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Abstract
Fungal biodiversity significantly influences ecosystem dynamics through various interactions with plants, ranging from 
pathogenic to mutually beneficial associations. This study explores the fungal diversity associated with an ornamental orchid 
genus Epidendrum that is widely propagated globally but native to northern South America. Root samples were collected 
from Epidendrum in diverse geographic locations: Brazil, Colombia, Germany, Spain and six South African provinces. 
Fungal biodiversity was catalogued from the genomic DNA extracted from these roots using fungal-specific primers and 
Illumina MiSeq sequencing. Bioinformatic and statistical analyses revealed significant fungal diversity in the roots, with 
distinct dominant orders in each geographic region. Among the South African samples, significant differences were found 
in alpha diversity indices and species richness. Even though samples originating from different provinces overlapped in the 
PCoA plot, PERMANOVA indicated a significant difference in the fungal biodiversity, which was further supported by 
PERMDISP. In the global dataset, alpha diversity indices were insignificant, but species richness was. In the PCoA plot, 
data points clustered by sampling sites, indicating substantial differences in fungal biodiversity between the samples. This 
was validated by PERMANOVA and PERMDISP analyses. Outcomes from the core fungal analyses showed Epidendrum 
retained a conserved set of fungal orders from its native habitat when it transitioned to exotic regions, while it also formed 
new associations with local fungal communities in these introduced regions. These findings highlight the role of both core 
and region-specific fungal communities in the ecological adaptability and success of this widely planted orchid genus.
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Introduction

Fungal biodiversity plays a crucial role in the functioning 
of ecosystems (Genevieve et al. 2019; Delgado-Baquerizo 
et al. 2016). This is because fungi can easily adapt and can 
form different interactions with plants, which can be either 
pathogenic, beneficial, or commensal (Zeilinger et al. 2016). 
For instance, beneficial fungi maintain important processes 
in all ecosystems such as litter decomposition, nutrient 
cycling and acquisition, improving plant vigour and resil-
ience against pathogens, and facilitating or preventing habi-
tat colonization by plants (Heilmann-Clausen et al. 2015; 
Trivedi et al. 2020).

Successful plant invasions and subsequent establishment 
often require plants to establish novel mutualistic interac-
tions with microbes native to new environments (Nuñez and 
Dickie 2014). The availability of amenable mutualists can 
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be an important limitation on the ability of invasive plants 
to successfully establish in an introduced habitat. Some 
plants can replace native mutualists with those present in 
their introduced ranges (Orlovich and Cairney 2004), while 
other plants are introduced together with mutualists from 
their native ranges (Nuñez and Dickie 2014). For example, 
mycorrhizal fungi were introduced with conifer (Pinaceae) 
hosts into the Southern Hemisphere (Dickie et al. 2010). 
Several exotic plants require fungal partners for success-
ful invasions, such as Acacia longifolia and Robinia pseu-
doacacia which require co-invasion and novel associations 
respectively (Rodríguez-Echeverría 2010; Wei et al. 2009).

Some orchids can also be invasive, particularly due to 
their ability to adapt and thrive in new environments, such 
as Epipactis helleborine, Arundina graminifolia and Disa 
bracteata (Kolanowska 2013; Kolanowska and Konowalik 
2014; Konowalik and Kolanowska 2018). It is common 
for orchids to co-invade with specialized fungi such as 
mycorrhizae and other non-mycorrhizal endophytes as they 
are introduced into new habitats (McCormick et al. 2018; 
Bonnardeaux et  al. 2007; McCormick and Jacquemyn 
2014). Orchids are dependent on these microorganisms 
for seed germination, growth, development and survival 
(Nuñez and Dickie 2014; Favre-Godal et al. 2020; Smith 
and Read 2008). Although it is widely understood that 
mycorrhizal fungi are necessary for the life cycle of orchids, 
little is known about how the overall fungal diversity and 
community composition differ within and between closely 
related orchid taxa (Jacquemyn et al. 2010).

High-throughput sequencing of fungal barcoding 
regions is used for resolving the broad taxonomic spectrum 
of fungi present in plants (Xu 2016). Recent studies have 
used high-throughput sequencing to unravel the microbial 
community that is associated with different orchids. For 
example, in a study by Esposito et al. (2016), the authors 
investigated the variance in the mycorrhizal communities 
of two closely related orchid species, Platanthera bifolia 
and P. chlorantha, as well as probable hybrids. Makwela 
et al. (2022b) used high-throughput sequencing to uncover 
the mycorrhizal community of two Habenaria orchids native 
to South Africa. Similar studies have been conducted to 
understand the composition of microbial communities that 
are associated with orchids (Makwela et al. 2022a; Böhmer 
et al. 2020; Huang et al. 2022; Park et al. 2018; Pecoraro 
et al. 2017).

