roots of two 269 

indigenous Habernaria species from South Africa. Our data showed that the mycorrhizal 270 

community associated with these two species was similar, but each orchid also harboured a 271 

few unique fungal associates. We also detected mycorrhizal fungi from the Atractiellomycetes 272 

that were uniquely associated with the roots of H. barbertoni. Previously, these fungi were 273 

exclusively reported from orchids living in Peruvian forests. At the same time, we identified 274 

several fungi that potentially might fulfil mycorrhizal functions, such as the Pleosporales and 275 

F. oxysporum. In future, isolations of the fungi identified in this study for use and infection 276 

study will be necessary to test their role in the orchids’ life history. Overall, the findings of this 277 

study add to our understanding of the mycorrhizal diversity associated with indigenous South 278 
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African orchids and can ultimately be utilised to help conserve endangered species such as H. 279 

barbertoni. 280 

Declaration of Competing Interest 281 

The authors state that they have no known competing financial interests or personal 282 

connections that may seem to have influenced the work described in this publication. 283 

Funding 284 

This research was financially supported by the South African National Research 285 

Foundation (Grant number 115949) and the Max Planck Society's International Partnergroup 286 

Program, both of which were awarded to A Hammerbacher and National Research Foundation 287 

SARChI Chair in Fungal Genomics granted to BD Wingfield.  288 

Acknowledgement  289 

We are grateful to the South African National Research Foundation, the NRF SARChI 290 

Chair in Fungal Genomics, and the Max Planck Society's International Partnergroup Program 291 

for financing this study. We are also thankful to the University of Pretoria and several members 292 

of the Forestry and Agricultural Biotechnology Institute (FABI) for their cooperation during 293 

this study.  294 

References   295 

Abarenkov, K., Zirk, A., Piirmann, T., Pöhönen, R., Ivanov, F., Nilsson, R.H., Kõljalg, U., 296 

2021. UNITE QIIME release for Fungi v8.3, UNITE Community p. 297 

10.15156/BIO/1264708. 298 

Alonso, L.M., Kleiner, D., Ortega, E., 2008. Spores of the mycorrhizal fungus Glomus mosseae 299 

host yeasts that solubilize phosphate and accumulate polyphosphates. Mycorrhiza 18, 300 

197-204. 301 

Amend, A.S., Seifert, K.A., Bruns, T.D., 2010. Quantifying microbial communities with 454 302 

pyrosequencing: does read abundance count? Molecular Ecology 19, 5555-5565. 303 

Anslan, S., Nilsson, R.H., Wurzbacher, C., Baldrian, P., Leho, T., Bahram, M., 2018. Great 304 

differences in performance and outcome of high-throughput sequencing data analysis 305 

platforms for fungal metabarcoding. MycoKeys 39, 29-40. 306 



 14 

Azcón, R., Medina, A., Aroca, R., Ruiz-Lozano, J.M., 2013. Abiotic stress remediation by the 307 

arbuscular mycorrhizal symbiosis and rhizosphere bacteria/yeast interactions, in: de 308 

Bruijn, F.J. (Ed.), Molecular microbial ecology of the rhizosphere. John Wiley & Sons, 309 

Ltd pp. 991-1002. 310 

Benton, M.J., Wilf, P., Sauquet, H., 2021. The angiosperm terrestrial revolution and the origins 311 

of modern biodiversity. New Phytologist 233, 2017-2035. 312 

Bolyen, E., Rideout, J., Dillon, M., Bokulich, A., Abnet, C., Al-Ghalith, G., Alexander, A., 313 

Alm, J., Arumugam, M., Asnicar, F., Bai, Y., 2019. Reproducible, interactive, scalable 314 

and extensible microbiome data science using Qiime 2. Nature Biotechnology 37, 852-315 

857. 316 

Botha, A., 2011. The importance and ecology of yeasts in soil. Soil Biology and Biochemistry 317 

43, 1-8. 318 

Brundrett, M.C., Tedersoo, L., 2018. Evolutionary history of mycorrhizal symbioses and global 319 

host plant diversity. New Phytologist 220, 1108-1115. 320 

Byers, K.J.R.P., 2021. Pollination: Orchids attract unusual pollinators by means of novel 321 

chemical compounds. Current Biology 31, R433-R435. 322 

Callaham, B., McMurdie, P., Rosen, M., Han, A., Johnson, A., Holmes, S., 2016. DADA2: 323 

High-resolution sample inference from Illumina amplicon data. Nature Methods 13, 581-324 

583. 325 

Chase, M.W., Cameron, K.M., Freudenstein, J.V., Pridgeon, A.M., Salazar, G., Van den Berg, 326 

