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Orchids grow in diverse habitats worldwide with most (approximately 69%) growing
on trees as epiphytes. Although orchid mycorrhizal fungi have been identified as
potential drivers for terrestrial orchid distribution, the influence of these fungi on
the fine-scale distribution of epiphytic orchids is poorly understood. In this study,
we investigated the mycorrhizal fungal community and fine-scale distribution of
Dendrophylax lindenii, arare and endangered epiphytic orchid that s leafless when
mature. We used amplicon sequencing to investigate the composition of orchid
mycorrhizal fungi in the roots of 39 D. lindenii individuals in their natural habitat,
the swamps of Florida. We compared the orchid mycorrhizal fungi of D. lindenii
to those of co-occurring epiphytic orchids, as well as to the orchid mycorrhizal
fungal communities of bark from potential host trees, with and without D. lindenii.
Our results show that D. lindenii has a high specificity for a single Ceratobasidium
species, which is widely distributed on phorophytes and detected in both wet and
dry periods in the orchid’s habitat. This Ceratobasidium species was mostly absent
or only recorded in low frequency in the roots of co-occurring epiphytic orchids.
Phylogenetic analysis documented that this Ceratobasidium was conspecific
with the strain that is used to germinate D. lindenii ex-situ. However, our findings
suggest that laboratory germinated adult D. lindenii transplanted into the field had
lower read abundances of this Ceratobasidium compared to naturally occurring
plants. These findings suggest that this orchid mycorrhizal fungus may play a
significant role in the fine-scale distribution of naturally occurring D. lindenii.

conservation, Ceratobasidium, host tree specificity, amplicon sequencing, ghost orchid

Introduction

Mycorrhizal fungi are well known mutualists that are essential for their plant partners’
abundance and spatial distribution (Smith and Read, 2010; McCormick and Jacquemyn, 2014).
While ca. 69% of orchid species are tropical epiphytes (Zotz, 2016), little is known about the
orchid mycorrhizal fungi (OMF) they associate with compared to temperate terrestrial orchids.
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Epiphytic orchids, like their terrestrial counterparts, enlist OMF to
facilitate seed germination and seedling development, but it remains
unclear to what degree epiphytes continue to utilize OMF into
maturity (Dearnaley et al., 2012; Rasmussen et al., 2015; Selosse et al.,
2022). Stable isotope work by Gebauer et al. (2016) revealed that a
greater number than previously thought of orchids are likely reliant
on OME and are functioning as myco-heterotrophs even though they
are photosynthetic as adults. This finding of likely orchid dependence
on OMF as adults, especially epiphytic orchids, raises the question of
the potential role that OMF play in driving their fine-scale
spatial distribution.

The drivers of fine scale epiphyte spatial distribution and host tree
(phorophyte) specificity have been debated within the literature for
over a century since the writings of Schimper (1888) see review by
Wagner et al. (2015). Debate has focused on the role of various abiotic
factors (e.g., microclimate and host bark characteristics) and biotic
factors (e.g., symbiotic fungi and co-occurrence with moss). Research
by McCormick et al. (2018) has demonstrated that while OMF may
restrict terrestrial orchid distributions at local scales, at broad
geographic scales terrestrial orchids are not constrained by OMF. Most
of these findings were established for terrestrial orchids, with
investigations of epiphytic orchids still pending (Li et al., 2021).
Recently, studies have investigated fungal communities in the bark of
phorophytes of epiphytic orchids, which providing insights into
phorophyte specificity and spatial distribution of epiphytic orchids
(Izuddin et al., 2019; Eskov et al., 2020; Pecoraro et al., 2021; Petrolli
et al,, 2021, 2022). Eskov et al. (2020) further explored OMF and
revealed that fungi colonizing epiphytic orchid roots were significantly
different from the phorophytes’ branches. Pecoraro et al. (2021)
studied the phorophyte specificity of two epiphytic orchid species, as
well as the environmental factors influencing the relationship between
the orchids and their phorophytes. They concluded that the orchid
phorophyte associations were influenced by the phorophyte bark’s
OMF communities and potentially its pH and water holding capacity.
Recent studies have also revealed examples of a strong fungal
specificity of epiphytic orchids associated with a single OMF species,
Ceratobasidium or Tulasnellaceae species (Rammitsu et al., 2019,
2020) despite inconclusive early studies (Gowland et al., 2013; Wang
etal., 2017).