From the few studies conducted, a majority have 
investigated the fungal diversity associated with orchids 
in a restricted geographic range. Only a few studies have 
investigated the distribution of microbial composition 
associated with specific orchids in a wider geographic 
area. For example, Davis et al. (2015) investigated the 
distribution of the mycorrhizal fungi of Pheladenia 
deforms across the Australian continent. Duffy et  al. 

(2019) investigated the latitudinal variation in mycorrhizal 
diversity that is associated with Spiranthes spiralis. 
Nonetheless, there is no information on the fungal 
composition and its relationship with the distribution and 
establishment of any orchid globally.

The genus Epidendrum is one of the largest orchid 
genera in the Neotropics (Pinheiro and Cozzolino 2013) 
and includes many important ornamental plants. This 
allowed us to sample orchids from different geographic 
locations in this study and catalogue root-associated 
fungal diversity using a high-throughput sequencing 
platform. The present study aimed to (a) evaluate the 
fungal diversity associated with Epidendrum across 
various global locations, as well as within South Africa, 
and (b) identify the distinct and shared fungal taxa 
between these geographic locations and within South 
Africa. We hypothesized that Epidendrum would maintain 
a core group of conserved fungal taxa that overlaps 
among different geographic regions. However, we also 
anticipated that in each region there would be a unique 
fungal community.

Materials and methods

Sampling and preparation of root samples

Root samples from Epidendrum were collected across vari-
ous geographic locations, including Brazil, Colombia, Ger-
many, Spain and South Africa (Table 1). In Brazil, Germany 
and Spain, three samples each were collected, whereas in 
Colombia, four samples were procured, with one from the 
field and three from a nursery. In South Africa, four root 
samples were collected from five nurseries located in the 
provinces of Gauteng, KwaZulu-Natal, Limpopo, Mpu-
malanga and North-West and three root samples from the 
Western Cape (Table 1; Fig. 1, A, B). Each sample was col-
lected from the apical part of young roots, which had a thin 
velamen and a diameter of 0.2–0.35 cm and were penetrating 
the substrate surface (Fig. 1C).

Irrespective of the collection sites, all root samples 
underwent a similar sample preparation protocol. The root 
samples were first rinsed with sterile deionized water to 
remove organic matter, followed by surface sterilization with 
0.5% (v/v) sodium hypochlorite solution for 2 min. After 
sterilization, these root samples were rinsed thrice with 
sterile deionized water, freeze-dried and stored at − 20 °C 
until extraction of genomic DNA. All non-South African 
root specimens had their DNA extracted and shipped in a 
dehydrated form using the same DNA extraction kit listed 
below.
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Extraction and high‑throughput sequencing 
of genomic DNA

The freeze-dried root samples were pulverized using 
liquid nitrogen and a sterile mortar and pestle. In between 
pulverization of each root sample, the mortar and pestle 
were cleansed with detergent followed by 0.5% (v/v) 
hypochlorite solution and then rinsed thrice with sterile 
deionized water.

The total genomic DNA from each root sample was 
extracted individually using the Invisorb®Spin Plant 
Mini Kit (Invitek Molecular, Germany) following the 
manufacturer’s protocol and quantified using a NanoDrop™ 
OneC Microvolume Spectrophotometer (Thermo Scientific, 
USA). To confirm the presence of DNA, all the extracts 
were subjected to a polymerase chain reaction (PCR) 
amplification using fungal-specific primers ITS1F (5’-CTT​
GGT​CAT​TTA​GAG​GAA​GTAA-3’) and ITS4 (5’-TCC​TCC​
GCT​TAT​TGA​TAT​GC-3’) (Gardes and Bruns 1993; White 
et al. 1990) and visualized using agarose gel electrophoresis. 
If no band was observed following gel electrophoresis, the 
PCR was repeated. If the result remained negative, DNA was 
re-extracted from the root sample. All DNA samples were 
stored at − 20 °C.

Preparation of fungal amplicon libraries and Illumina 
MiSeq sequencing were outsourced to Macrogen, Inc., South 
Korea. Libraries were prepared using the Herculase II Fusion 
DNA Polymerase Nextera XT Index V2 Kit (2 × 300 bp 
paired) using the fungal-specific primers ITS1F (5’-TCC​
GTA​GGT​GAA​CCT​GCG​G-3’) and ITS2 (5’-GCT​GCG​
TTC​TTC​ATC​GAT​GC-3’) (White et al. 1990). Following 
sequencing, the raw reads were trimmed and demultiplexed 
by the sequencing facility. These files were deposited in the 
NCBI Sequence Read Archive under the accession number 
PRJNA1068848.