C., Schuiteman, A., 2015. An updated classification of Orchidaceae. Botanical Journal 327 

of the Linnean Society 177, 151-174. 328 

Chomicki, G., Bidel, L.P., Jay-Allemand, C., 2014. Exodermis structure controls fungal 329 

invasion in the leafless epiphytic orchid Dendrophylax lindenii (Lindl.) Benth. ex Rolfe. 330 

Flora-Morphology, Distribution, Functional Ecology of Plants 209, 88-94. 331 

de Mendiburu, F., 2021. agricolae: statistical procedures for agricultural research. R package 332 

version 1.3-5. https://CRAN.R-project.org/package=agricolae. 333 

Dearnaley, J., Martos, F., Selosse, M., 2012. Orchid mycorrhizas: Molecular ecology, 334 

physiology, evolution and conservation aspects, in: Esser K (Ed.), The Mycota, 2 ed. 335 

Springer, Heidelberg, p. 207. 336 

Dearnaley, J.D., 2007. Further advances in orchid mycorrhizal research. Mycorrhiza 17, 475-337 

486. 338 

Ercole, E., Adamo, M., Rodda, M., Gebauer, G., Girlanda, M., Perotto, S., 2015. Temporal 339 

variation in mycorrhizal diversity and carbon and nitrogen stable isotope abundance in 340 

the wintergreen meadow orchid Anacamptis morio. New Phytologist 205, 1308-1319. 341 

Favre-Godal, Q., Gourguillon, L., Lordel-Madeleine, S., Gindro, K., Choisy, P., 2020. Orchids 342 

and their mycorrhizal fungi: an insufficiently explored relationship. Mycorrhiza 30, 5-343 

22. 344 



 15 

Fay, M.F., 2010. Celebrating orchids in the International Year of Biodiversity. Botanical 345 

Journal of the Linnean Society 163, 107-110. 346 

Foster, Z.S.L., Sharpton, T.J., Grünwald, N.J., 2016. MetacodeR: An R package for 347 

manipulation and heat tree visualization of community taxonomic data from 348 

metabarcoding. BioRxiv, 071019. 349 

Givnish, T., Spalink, D., Ames, M., Lyon, S., Hunter, S., Zuluaga, A., Illes, W., Clements, M., 350 

Arroyo, M., Leebens-Mack, J., Endara, L., Kriebel, R., Neubig, K., Whitten, W., 351 

Williams, N., Cameron, K., 2015. Orchid phylogenomics and multiple drivers of their 352 

extraordinary diversification. Proceedings of the Royal Society B: Biological Sciences 353 

282, 1-9. 354 

Gollner, M.J., Püschel, D., Rydlová, J., Vosátka, M., 2006. Effect of inoculation with soil 355 

yeasts on mycorrhizal symbiosis of maize. Pedobiologia 50, 341-345. 356 

Govaerts, R., Dransfield, J., Zona, S., Hodel, D.R., Henderson, A., 2021. World Checklist of 357 

Habenaria http://wcsp.science.kew.org/. Royal Botanic Gardens. 358 

He, M.-Q., Zhao, R.-L., Hyde, K.D., Begerow, D., Kemler, M., Yurkov, A., McKenzie, E.H.C., 359 

Raspé, O., Kakishima, M., Sánchez-Ramírez, S., Vellinga, E.C., Halling, R., Papp, V., 360 

Zmitrovich, I.V., Buyck, B., Ertz, D., Wijayawardene, N.N., Cui, B.-K., Schoutteten, N., 361 

Liu, X.-Z., Li, T.-H., Yao, Y.-J., Zhu, X.-Y., Liu, A.-Q., Li, G.-J., Zhang, M.-Z., Ling, 362 

Z.-L., Cao, B., Antonín, V., Boekhout, T., da Silva, B.D.B., De Crop, E., Decock, C., 363 

Dima, B., Dutta, A.K., Fell, J.W., Geml, J., Ghobad-Nejhad, M., Giachini, A.J., 364 

Gibertoni, T.B., Gorjón, S.P., Haelewaters, D., He, S.-H., Hodkinson, B.P., Horak, E., 365 

Hoshino, T., Justo, A., Lim, Y.W., Menolli, N., Mešić, A., Moncalvo, J.-M., Mueller, 366 

G.M., Nagy, L.G., Nilsson, R.H., Noordeloos, M., Nuytinck, J., Orihara, T., 367 

Ratchadawan, C., Rajchenberg, M., Silva-Filho, A.G.S., Sulzbacher, M.A., Tkalčec, Z., 368 