Amplicon sequencing, a type of environmental sequencing, is a
cost-effective advancement for investigating fungal communities
compared to traditional culture-based methods (McCormick and
Jacquemyn, 2014; McCormick et al., 2018). Ectomycorrhizal (ECM)
fungi as well as some OMF are known to be recalcitrant to being
cultured and recent studies utilizing amplicon sequencing have
detected a diversity of ECM fungi in the roots of both epiphytic and
terrestrial orchids (Selosse et al, 2022). Additionally, amplicon
sequencing can increase the detection of potential OMF in epiphytic
orchid roots compared to Sanger Sequencing as Sanger Sequencing is
often limited by the need for first culturing the fungi (Waud et al.,
2016; Jacquemyn et al., 2017; Novotna et al., 2018; Johnson et al., 2021).

We chose the rare leafless epiphytic orchid Dendrophylax lindenii
(Lindl.) Bentham ex Rolfe (Figure 1) as our study taxon to further
document OMF communities of rare tropical epiphytic orchids and
to examine the potential role of OMF as drivers of their phorophyte
specificity. In addition to sampling the roots of D. lindenii we sampled
co-occurring epiphytic orchids and the bark of potential phorophytes
with and without D. lindenii to uncover evidence of OMF specificity

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1057940

FIGURE 1

(A) Flowers of Dendrophylax lindenii (photo by Larry W. Richardson).
(B) Dendrophylax lindenii roots growing on the tree trunk of a
phorophyte, Fraxinus caroliniana.

during two periods, flooded and not flooded in the area of its natural
distribution in the United States (Supplementary Figures S1, 52).

Dendrophylax lindenii, also known as the Ghost Orchid, is
restricted to southwestern Florida and the western tip of Cuba (Brown,
2002) where it remains vulnerable to poaching and environmental
changes (Mdujica et al, 2018, 2021). In Florida, less than 1,500
individuals are thought to remain (Haaland et al., 2022), and in Cuba,
the number is even fewer [<500; (Mdjica et al., 2018)]. In the Florida
Panther National Wildlife Refuge where about 1/3rd of the state’s
Ghost Orchids are found, Mujica et al. (2018) calculated that
D. lindenii numbers will decline by 20% during the next decade.
Consequently, the species is now a candidate for U.S. Federal
protection under the Endangered Species Act (Haaland et al., 2022).
The Florida habitats of D. lindenii consist of cypress domes and strand
swamps in the Big Cypress Basin. According to a study by Mujica et al.
(2018) in 2015, 69% of the growth of D. lindenii in Florida is found on
the trunks of Fraxinus caroliniana Mill., while occurring less
frequently (36%) on Annona glabra L. These trees are typically located
in the lower canopy under Taxodium distichum (L.) Rich. (Brown,
2002; Stewart and Richardson, 2008). Although D. lindenii grows in a
moist habitat, it experiences dry periods during the region’s dry season
which lacks any standing water (Mujica et al., 2018).

Like all orchids, D. lindenii requires OMF for germination (Hoang
etal, 2017). Early seedling stages of D. lindenii have a rudimentary
ephemeral leaf. As an adult, the orchid lacks leaves and shoots and
photosynthesizes predominantly via its roots (Benzing and Ott, 1981;
Benzing et al., 1983; Hoang et al., 2017). Benzing and Ott (1981), have
utilizes CAM
photosynthesis, and Chomicki et al. (2014) using microscopy

shown that the mature roots of D. lindenii

hypothesized that it forms a mutualism with an OMF
(Ceratobasidiaceae) to obtain carbon to supplement its photosynthesis.
Furthermore, seed germination experiments by Hoang et al. (2017)
and Mujica et al. (2018) have confirmed that D. lindenii associates with
a Ceratobasidium and that this fungus is present in mature roots.
Our primary aim for this study was to identify the OMF associated
with D. lindenii and to investigate the potential role of OMF in
influencing its fine-scale distribution within naturally occurring
populations (i.e., why it was found on some potential phorophytes and
not on others). We tested two hypotheses: (1) D. lindenii has a specific
community of OMF compared to co-occurring epiphytic orchids; and
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(2) the OMF colonizing D. lindenii are found in the bark of D. lindenii
phorophytes in higher abundances than in the bark of trees without
D. lindenii. Given that D. lindenii is currently state-listed as
endangered, we primarily restricted our sampling to root tips to
minimize damage to the plant. To investigate if additional OMF were
missed with this sampling method we also investigated the fungal
community of four whole roots.