Analysis of high‑throughput sequence data

The quality of the raw reads was assessed using FastQC 
v0.12.1 (Andrews 2010). We used multiple approaches for 
preliminary analyses of the sequence data: merging forward 
and reverse reads, using forward reads only, and comparing 
Amplicon Sequencing Variants (ASV) versus Operational 
Taxonomic Units (OTUs) clustered using 100% sequence 
similarity. During the merging with BBMerge available 
through BBTools v39.05 (Bushnell et al. 2017), 85% of the 
reads were lost, with further losses during quality filtering 
with DADA2 (Callahan et al. 2016). Additionally, in this case, 
using ASVs instead of OTUs did not significantly improve 
the output. Therefore, all subsequent analyses were conducted 
using only the forward reads that were clustered as OTUs.

To investigate the fungal diversity at a ‘local’ and ‘global’ 
scale, the dataset was analysed as two distinct sets. The 
‘local’ dataset included 23 samples from the six provinces 
of South Africa, with four replicates per province except for 
the Western Cape where only three samples were obtained. 
During the analysis of the ‘local’ dataset, samples from 
Mpumalanga were found to exhibit the greatest diversity 
among all provinces, and this diversity overlapped with the 
diversity observed in samples from other provinces in the 
PCoA plot. Thus, during the analysis of the ‘global’ dataset, 
three samples from Mpumalanga were included to represent 
South Africa along with three samples each from Brazil, 
Germany and Spain and four from Colombia. Both datasets 
were analysed using the same bioinformatics pipeline listed 
below.

The single-end forward reads were analysed using QIIME2 
software v2023.7 (Bolyen et al. 2019). Denoising, chimera 
deletion and filtering of Amplicon Sequencing Variants 
(ASV) were done using the plugin ‘q2-dada2’. The resulting 
filtered non-chimeric reads were assembled into Operational 

Table 1   Details of sampling sites from where Epidendrum roots were collected for the current study

Countries Region Nearest City Coordinates No. of 
samples

Origin of the plants

Brazil Minas Gerais Rio Pomba 21.2738°S 43.1789°W 3 From private garden; potted plants purchased from commercial 
nursery

Colombia Valle del Cauca Yotoco 3.8603°N 76.3846°W 4 One sample from a wild plant growing in soil; other samples 
from potted plants in a private orchidarium

Germany Thuringia Jena 50.9305°N 11.5864°E 3 From the orchidarium of the Jena Botanical Garden
South Africa Gauteng Pretoria 25.7405°S 28.2432°E 4 From commercial nursery; potted plants

Kwa-Zulu Natal Durban 29.8785°S 30.8987°E 4 From private garden; plant growing in soil
Limpopo Polokwane 23.8732°S 29.5131°E 4 From commercial nursery; potted plants
Mpumalanga Mbombela 25.4874°S 30.9740°E 4 From private garden; plant growing in soil
North-West Brits 25.5343°S 27.7463°E 4 From commercial nursery; potted plants
Western Cape Stanford 34.4441°S 19.5600°E 3 From commercial nursery; potted plants

Spain Catalonia Mataró 41.5306°N 2.4380°W 3 From private garden; potted plants purchased from commercial 
nursery
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Taxonomic Units (OTUs) using the plugin ‘vsearch’ (Rognes 
et al. 2016) with 100% sequence similarity. The ‘qiime feature 
classifier’ plugin (Bokulich et al. 2018) was then used for the 
taxonomic assignment of the OTUs using the UNITE fungal 
database version 9.0 (Abarenkov et al. 2024) as a reference.

Statistical analyses of biodiversity data

All statistical analyses were performed at the order level 
using MicrobiomeAnalyst v2.0 (Lu et  al. 2023). Both 
the ‘local’ and ‘global’ datasets were analysed using an 

Fig. 1   Epidendrum root sampling sites at A a commercial nursery in Brits, North-West and B a private garden near Durban, Kwa-Zulu Natal. C 
All the root samples were 0.2–0.35 cm in diameter with a thin velamen
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identical pipeline. To ensure the inclusivity of rare taxa, 
such as orchid mycorrhizal fungi, neither of the datasets was 
rarefied during any of the analyses (McMurdie and Holmes 
2014). Low-count features were filtered based on a mean 
abundance threshold, with a minimum count of 4, while 
low-variance features were excluded using the interquartile 
range. The remaining features were normalized using 
total sum scaling (TSS). Alpha diversity was assessed by 
calculating Shannon and Simpson indices for each dataset, 
while species richness was evaluated using Chao1. Beta 
diversity was analysed through PCoA with the Bray–Curtis 
index, using PERMANOVA for statistical testing. In cases 
of significant results from PERMANOVA, PERMIDISP 
was used to determine if observed differences were due to 
dispersion. For PERMANOVA and PERMIDISP analyses, 
a p-value of 0.05 was considered significant.