Valenzuela, R., Verbeken, A., Vizzini, A., Wartchow, F., Wei, T.-Z., Weiß, M., Zhao, 369 

C.-L., Kirk, P.M., 2019. Notes, outline and divergence times of Basidiomycota. Fungal 370 

Diversity 99, 105-367. 371 

Jacquemyn, H., Brys, R., Waud, M., Busschaert, P., Lievens, B., 2015. Mycorrhizal networks 372 

and coexistence in species-rich orchid communities. New Phytologist 206, 1127-1134. 373 

Jiang, J., Zhang, K., Cheng, S., Nie, Q., Zhou, S.-x., Chen, Q., Zhou, J., Zhen, X., ting Li, X., 374 

wen Zhen, T., 2019. Fusarium oxysporum KB-3 from Bletilla striata: an orchid 375 

mycorrhizal fungus. Mycorrhiza 29, 531-540. 376 

Johnson, L.J.A.N., Gónzalez-Chávez, M.d.C.A., Carrillo-González, R., Porras-Alfaro, A., 377 

Mueller, G.M., 2021. Vanilla aerial and terrestrial roots host rich communities of orchid 378 

mycorrhizal and ectomycorrhizal fungi. Plants, People, and Planet 3, 541-552. 379 

Johnson, S., Bytebier, B., 2015. Orchids of South Africa: A field guide. Struik Nature, Cape 380 

Town; South Africa. 381 

Kottke, I., Haug, I., Setaro, S., Suárez, J.P., Weiß, M., Preußing, M., Nebel, M., Oberwinkler, 382 

F., 2008. Guilds of mycorrhizal fungi and their relation to trees, ericads, orchids and 383 

liverworts in a neotropical mountain rain forest. Basic and Applied Ecology 9, 13-23. 384 



 16 

Kottke, I., Suarez, J., Herrera, P., Cruz, D., Bauer, R., Haug, I., Garnica, S., 2010. 385 

Àtractiellomycetes belonging to the 'rust' lineage (Pucciniomycotina) form mycorrhizae 386 

with terrestrial and epiphytic neotropical orchids. Proceedings of the Royal Society 277, 387 

1289-1298. 388 

Kurzweil, H., Weber, A., 1992. Floral morphology of southern African Orchideae. II. 389 

Habenariinae. Nordic Journal of Botany 12, 39-61. 390 

Makwela, M.C., Hammerbacher, A., Coetzee, M.P.A., Wingfield, B.D., van Ede, G., Bose, T., 391 

2022. Fungal diversity associated with the rhizosphere soil of Brachycorythis conica 392 

subsp. transvaalensis, a critically endangered and endemic terrestrial orchid from South 393 

Africa. South African Journal of Botany N/A, N/A. 394 

Martos, F., Dulormne, M., Pailler, T., Bonfante, P., Faccio, A., Fournel, J., Dubois, M., Selosse, 395 

M., 2009. Independent recruitment of saprotrophic fungi as mycorrhizal partners by 396 

tropical achlorophyllous orchids. New Phytologist 184, 668-681. 397 

Martos, F., Munoz, F., Pailler, T., Kottke, I., Gonneau, C., Selosse, M.A., 2012. The role of 398 

epiphytism in architecture and evolutionary constraint within mycorrhizal networks of 399 

tropical orchids. Molecular Ecology 21, 5098-5109. 400 

McCormick, M.K., Whigham, D.F., Canchani-Viruet, A., 2018. Mycorrhizal fungi affect 401 

orchid distribution and population dynamics. New Phytologist 219, 1207-1215. 402 

McMurdie, P.J., Holmes, S., 2013. phyloseq: an R package for reproducible interactive analysis 403 

and graphics of microbiome census data. PloS one 8, e61217. 404 

Mestre, M.C., Fontenla, S., 2021. Yeast communities associated with ectomycorrhizal fungi in 405 

different Nothofagus forests of northwestern Patagonia. Symbiosis 84, 1-15. 406 

Nilsson, R.H., Anslan, S., Bahram, M., Wurzbacher, C., Baldrian, P., Tedersoo, L., 2019. 407 

Mycobiome diversity: high-throughput sequencing and identification of fungi. Nature 408 

Reviews Microbiology 17, 95-109. 409 

Oja, J., Kohout, P., Tedersoo, L., Kull, T., Kõljalg, U., 2015. Temporal patterns of orchid 410 

mycorrhizal fungi in meadows and forests as revealed by 454 pyrosequencing. New 411 