Materials and methods

Study sites, tree bark and orchid root
sampling

During 2016 and 2018 we collected >100 root and bark samples
from five sites at the Florida Panther National Wildlife Refuge
(FPNWR) a 10,684 ha area (Supplementary Table S1). Four of the sites
were natural habitats for D. lindenii. The fifth site lacked naturally
occurring plants but had D. lindenii explants that were
micropropagated under axenic conditions in the lab and subsequently
transplanted (attached) on appropriate species of trees. The site with
explants we identified as Site 4 in our study. Most of the sites were
dominated (over 90%) by F. caroliniana as the main phorophyte. Sites
were either sloughs or strand swamps and were separated by about
1km from each other. When we collected samples in 2016 (March),
FPNWR sites all had standing water in sloughs and swamps
(Supplementary Figure S1), but all sites were dry (not flooded) when
we sampled in 2018 (April) (Supplementary Figure S2). This sampling
period in 2018 was unusually dry. The precise sites at the FPNWR are
not disclosed herein because D. lindenii and several co-occurring
orchids are state-listed as endangered and remain highly vulnerable to
poaching. For each site, Special Use collecting permits were obtained
(USFWS, OMB Control # 1018-0102), and permission to access and
sample D. lindenii populations was subsequently granted.

In March 2016, root samples were collected from four sites at the
FPNWR Sites 1-4 (Supplementary Table S1). Root samples were
collected from the leafless epiphytic orchid species D. lindenii (n=9)
and several co-occurring epiphytic orchids: Campylocentrum
pachyrrhizum (Rchb.f.) Rolfe (n=3), Dendrophylax porrectus (Rchb.f.)
Carlsward & Whitten (n=6), Epidendrum amphistomum A. Rich.
(n=4), Epidendrum nocturnum Jacq. (n=1) and Prosthechea cochleata
(L.) W. E. Higgins (n=3). Simultaneous with the collection of root
samples, bark samples were collected from phorophytes adjacent of all
epiphytic orchids (Supplementary Table S1).

In April 2018, sampling of the roots of an additional 27 D. lindenii
plants was carried out at the original four sites plus one additional site
(Site 5). Concurrent with the root tissue collection, bark samples
(n=57) were collected from phorophytes of D. lindenii and trees
without D. lindenii (Supplementary Table S1). Five trees with and five
trees without D. lindenii individuals were sampled at each of the five
sites. The sampling design considered the position of D. lindenii on the
tree and bark samples were collected from (1) the base of the tree
trunk, (2) above D. lindenii, (3) the side of roots of D. lindenii root; and
(4) the opposite side of the tree trunk (Supplementary Figure 53). In
instances where D. lindenii was not present bark samples were
collected from the base of the tree and three additional samples were
taken at a height of at breast height (1.5M) from base, where
D. lindenii would typically grow.
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Additionally, we conducted a pilot study to assess the success of
amplicon sequencing of root tips for revealing the OMF community
of D. lindenii. We obtained 50 mm root samples collected from three
mature individuals of D. lindenii at the FPNWR. A root of a D. lindenii
that was home cultivated from Redlands, Florida was also sampled.
For this pilot study, roots were cut into 5mm long segments starting
from the tip and labelled alphabetically (i.e., A, B, C, etc. see
Supplementary Figure S4).