To explore the core microbiome, the dataset was divided 
into three sets, Columbia (native habitat), South Africa and 
‘other regions’ (Brazil, Germany and Spain). This allowed 
us to compare fungal biodiversity between the native region 
(Colombia), the location where the study was conducted 
(South Africa), and the remaining sampling sites. The 
analysis was independently conducted for each group, with 
a prevalence threshold of 20 and a relative abundance cutoff 
of 0.01. The results for each group were visualized using 
heat maps and a Venn diagram.

Results

Analysis of high‑throughput sequence data

In total, 2,953,716 single-end reads were generated from 
Illumina MiSeq for the 36 root DNA samples. After quality 
filtering, 2,673,341 (90.5%) single reads were retained for 
subsequent downstream analysis.

Fungal biodiversity associated with Epidendrum 
roots

‘Local’ dataset

Out of 1,818,332 single-end raw reads in this data-
set, 1,646,651 (91%) successfully passed the qual-
ity filtration process and were subsequently used for 
downstream analysis (Table S1). Following taxonomic 
assignment, 284,006 reads (17.25%) remained unclas-
sified, while 1,362,645 reads (82.75%) were classified 
into 740 OTUs (Fig.  2A, Table  S2). The majority of 
these OTUs were assigned to Ascomycota (~ 60%) and 
Basidiomycota (~ 34%). The remaining 6% represented 
Rozellomycota, Mortierellomycota, Mucoromycota, 

Glomeromycota, Kickxellomycota, Aphelidiomycota and 
Monoblepharomycota.

The dominant orders within the Ascomycota were 
Pleosporales (93 OTUs), Hypocreales (46 OTUs) and 
Helotiales (33 OTUs), while in Basidiomycota, dominant 
orders included Tremellales (39 OTUs), Agaricales (33 
OTUs), Polyporales (17 OTUs) and Cantharellales (11 
OTUs). Among the six South African provinces, the highest 
number of OTUs were detected from Mpumalanga (382), 
followed by KwaZulu-Natal (373), Limpopo (286), North-
West (208), Gauteng (194) and Western Cape (159).

‘Global’ dataset

The ‘global’ dataset included 1,429,194 single-end raw 
reads. Following quality filtration, 1,293,606 reads (91%) of 
the reads were retained for downstream analysis (Table S3). 
Following taxonomic assignment, 109,011 reads (8%) 
remained unclassified, while 1,184,595 reads (92%) were 
classified into 731 OTUs (Fig. 2B, Table S4).

Ascomycota constituted 76% of the classified reads, 
Basidiomycota 23%, and the remaining 1% encompassed 
various phyla including Rozellomycota, Chytridiomycota, 
Mortierellomycota, Mucoromycota, Aphelidiomycota, 
Glomeromycota and Kickxellomycota. The dominant 
orders within the Ascomycota were Pleosporales (99 
OTUs), Hypocreales (49 OTUs), Helotiales (28 OTUs) and 
Xylariales (28 OTUs). For the Basidiomycota, dominant 
orders included Agaricales (41 OTUs), Polyporales (40 
OTUs) and Tremellales (21 OTUs). The highest number of 
OTUs was detected in Colombia (431), followed by South 
Africa (347), Brazil (264), Spain (206) and Germany (170).

Community composition of fungi associated 
with Epidendrum roots

‘Local’ dataset

Significant differences were observed in the Shannon 
and Simpson diversity indices as well as richness among 
the samples collected from six provinces of South Africa 
(p < 0.05; Fig. 3A, B, C). Samples from Mpumalanga and 
KwaZulu-Natal exhibited high richness, with the latter hav-
ing less variability. In the PCoA plot, samples from different 
provinces overlapped. However, PERMANOVA indicated 
that there were significant differences between the samples 
(p-value < 0.05; Fig. 3D), which was further supported by 
PERMDISP (p-value < 0.05). The samples from all prov-
inces clustered closely except for those from North-West 
province indicating a higher fungal diversity within these 
samples.
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‘Global’ dataset

There were no significant differences observed in the Shan-
non and Simpson diversity indices (p-value > 0.05; Fig. 4A, 
B) of the ‘global’ dataset, suggesting no notable changes in 

the overall fungal diversity. However, a significant difference 
in richness was observed (p-value < 0.05; Fig. 4C), indicat-
ing a variation in the number of taxa present. The PCoA plot 
revealed a distinct separation between the Colombian sam-
ples and those from other introduced countries (Fig. 4D). 

Fig. 2   Hierarchy plot illustrat-
ing the abundance of fungal 
orders associated with Epiden-
drum roots from two datasets: 
A Local Dataset (covering six 
provinces in South Africa) and 
B Global Dataset (including 
data from Colombia, Brazil, 
Germany, Spain, and South 
Africa). Within each phylum, 
orders are listed in descending 
order of abundance. OTUs that 
cannot be assigned to a specific 
order are labeled as incertae 
sedis 
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This suggests a significant difference (p-value < 0.05) in 
fungal biodiversity between native and introduced regions, 
which was further confirmed by the PERMANOVA 
(p-value < 0.05) and PERMDISP analysis (p-value > 0.05).