Phytologist 205, 1608-1618. 412 

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P.R., 413 

O'Hara, R.B., Simpson, G.L., Solymos, P., Henry, M., Stevens, H., Szoecs, E., Wagner, 414 

H., 2020. vegan: Community Ecology Package. R package version 2.5-7. 415 

https://CRAN.R-project.org/package=vegan. 416 

Pridgeon, A.M., Cribb, P.J., W, C.M., Rasmussen, F.N., 2001. Genera Orchidacearum, Vol. 2. 417 

Orchidoideae, part 1. . Oxford University Press Inc., New York. 418 

R Core Team, 2021. R: a language and environment for statistical computing. R Foundation 419 

for Statistical Computing. https://www.rproject.org/. 420 

Ramírez, S.R., Gravendeel, B., Singer, R.B., Marshall, C.R., Pierce, N.E., 2007. Dating the 421 

origin of the Orchidaceae from a fossil orchid with its pollinator. Nature 448, 1042-1045. 422 



 17 

Rasmussen, H.N., Rasmussen, F.N., 2009. Orchid mycorrhiza: implications of a mycophagous 423 

life style. Oikos 118, 334-345. 424 

Rognes, T., Flouri, T., Nichols, B., Quince, C., Mahe, F., 2016. VSEARCH: a versatile open-425 

source tool for metagenomics PeerJ 4, e2584. 426 

Sampedro, I., Aranda, E., Scervino, J., Fracchia, S., García-Romera, I., Ocampo, J., Godeas, 427 

A., 2004. Improvement by soil yeasts of arbuscular mycorrhizal symbiosis of soybean 428 

(Glycine max) colonized by Glomus mosseae. Mycorrhiza 14, 229-234. 429 

SANBI Red List of South African Plants, 2022. 430 

http://redlist.sanbi.org/genus.php?genus=2829, in: Institute, T.S.A.N.B. (Ed.). The South 431 

African National Biodiversity Institute, Pretoria, South Africa. 432 

Schneider, C.A., Rasband, W.S., Eliceiri, K.W., 2012. NIH Image to ImageJ: 25 years of image 433 

analysis. Nature Methods 9, 671-675. 434 

Scholtysik, A., Unterseher, M., Otto, P., Wirth, C., 2013. Spatio-temporal dynamics of 435 

endophyte diversity in the canopy of European ash (Fraxinus excelsior). Mycological 436 

Progress 12, 291-304. 437 

Solis, M.J.L., Yurkov, A., dela Cruz, T.E., Unterseher, M., 2015. Leaf-inhabiting endophytic 438 

yeasts are abundant but unevenly distributed in three Ficus species from botanical garden 439 

greenhouses in Germany. Mycological Progress 14, 1-10. 440 

Soudzilovskaia, N.A., Vaessen, S., Barcelo, M., He, J., Rahimlou, S., Abarenkov, K., 441 

Brundrett, M.C., Gomes, S.I., Merckx, V., Tedersoo, L., 2020. FungalRoot: global online 442 

database of plant mycorrhizal associations. New Phytologist 227, 955-966. 443 

Srivastava, S., Kadooka, C., Uchida, J.Y., 2018. Fusarium species as pathogen on orchids. 444 

Microbiological Research 207, 188-195. 445 

Štípková, Z., Tsiftsis, S., Kindlmann, P., 2020. Pollination mechanisms are driving orchid 446 

distribution in space. Scientific Reports 10, 850. 447 

Suárez, J.P., Weiß, M., Abele, A., Garnica, S., Oberwinkler, F., Kottke, I., 2006. Diverse 448 

tulasnelloid fungi form mycorrhizas with epiphytic orchids in an Andean cloud forest. 449 

Mycological Research 110, 1257-1270. 450 

Suárez, J.P., Weiß, M., Abele, A., Oberwinkler, F., Kottke, I., 2008. Members of Sebacinales 451 

subgroup B form mycorrhizae with epiphytic orchids in a neotropical mountain rain 452 

forest. Mycological Progress 7, 75-85. 453 

Swarts, N., Dixon, K., 2009. Terrestrial orchid conservation in the age of extinction. Annals of 454 

Botany 104, 543-556. 455 

Taylor, D., McCormick, M., 2008. Internal transcribed spacer primers and sequences for 456 

improved characterization of basidiomycetous orchid mycorrhizas. New Phytologist 177, 457 