DNA extraction, PCR amplification, and
amplicon sequencing

Approximately 5 mm of root tip and bark tissue was collected and
stored in cetyltrimethylammonium bromide (CTAB) buffer. Root and
bark samples were surface sterilized with 70% ethanol, and 50%
Clorox® (2.6% sodium hypochlorite) using the method outlined in
Bayman et al. (1997). Next, genomic DNA was extracted from root
samples using the Qiagen DNeasy extraction kits (Qiagen, Valencia,
CA, United States) following the manufacturer’s instructions. DNA
from bark samples was extracted with the modified CTAB method of
Murray and Thompson (1980), and for difficult to extract samples the
MOBIO Power Soil DNA Extraction kit (MOBIO Laboratories,
Carlsbad, CA, United States) was
manufacturer’s instruction.

used following the

The extracted genomic DNA from the 2016 root samples was
amplified using the primers: ITS86f (5- GTGAATCATCGAA
TCTTTGAA-3'; Turenne et al., 1999) and ITS4 (5'- TCCTCCGCT
TATTGATATGC-3’; White et al., 1990). These fungal primers
(ITS86F/ITS4) amplify the internal transcribed region ITS, the
standard fungal barcode, for ITS subregion 2 which is shown to
be effective for delimiting OMF such as those in the Cantharellales.

Next, amplicons from the PCR products were produced using a
three step PCR sequencing protocol (see Johnson et al., 2021 materials
and methods). This included PCR steps that used modified primers
with indices from the Nextera XT kit for 96 indices to sequence
2x250bp. The final amplicon libraries generated for root and bark
samples were quantified using a Qubit dsDNA HS kit (Invitrogen) and
a Bioanalyzer-Agilent 2100 (Agilent Technologies, Santa Clara, CA,
United States). Final amplicon libraries for root and bark samples were
pooled together in equimolar concentrations and the final pool was
then sequenced on an Illumina MiSeq at the Pritzker Lab at the Field
Museum (Chicago, IL).

The root sections from the pilot study, root tips, and bark samples
from 2018 were PCR amplified using modified fungal primers ITS86F/
ITS4 with barcodes supplied from Novogene Bioinformatics Institute
(Beijing, China) following the protocol applied in 2016. The generated
final amplicon libraries were pooled to equimolar concentrations then
shipped to Novogene and sequenced on an Illumina HiSeq. Sequences
generated from this study were submitted to NCBI’'s Sequence Read
Archive under the BioProject PRINA948888.

Bioinformatics and statistical analyses
Initially, bioinformatics analyses were performed on roots

and bark collected in 2016 separately. Subsequently, the sequences
obtained from the bark, root, and root sections of the 2018
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dataset were integrated, and bioinformatics analyses were
conducted on these samples collectively to determine patterns of
similar Operational Taxonomic Units (OTUs) between
sample types.

To conduct bioinformatic analyses, the sequences were first
quality filtered, followed by OTU clustering utilizing the PIPITS
pipeline (version 1.4.0) default settings as described by Gweon et al.
(2015). Briefly, PIPITS joined reads and quality filtered short reads
(<50bp), extracted non ITS fungal reads with the script ITSx
(Bengtsson-Palme et al., 2013), then clustered OTUs at 95% sequence
similarity. Additional PIPITS scripts assigned taxonomy to OTUs with
the Ribosomal Database Project Classifier [a Naive Bayesian Classifier
(Wang et al., 2007)] and the UNITE database (Nilsson et al., 2019).
Sequences for the HiSeq dataset was analyzed separately from the
2016 MiSeq dataset. The single difference between analysis of the
MiSeq data analyses and HiSeq data analyses was omitting the ITSx
step for the HiSeq data.

To further investigate differences between fungal communities
we filtered rare OTUs that were less than 1,000 sequences, and the raw
read abundances were then normalized with Cumulative Sum Scaling
in the R package metagenomeSeq (Paulson et al., 2013). All statistical
analyses were conducted within R (R Core Team, 2022). The
visualization of abundance of sequences was first accomplished using
Krona charts, which were generated using Krona-2.8.1 within R
(Ondov etal,, 2011). Bar graphs showing relative and read abundances
were produced with the R package ggplot2. To better visualize
differences between read abundances, the y-axis was truncated using
the R package ggbreak (Xu et al., 2021).