Core fungal taxa associated with Epidendrum roots

This analysis focused on the 13 most prevalent fungal orders 
across three datasets, Colombia, South Africa and ‘other 

regions’. Chaetothyriales, Hypocreales, Pleosporales and 
Tremellales were detected in all three datasets, with varying 
relative abundances (Fig. 5A, B). Each region also exhibited 
unique prevalent fungal taxa (Fig. 5A). Amphisphaeriales, 
Chaetosphaeriales and Trechisporales were detected from 
Columbia, whereas South Africa had Coniochaetales and 
Sebacinales, with the latter known to form symbiotic rela-
tionships with orchids in South Africa. Cystobasidiales, Dia-
porthales, Diothiadeales, Laconorales, Mycosphaerellales, 

Fig. 3   Box plots representing the diversity indices in the fungal 
community associated with Epidendrum roots in South Africa: A 
Shannon index, B Simpson index and C species richness. D Prin-
cipal coordinate analysis (PCoA) of fungal community composi-

tion associated with the roots of Epidendrum across different South 
African provinces. The provinces are labelled as follows: GP = Gaut-
eng, NW = North-West, KZN = KwaZulu-Natal, LP = Limpopo, 
WC = Western Cape and MP = Mpumalanga
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Myrmecridiales and Sordariales were exclusive to ‘other 
regions’ dataset (Fig. 5A). There were no shared fungal 
orders between Columbia and ‘other regions’. Cantharel-
lales, which includes orchid symbionts, was among the 
most abundant orders detected in South Africa and ‘other 
regions’ but not in Colombia (Table S4). Six fungal orders 
were shared between Colombia and South Africa, including 
Agaricales, which also includes orchid mycorrhizal fungi. 
These observations suggest that a core set of fungal orders 
is acquired regardless of where Epidendrum are cultivated.

Discussion

In this study, we catalogued the fungal biodiversity asso-
ciated with roots of Epidendrum from Brazil, Colombia, 
Germany, South Africa and Spain using a next-genera-
tion sequencing approach. The Illumina high-throughput 
sequence data from the root DNA samples were separated 
into two datasets. The ‘local’ dataset comprised samples 
collected from six provinces within South Africa. The 
‘global’ dataset included samples from Brazil, Colombia, 

Fig. 4   Box plots representing the diversity indices in the fungal com-
munity associated with Epidendrum roots globally: A Shannon index, 
B Simpson index and C species richness. D Principal coordinate 
analysis (PCoA) of fungal community composition associated with 

the roots of Epidendrum across different sampling countries. The 
countries are labelled as follows: ZA = South Africa, BR = Brazil, 
DE = Germany, ES = Spain and CO = Colombia
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Germany, Spain and samples from one location in South 
Africa. The analyses of these datasets showed that Epiden-
drum harbours a diverse group of fungi in its roots. This 
orchid also maintains a core group of fungal taxa from its 
native habitat when moving to exotic regions, while also 
establishing new associations with local fungal communi-
ties in these introduced areas globally.

Total fungal biodiversity associated with roots 
of Epidendrum

In this study, fungal orders from Ascomycota that include 
dark septate endophytes were abundant. These fungi from 

Pleosporales, Xylariales and Helotiales are recognized for 
promoting plant growth through mutualistic associations 
(Newsham 2011; Usuki and Narisawa 2007). These fungi 
facilitate carbon transfer to the host by employing extramet-
rical mycelia for accessing additional resources (Jumpponen 
2001). Consequently, these fungi could potentially confer 
nutritional benefits or other advantages to Epidendrum, 
although specific benefits are yet to be fully understood.

While orchids are usually known for their association 
with Rhizoctonia-like fungi from families such as Cerato-
basidiaceae, Tulasnellaceae and Sebacinales (Dearnaley 
2007; Rasmussen and Rasmussen 2009), these fungi were 
not the predominant fungal OTUs identified in this study. 

Fig. 5   Core fungal orders associated with Epidendrum roots. A Venn 
diagram shows the intersection and commonalities among the top 13 
fungal taxa, and B their respective percentage abundance across three 