1020-1033. 458 

Teste, F.P., Jones, M.D., Dickie, I.A., 2020. Dual-mycorrhizal plants: their ecology and 459 

relevance. New Phytologist 225, 1835-1851. 460 



 18 

Tremblay, R.L., 1992. Trends in the pollination ecology of the Orchidaceae: evolution and 461 

systematics. Canadian Journal of Botany 70, 642-650. 462 

Valadares, R., Marroni, F., Sillo, F., Oliveira, R.R., Balestrini, R., Perotto, S., 2021. A 463 

transcriptomic approach provides insights on the mycorrhizal symbiosis of the 464 

Mediterranean orchid Limodorum abortivum in nature. Plants 10, 251. 465 

Waterman, R., Bidartondo, M., Stofberg, J., Combs, J., Gebauer, G., Savolainen, V., 466 

Barraclough, T., Pauw, A., 2011. The effects of above and belowground mutualisms on 467 

orchid speciation and coexistence The American Naturalist 177, 54-68. 468 

White, T.J., Bruns, T., Lee, S.J.W.T., Taylor, J., 1990. Amplification and direct sequencing of 469 

fungal ribosomal RNA genes for phylogenetics, in: Innis, M.A., Gelfand, D.H., Sninsky, 470 

J.J., White, T.J. (Eds.), PCR protocols: a guide to methods and applications,. Academic 471 

Press, New York, pp. 315-322. 472 

Xing, X., Gai, X., Liu, Q., Hart, M.M., Guo, S., 2015. Mycorrhizal fungal diversity and 473 

community composition in a lithophytic and epiphytic orchid. Mycorrhiza 25, 289-296. 474 

Yukawa, T., Ogura‐Tsujita, Y., Shefferson, R.P., Yokoyama, J., 2009. Mycorrhizal diversity 475 

in Apostasia (Orchidaceae) indicates the origin and evolution of orchid mycorrhiza. 476 

American Journal of Botany 96, 1997-2009. 477 

Yurkov, A., Krüger, D., Begerow, D., Arnold, N., Tarkka, M.T., 2012. Basidiomycetous yeasts 478 

from Boletales fruiting bodies and their interactions with the mycoparasite Sepedonium 479 

chrysospermum and the host fungus Paxillus. Microbial Ecology 63, 295-303. 480 

Zhang, S., Yang, Y., Li, J., Qin, J., Zhang, W., Huang, W., Hu, H., 2018. Physiological 481 

diversity of orchids. Plant Diversity 40, 196-208. 482 

Zhao, R.-L., Li, G.-J., Sánchez-Ramírez, S., Stata, M., Yang, Z.-L., Wu, G., Dai, Y.-C., He, 483 

S.-H., Cui, B.-K., Zhou, J.-L., Wu, F., He, M.-Q., Moncalvo, J.-M., Hyde, K.D., 2017. A 484 

six-gene phylogenetic overview of Basidiomycota and allied phyla with estimated 485 

divergence times of higher taxa and a phyloproteomics perspective. Fungal Diversity 84, 486 

43-74. 487 

  488 



 19 

Figure legends 489 

Figure 1.  Above-ground plant with inflorescence, (A) Habenaria barbertoni and, (B) 490 

Habenaria epipactidea. Tuberous root system used in this study for metabarcoding orchid 491 

mycorrhizal diversity (C) Habenaria barbertoni and, (D) Habenaria epipactidea. 492 

Figure 2. Taxonomic composition of fungi associated with Habenaria barbertoni and 493 

Habenaria epipactidea roots. Where available, the heat tree depicts a fungal community 494 

structure as a taxonomic hierarchy up to the species level. The size of each node and edge is 495 

proportional to the number of OTUs within each taxon, and the colour indicates taxon 496 

abundance (sum of reads).   497 

Figure 3. A heat map depicting the fungal OTUs found in the roots of Habenaria barbertoni 498 

and Habenaria epipactidea. The Venn diagram shows the shared and distinct fungal OTUs 499 

identified in these two orchids. OTUs detected from both orchid species = black font, 500 

Habenaria barbertoni only = red font, and Habenaria epipactidea only = blue font.  501 

Figure 4. Box plots analysing fungal diversity indices of Habenaria barbertoni and Habenaria 502 

epipactidea roots.  503 

Figure 5.  Principal Coordinate Analysis of mycorrhizal community composition associated 504 

with the roots of Habenaria barbertoni and Habenaria epipactidea. 505 

Figure S1. PCR product purification steps used in this study. After merging the replicates for 506 

each PCR reaction using either of the primer pairs, the products were purified with Agencourt 507 

AMPure XP PCR purification beads. Following that, the relative concentrations of the PCR 508 

products were determined using ImageJ v1.52q. To standardise the DNA contribution, the PCR 509 

products were pooled into a single unit based on band intensity. All pools were purified in 510 

between the steps. 511 
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