Principal coordinate analysis (PCoA) was generated using
Bray-Curtis distances with the R package vegan and visualized
with ggplot2 (Wickham, 2016). Significance between fungal
communities of D. lindenii and epiphytic orchid roots, phorophyte
and the bark of trees without D. lindenii present, and location of
sites were determined with “permutational manova” (Anderson,
2001) in R package vegan (adonis2 function) by first permuting the
raw data with 9,999 permutations (Oksanen et al., 2022). Prior to
executing adonis2 for the permutational multivariate analysis of
variance (PERMANOVA) we also investigated the dispersion for
groups using another vegan function betadisper. In addition,
pairwise comparisons were completed for the PERMANOVA using
the pairwiseAdonis R package with Bonferroni corrections
(Martinez  Arbizu, 2017). p-values that are<0.05 were
considered significant.

Phylogenetic analyses were undertaken to investigate
relationships among the community of recovered Ceratobasidiaceae
sequences from 2016 and 2018 root and bark fungal samples. The
phylogenetic tree incorporated Ceratobasidium sequences from
NCBI GenBank. A sequence of Tulasnella from the UNITE fungal
database was used as an outgroup. We used MUSCLE (Edgar, 2004)
in AliView version 1.27 (Larsson, 2014) for multiple sequence
alignments and also used AliView to generate a Maximum
Likelihood tree using the default settings of the program FastTree
version 2.1.10 (Price et al., 2009). The final tree was rooted and

visualized using FigTree version 1.4.4.!

1 http://tree.bio.ed.ac.uk/software/figtree/
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Results

Sequence analyses of root and bark
samples

Fungal sequence data were obtained from roots of D. lindenii and
other co-occurring epiphytic orchids collected in the field in 2016 and
2018. Root samples in 2016 and 2018 yielded 537,371 (n=26) and
1,691,086 reads (n = 30), respectively, resulting in the identification of
526 and 1,077 Operational Taxonomic Units (OTUs) at the 95%
sequence identity level. Sequences generated from sections of whole
roots yielded 3,205,959 reads (n=37 root section samples) and
resulted in the identification of 1,372 OTUs. In 2016, we collected 30
bark samples and sequencing yielded 693,482 reads with a total of 550
OTUs. Most phorophytes sampled in 2016 were from E caroliniana
(over 90%) with a small proportion of A. glabra also being sampled
(Supplementary Table S1). Additionally, a bark sample was collected
from a Taxodium distichum that had an explant affixed to it
(Supplementary Table S1). In 2018 we successfully sequenced 57 bark
samples mostly from E caroliniana, from trees with D. lindenii (n=43)
and trees without D. lindenii (n=14), yielding 7,245,995 reads with a
total of 1,141 OTUs resolved.

The increase in read and OTU counts in 2018 can be attributed to
the use of the HiSeq platform instead of the MiSeq platform, as well
as the greater sampling intensity of root samples. The average OTU
richness observed in root and bark samples for 2016 was 67 and 55
respectively, whereas the OTU richness for 2018 samples for roots was
233 and 304 for bark (Supplementary Table S1). Unfortunately, no
amplicon libraries were generated for root samples collected at Site
2in 2016 as the library preps were unsuccessful resulting in sequence
data that was unsuitable for data analysis. The analysis of the pilot
study examining potential differences in fungal communities in
different sections of entire roots of both cultivated and wild collected
D. lindenii documented that fungal communities were similar across
all sections but were different between cultivated vs. wild collected
plants (Supplementary Figure S5).

Ceratobasidiaceae is the dominant OMF
associated with Dendrophylax lindenii

The fungal communities of naturally occurring D. lindenii roots
across all sites were observed to be similar and dominated by several
Ceratobasidiaceae, even during the flooded (2016) (Figure 2;
Supplementary Figure S6A) and not flooded (2018) periods
(Supplementary Figure S6B). The dominant Ceratobasidiaceae OTUs
associated with D. lindenii were OTU 11 (recovered from bark
samples), OTU 14 (recovered from 2016 root samples); and OTU 76
(recovered from both 2018 root and bark samples). Phylogenetic
analysis resolved each of these dominant Ceratobasidium OTUs as
part of a well-supported monophyletic clade, Clade 2, and are
considered conspecific (Figure 3). A visual analysis of sequence
alignments further supports this finding, as Clade 2 OTUs exhibit a
sequence similarity of more than 98%. Ceratobasidium Clade 2
includes other individuals that were previously recovered from mature
roots of D. lindenii. Included in Clade 2 is Dlin-394, which was derived
from cultures isolated from mature roots of D. lindenii and has been
used to germinate seeds of D. lindenii (Hoang et al., 2017).
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FIGURE 2
Relative abundance of fungal OTUs (putative OMF) obtained from root samples of D. lindenii and co-occurring epiphytic orchids in 2016.
Dendrophylax lindenii explants at site 4 are bolded and are labeled with an asterisk.