groups: ‘native habitat’ (Colombia), ‘introduced habitat 1’ (Brazil, 
Germany and Spain) and ‘introduced habitat 2’ (South Africa)
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Although numerous OTUs of Rhizoctonia-like fungi were 
found in South Africa, they were absent in root samples from 
other geographic locations. This observation prompts the 
hypothesis that Epidendrum may not consistently engage 
with Rhizoctonia-like fungi as symbionts. Instead, they 
appear to form diverse partnerships, including associations 
with saprophytes and plant pathogens, such as Fusarium 
oxysporum (Jiang et al. 2019) and Leptodontidium orchidi-
cola (Currah et al. 1988) as indicated in previous studies 
(Martos et al. 2009). Saprobes and plant pathogens consist-
ently emerge as abundant components within the endophytic 
communities of various orchids in different orchid diversity 
studies (Kartzinel et al. 2013; Makwela et al. 2022b; de los 
Angeles Beltrán-Nambo et al. 2018; Kohout et al. 2013). 
Additionally, in this study, the detection of OTUs belonging 
to undescribed Fusarium and various saprobic fungi suggest 
that Epidendrum may engage in symbiotic associations with 
these fungi in the absence of Rhizoctonia-like fungi (Jiang 
et al. 2019; Currah et al. 1988).

OTUs from Tulasnellaceae were not commonly detected 
in this study. However, fungi from this family form symbi-
otic associations with orchids (Xing et al. 2019; Dearnaley 
et al. 2012; Martos et al. 2012). This is consistent with previ-
ous studies by Hernández-Ramírez et al. (2023) and Kohout 
et al. (2013) where Tulasnella species were not the most 
commonly identified fungi from orchid roots. Nonetheless, 
Tulasnella species have been isolated from various Epiden-
drum species, such as E. secundum (Pereira et al. 2014), E. 
dendrobioides (Nogueira et al. 2005) and E. rigidum (Pereira 
et al. 2005), with reported mycorrhizal associations. The 
limited number of OTUs from Tulasnellaceae detected in 
this study may be attributed to the constraints of the uni-
versal fungal primers used for metabarcoding, which have 
been documented to have limitations in amplifying Tulas-
nella and other fungi (Usyk et al. 2017; Stielow et al. 2015). 
To overcome this limitation, future studies on fungal diver-
sity in orchids should consider using Tulasnella-specific 
primers, as proposed by Taylor and McCormick (2008), in 
conjunction with universal fungal primers. This dual-primer 
approach holds the promise of providing more comprehen-
sive insights into the root-associated fungal communities 
of orchids, contributing to a better understanding of their 
symbiotic relationships.

In the present study, Atractiellomycetes were identified in 
the roots of Epidendrum. The initial hypothesis by Kottke 
et al. (2010) proposed a mycorrhizal association between 
fungi from the rust lineage Atractiellomycetes and orchids. 
Subsequent studies have also confirmed the presence of 
Atractiellomycetes in the roots of various orchids (Ávila-
Díaz et al. 2013; Suárez et al. 2016; Makwela et al. 2022b; 
Fernández et al. 2023; Herrera et al. 2019). However, none 
of these studies conducted infection trials to validate the 
hypothesis. This step is crucial because the mere presence 

of these rust fungi does not inherently reveal their specific 
role within orchids. To illustrate, Hoang et  al. (2017) 
identified different Ceratobasidium species in Dendrophylax 
lindenii; among them, Ceratobasidium sp. 394 facilitated 
seed germination, while Ceratobasidium sp. 379 did not. 
It is also important to note that conducting plant trials with 
Atractiellomycetes presents challenges, as these fungi, like 
all rust fungi, are likely obligate organisms (Spirin et al. 
2018). Despite these challenges, infection trials are essential 
for a comprehensive understanding of the functional 
dynamics of Atractiellomycetes in orchids.

Yeast  species  wi thin  Tremel lomycetes  and 
Microbotryomycetes emerged as prominent fungi in this 
study. Despite not being previously documented in orchids, 
yeasts are hypothesized to play a partial role in a tripartite 
interaction involving mycorrhizal fungi and plants (Mirabal 
Alonso et al. 2008; Fracchia et al. 2003). For example, 
Rhodotorula mucilaginosa (Microbotryomycetes) actively 
recruits arbuscular mycorrhizal colonization in soybeans and 
red clover (Fracchia et al. 2003). Consequently, the yeast 
species identified in this study may potentially serve as a 
mediator for recruiting saprophytes and plant pathogenic 
fungi as symbionts of Epidendrum. However, substantiating 
this hypothesis requires dedicated future studies.

Community composition and diversity of fungi 
differed between the South African provinces

In this study, root samples collected from Gauteng, Limpopo, 
North-West and Western Cape originated from nurseries. 
Thus, these samples had lower fungal richness and diversity 
compared to samples from Mpumalanga and KwaZulu-Natal, 
which were sourced from soil-grown plants. This disparity 
between nursery and non-nursery samples emphasizes the 
need to consider the propagation environment when studying 
plant-associated microbial diversity, including orchids. Henry 
et al. (2017) noted a significant shift in fungal composition 
when Asteropeia mcphersonii seedlings were transplanted 
from the wild to the nursery. This negatively impacted 
the survival of ectomycorrhizal fungi associated with A. 
mcphersonii wildlings. Conversely, Marčiulynienė et  al. 
(2021) detected a diverse range of fungal taxa, including 
beneficial mycorrhizal fungi in forest nurseries in Lithuania. 
However, it is important to note that these were bare-root 
forest nurseries, where the plants were not propagated in 
pots. While these studies are not orchid-specific, still they 
underscore the potential influence of the nursery environment 
on fungal community richness and diversity.

In all South African provinces, fungi from the Sebacina-
les were the only Rhizoctonia-like fungi detected, aligning 
with a study by Herrera et al. (2019), where these fungi were 
also common in Epidendrum marsupiale. The family Cera-
tobasidiaceae was detected from samples collected from 
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all provinces in South Africa except Gauteng and Western 
Cape. Previously, Makwela et al. (2022a) and Makwela et al. 
(2022b) did not detect Ceratobasidiaceae in Gauteng. How-
ever, in earlier studies, Waterman et al. (2011), consistently 
detected Ceratobasidiaceae associated with orchids from 
the tribe Coryciinae along the eastern coastline of South 
Africa extending into the Western Cape province. This dis-
parity could emerge from the difference in sampling and 
source between this study and Waterman et al. (2011). The 
roots samples from the Western Cape province originated 
from nurseries whereas Waterman et al. (2011) worked on 
wild orchids. This observation further reinforces the above 
hypothesis that fungal biodiversity associated with orchids 
differs depending on cultivation strategies (in soil vs. nurser-
ies). It also underscores the flexibility of orchids in selecting 
their symbiotic partners based on geographic location, align-
ing with the proposition made by Jacquemyn et al. (2016).

Community composition and diversity of fungi 
differed between the sampled countries

Despite variations in the richness of fungal species across the 
global samples, the overall diversity, as measured by Shannon 
and Simpson indices, remained consistent. Nonetheless, 
the presence of distinct clusters in the PCoA plot indicated 
significant differences in fungal communities among the 
samples, emphasizing the potential influence of geographic 
factors on fungal diversity (Tedersoo et al. 2013; Poulin et al. 
2011). However, as seen in the core fungal taxa analysis, there 
was substantial overlap between taxa between these regions.

In the core fungal taxa analysis, the most prevalent fungal 
orders detected from all three datasets were Chaetothyriales, 
Hypocreales, Pleosporales and Tremellales. None of these 
orders include fungi that are recognized as orchid mycor-
rhizae. Nevertheless, Pleosporales are frequently detected 
in orchid roots, although their mycorrhizal status remains 
unconfirmed (Makwela et al. 2022a). Even though many fungi 
detected in this study may not be recognized as symbionts of 
orchids, they may contribute to mobilizing soil nutrients in the 
rhizosphere, thereby promoting orchid growth, or they may 
inhabit the roots as endophytes (Zhao et al. 2014).

In this study, core fungal communities associated with 
roots of Epidendrum included both overlapping and distinct 
fungal orders. Thus, we hypothesize that Epidendrum likely 
acquires a core set of fungal orders irrespective of where it 
is propagated, while also associating with region-specific 
fungi. To validate this, further research on the fungal bio-
diversity associated with the roots of various orchids and 
Epidendrum across more diverse regions is needed. Never-
theless, this flexibility of Epidendrum in recruiting diverse 
fungi was previously reported for E. firmum populations 
from Costa Rica (Kartzinel et al. 2013). It was shown that E. 

firmum from this region exhibited a broad specificity and the 
potential for opportunistic associations with diverse fungi. 
Similar trends have also been observed in studies explor-
ing fungal biodiversity associated with roots of woody and 
herbaceous plants. For example, Klironomos (2003), Porter 
et al. (2011) and Policelli et al. (2019) demonstrated that 
arbuscular mycorrhizal plants often establish relationships 
with widely distributed fungal species or form new partner-
ships when introduced to new areas, potentially replacing 
some of those from their native habitats (Nuñez and Dickie 
2014; Orlovich and Cairney 2004).

Current challenges and way forward in orchid 
mycorrhizal research

Orchid mycorrhizal research has made significant progress 
in recent decades, but there are still several limitations 
and areas for future exploration. One key area is gaining 
an understanding of how the distribution and abundance 
of appropriate mycorrhizal fungi influence the population 
dynamics of introduced orchids (Li et al. 2021; McCormick 
et  al. 2018). As seen in this study, while mycorrhizal 
specificity did not necessarily limit the distribution range of 
Epidendrum, it is not known how the complex interactions 
between the orchids, their fungal partners and environmental 
conditions are affecting their biogeography (Jacquemyn 
et al. 2017; Li et al. 2021; McCormick et al. 2018). For this, 
understanding the biodiversity of orchid-associated fungi 
from different regions is an essential step forward.