The pilot study undertaken to assess if the OMF community
recovered from root tips of D. lindenii provided was reflective of the
full root OMF community provided further evidence of the
dominance of Ceratobasidium Clade 2 in naturally occurring
D. lindenii. The majority of root sections from naturally occurring
D. lindenii, including the root tips, were dominated by Ceratobasidium
Clade 2 (Supplementary Figure S5). Of note, root section samples of
the home-cultivated D. lindenii lacked Ceratobasidiaceae OTUs.
Instead, an abundance of Ascomycota OTU reads (Lasiodiplodia OTU
1174 and  Diaporthales OTU  627)
(Supplementary Figure S5).

were  recovered

Ceratobasidium Clade 2 was present in most samples of
D. lindenii (Supplementary Figure S6C); however, it was absent or
only had very low read numbers from the roots of co-occurring
epiphytic orchids (Figure 2). Other taxa of Ceratobasidiaceae were
recovered from these orchids, e.g., Ceratobasidiaceae OTUs 19 and
22 were abundant in root samples of D. porrectus (Figure 2). These
OTUs belonged to different clades (Clade 1 and 3, Figure 3). Other
OMF taxa that were recovered from co-occurring epiphytic orchid
roots collected in 2016 (Figure 2; Supplementary Figures S6A,B)
included taxa of putative OMF Serendipitaceae and ECM fungi such
as Inocybaceae, Russulaceae, Scleroderma, Thelephoraceae,
Tomentella, and Tuber species. While present in lower proportions
(<1%) we did not detect a widespread presence of Tulasnellaceae

OTUs, a traditional OMFE.
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Diversity of OMF in bark of Dendrophylax
lindenii phorophytes and trees without
Dendrophylax lindenii

Unlike the root fungal community, the bark fungal community
was not dominated by Ceratobasidium Clade 2 or other
Ceratobasidiaceae OTUs. Ceratobasidiaceae OT'Us accounted for less
than 5% of the total reads (Supplementary Figures S7A.B).
Nonetheless, Ceratobasidium Clade 2 was present in most bark
samples (Figure 4). Other putative OMF detected in bark samples
were also rare and included a few Serendipitaceae and Tulasnella
OTUs. Additional rare OTUs also included ECM fungi including
Mycena, Russula, Thelephoraceae, and Tomentella.

The principal coordinate analysis (PCoA) and subsequent
PERMANOVA tests on root samples collected in both 2016 and
2018 showed significant differences between sites and orchid
species (Supplementary Figures S8A,B). Specifically, the 2016 root
samples reveal potentially significant differences in both orchid
species (PERMANOVA: F; ,;=2.11, R?=0.29, p <0.05, betadisper:
F= 2.08, p=0.11) and location (PERMANOVA: F, ,s=3.20,
R?=0.18, p<0.05, betadisper: F=5.09, p= 0.01). Furthermore,
pairwise comparisons showed significant differences between Site
4 (site with only introduced D. lindenii lab grown explants) and
the two other sites, Site 1 (adjusted p = 0.009) and Site 3 (adjusted
p=10.003). In addition, Site 4 also differed from Site 3 (adjusted
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Maximum likelihood phylogeny of putative Ceratobasidiaceae species based on ITS data set of 95 taxa using FastTree constructed with default
parameters. A cultured Tulasnella was used as an outgroup taxon. Bootstrap support values above 70% are reported. Sequences generated during this

p=0.03). Similarly, the D. lindenii root samples collected in 2018
revealed significant differences by site (PERMANOVA: F, ,, = 1.26,
R?*=0.20, p=0.036, betadisper: F= 1.24, p>0.5). However,
pairwise comparisons revealed no significant differences between
sites when adjusted p values were generated.