Next-generation sequencing has become an effective tech-
nology for studying microbial diversity from various envi-
ronments. This platform has been used for identifying the 
fungal diversity associated with various orchid species. Still, 
our knowledge of the specificity, dynamics and functional 
significance of fungi that associate with orchids as symbionts 
or endophytes is limited (Li et al. 2021). For example, in this 
study, we detected various fungi from the roots of Epiden-
drum across three continents. However, our identification of 
the fungi up to the species level was limited by the choice 
of a short-read sequencing platform and reference database. 
Currently, commonly used references such as those from 
UNITE and NCBI lack representative sequences for orchid-
associated fungi. We also could not in most cases identify the 
specific functional guilds and trophic modes of these fungi 
using popularly used databases like such and FUNGuild or 
FungalTraits (Nguyen et al. 2016; Põlme et al. 2020). Previ-
ous studies conducted by our team also faced similar chal-
lenges (Makwela et al. 2022a, b) using earlier versions of 
these databases. This illustrates that the rate of discovering 
new orchid-associated fungi is slow, resulting in almost no 
new reference sequences in the updated versions of the data-
bases. This is primarily because isolating and identifying 
orchid mycorrhizae is challenging (Zhu et al. 2008).
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In another section of this study, we made numerous 
attempts to isolate orchid mycorrhizae from the root sam-
ples collected from South Africa using the various previ-
ously published protocols (Athipunyakom et al. 2004; Chen 
et al. 2012; Tian et al. 2022; Xi et al. 2020; Yamato et al. 
2005; Zettler and Corey 2018; Zhu et al. 2008). However, 
we realized that there is no single user-friendly protocol for 
isolating orchid mycorrhizae; instead, it requires continuous 
effort. Through persistent attempts, we successfully isolated 
Tulasnella epidendrea from the roots of Epidendrum × obrie-
nianum (Crous et al. 2023). Like other species of Tulasnella, 
we predicted that this species could be an orchid mycor-
rhizal fungus. However, we have not conducted infection 
trials to confirm this due to technical challenges. However, 
such trials are essential to increase our current knowledge of 
the infection biology of orchid mycorrhizal fungi and their 
function (Li et al. 2021). Applying techniques such as stable 
isotope labelling, enzyme assays and transcriptomics could 
help us to elucidate the functional diversity and ecological 
roles of orchid mycorrhizal fungi, and how these functions 
vary across different orchid species and environments.

The knowledge gained from the abovementioned studies 
and the fungal isolates can be used for seed germination, 
growth promotion and conservation of orchids (Dearnaley 
2007; Li et al. 2021). Many orchid species are threatened 
by habitat loss, overexploitation and climate change, such 
as Brachycorythis conica subsp. transvaalensis from South 
Africa (Makwela et al. 2022a). Knowledge of the use of myc-
orrhizal fungi in orchid seed germination and seedling estab-
lishment can have important implications for ex situ conser-
vation and reintroduction efforts (Dearnaley 2007; Li et al. 
2021). Additionally, exploring the potential of mycorrhizal 
fungi for growth promotion and stress tolerance in orchids 
could lead to the development of more efficient cultivation 
techniques and improved orchid production (Li et al. 2021).

Conclusion

This study showed that the roots of Epidendrum orchids har-
bour a wide range of fungi with various ecological roles. We 
also showed that Epidendrum maintained core fungal orders 
from their native habitats when moved to new regions, while 
also forming new associations with local fungi. We believe 
that orchids of the same genus with a broad distribution 
range likely associate with different mycorrhizal partners 
based on their geographical locations, although further stud-
ies are needed to confirm this.

Using widely propagated horticultural orchids, such as 
Epidendrum, for fungal biodiversity studies presents sev-
eral limitations. All these limitations could have affected 
the observed fungal biodiversity associated with the roots 
of Epidendrum. One significant challenge is determining the 

parentage of these orchids, as Epidendrums are frequently 
crossed with various other species within the genus to 
achieve desired floral morphologies. Many of these hybrids 
are not necessarily registered (see The Royal Horticultural 
Society, The International Orchid Register). Our sample size 
was greatly affected by our criterion to use plants not treated 
with fungicides or biocontrol agents like Trichoderma spe-
cies. While we can confirm that our immediate sources did 
not use these antifungal agents, we cannot rule out the pos-
sibility of prior treatments before the plants reached our 
sampling sources. In this study, we also collected samples 
from both private (Colombia) and public (Germany) orchi-
dariums, each housing a diverse orchid collection from vari-
ous parts of the world. This exposure likely subjected the 
Epidendrum to a higher diversity of fungi than usual in the 
regions. Nevertheless, future studies involving other orchid 
genera or species, while considering the limitations men-
tioned above, could further validate if the strategy imple-
mented by Epidendrum for recruiting fungal partners is 
consistent across the Orchidaceae or exclusive to this genus.
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