PCoA of bark data collected for 2016 (Supplementary Figure S9A)
revealed significant differences for both location (PERMANOVA:
F, ;,=1.82, R*=0.16, p<0.05, betadisper: F=1.47, p>0.05) and the
presence of D. lindenii (PERMANOVA: F, ;,=1.50, R*=0.03, p=0.028,
betadisper: F= 0.69, p=0.4). Although sites were not different during
the flooded period of 2016, pairwise comparisons of the 2018 bark
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data (corresponding PCoA is Supplementary Figure S9B) revealed
differences between Site 1 and Site 3 (adjusted p= 0.01); differences
between Site 2 and Site 5 (adjusted p= 0.03); and differences between
Site 2 and Site 4 (adjusted p = 0.05).

Discussion

Our study provides strong evidence that D. lindenii may have
a high specificity for a single Ceratobasidiaceae OTU
(Ceratobasidium Clade 2) in its natural habitat at the Florida
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FIGURE 4

Read abundance of Ceratobasidium clade 2 obtained from bark collected in 2018 from trees with and without naturally occurring D. lindenii. Bar graph
is condensed to better visualize the sample with the highest read abundance. Trees without naturally occurring D. lindenii are represented in bold and
have an asterisk. All bark samples shown in graph are from F. caroliniana obtained at various positions on the trunk except the base (see

Supplementary Table S1 for bark sample positions).

Panther National Wildlife Refuge (FPNWR). This OTU was found
to be abundant in D. lindenii roots, and rare (<1% of total reads)
in  other co-occurring epiphytic orchids at the
FPNWR. Ceratobasidium Clade 2 was also widespread at all sites
in the bark of phorophytes with D. lindenii and potential
phorophyte trees without D. lindenii during both flooded (2016)
and not flooded periods (2018).

This apparent extreme fungal specificity for one OME
Ceratobasidium Clade 2, is similar to that reported for
mycoheterotrophic orchids (McKendrick et al., 2002; Selosse et al.,
2002), terrestrial orchids (Thixton et al., 2020), and some epiphytic
orchids (Otero et al., 2002, 2004; Graham and Dearnaley, 2012;
Rammitsu et al., 2019, 2021a,b). Our findings of potential high
specificity with Ceratobasidium Clade 2 aligns with previous studies
demonstrating the importance of Ceratobasidium taxa supporting
healthy populations of other epiphytic orchids. For instance, Qin et al.
(2021) and Rammitsu et al. (2019) reported on other leafless epiphytic
orchids that have a high specificity for single Ceratobasidium species.
Furthermore, Ceratobasidium Clade 2 is conspecific (>99% similar)
with Ceratobasidium (Dlin-394) that was isolated and brought into
culture from roots of D. lindenii that was used to germinate D. lindenii
seeds (Hoang et al., 2017).

We also observed evidence of possible specificity in some of the
other co-occurring epiphytic orchids, but the sample size was small
for many of these epiphytic orchids and clear hypotheses could not
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be tested. Nevertheless, these orchids associated with different
Ceratobasidium. For example, Ceratobasidium OTU 19 and 22 were
detected primarily in D. porrectus, another leafless epiphytic orchid.
We hypothesize, with a caveat of small sample size, that mature roots
of leafless epiphytic orchids are dominated by a single OMF unique to
that species.

In addition to traditional OME we detected low read abundances
of ECM fungi in the roots of the epiphytic orchids examined. This is
in contrast to aerial roots of V. planifolia which were heavily colonized
by ECM fungi (Johnson et al, 2021). Vanilla planifolia is a
hemiepiphytic orchid and it is possible that the ECM fungi in the
aerial roots are from systemic colonization emanating from the
terrestrial roots. ECM fungi have been commonly reported from
terrestrial orchids, but except for those detected by Johnson et al.
(2021) an abundance of ECM fungi has not been reported colonizing
arial/epiphytic orchid roots.

Foliar orchids exhibited lower read abundances relative to
D. lindenii and other leafless epiphytic orchids (data not shown)
was observed in our study. We hypothesize that the greater
photosynthetic capacity of foliar orchids provided by their leaves
their on OMF for
fungal carbon.

reduces dependence supplemental
Amplicon sequencing enabled us to document the presence of
ECM fungi that are resistant to culturing in the orchid root

communities. However, we were not successful in recovering species
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of Tulasnellaceae. Whether this was actually due to very low
abundance of these species is not clear. Some primer bias of the primer
pair ITS86F/ITS4 for Tulasnella species has been reported and this
primer pair is likely poor for detecting Tulasnella spp. (Tedersoo et al.,
2015; Vogt-Schilb et al., 2020; Johnson et al., 2021; Rammitsu et al.,
2021a). Thus, future work using primers that are not biased towards
Tulasnellaceae is needed.

While bark is not a carbon source for orchids (Eskov et al., 2020),
it is the likely source of the OMF that epiphytic orchids need for
establishment including seed germination and seedling growth
(Rasmussen et al.,, 2015). Pellitier et al. (2019) documented that tree
bark can serve as an environmental filter for the fungal communities
available to epiphytic orchids. Thus, the distribution of OMF in tree
bark throughout an orchid’s range could influence its fine-scale
distribution. Ceratobasidium OTU Clade 2 was recovered from all
trees with D. lindenii, the fungus was also recovered in low abundance
from many potential phorophytes without the orchid, indicating that
additional studies are necessary to comprehend the factors that
contribute to the fine-scale distribution of D. lindenii beyond the
presence of the required OMEF. Although several A. glabra trees, the
other phorophyte of D. lindenii in Florida, were sampled, we were not
successful in obtaining sequences from those samples. Thus, attempts
should be made to sample sufficient numbers of A. glabra to better
understand the situation in Florida. Additionally, D. lindenii in Cuba
is found on several phorophyte species in comparison to the two
primary phorophyte species associated with D. lindenii in Florida.
Therefore, a fuller understanding of factors influencing the fine-scale
distribution of D. lindenii needs to include an analysis of
Cuban phorophytes.

When present, Ceratobasidium Clade 2 in bark was recovered
at low read abundances, i.e., <5% relative abundance even from
bark samples collected adjacent to actively growing root tips of
D. lindenii. If Ceratobasidium Clade 2 is functioning as a saprobe
in bark, then it is likely an inefficient saprobe and being
outcompeted by more efficient saprotrophic fungi in the bark
fungal community.

Although some E caroliniana in Site 4 had Ceratobasidium Clade
2 it may be below the threshold of abundance to facilitate establishment
and support the growth of naturally occurring plants (McCormick
etal, 2016). Understanding site differences in terms of the presence/
abundance of Ceratobasidium Clade 2 and other factors influencing
establishment is crucial to sustaining populations of D. lindenii and
preventing ‘senile’ populations) an ageing orchid population that lacks
seedling recruitment (Rasmussen et al., 2015).

The findings of this study indicate that D. lindenii, has high
specificity for a specific taxon of Ceratobasidium, Clade 2. While
this study provides data that suggest that the presence/absence (or
very low abundance) of the required OMF influences which tree
D. lindenii is likely to establish and persist, the fungus is probably
not the sole factor driving fine-scale distribution. Future studies
should focus on the role of abiotic factors, such as bark
characteristics like pH and phenolics, on Ceratobasidium growth,
as well as the ability of the orchid to establish on the tree surface.
Pellitier et al. (2019) demonstrated that fungal communities are
likely affected by pH and total phenolic content, therefore
experiments to test this hypothesis should consider other
abiotic factors.
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This study establishes the usefulness of amplicon sequencing as
a method to examine fungal communities in the roots of endangered
orchids such as D. lindenii. Sampling the actively growing root tips
provides a non-destructive sampling method for future studies of this
and other threatened and endangered orchids. Naturally occurring
D. lindenii appears to partner with a specific undescribed species of
Ceratobasidium. However, lab-grown explants of D. lindenii have low
abundance so long-term survival and successful reintroduction to
natural habitats should account for potential phorophytes with
abundant Ceratobasidium present for a viable conservation method.
Additionally, while the presence of the required fungus is necessary
for establishment of the orchid on a particular tree, it is likely that
other factors which impact its fine-scale distribution, are also
involved. Understanding how the difference in OMF abundance
between naturally occurring plants and explants and the factors
influencing successful establishment on phorophytes are needed to
enhance the success of efforts to augment the population of the Ghost
Orchid and refine conservation actions.
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