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Orchids form mycorrhizal symbioses with fungi in natural habitats that affect their seed
germination, protocorm growth, and adult nutrition. An increasing number of studies
indicates how orchids gain mineral nutrients and sometime even organic compounds
from interactions with orchid mycorrhizal fungi (OMF). Thus, OMF exhibit a high diversity
and play a key role in the life cycle of orchids. In recent years, the high-throughput
molecular identification of fungi has broadly extended our understanding of OMF diversity,
revealing it to be a dynamic outcome co-regulated by environmental filtering, dispersal
restrictions, spatiotemporal scales, biogeographic history, as well as the distribution,
selection, and phylogenetic spectrum width of host orchids. Most of the results show
congruent emerging patterns. Although it is still difficult to extend them to all orchid species
or geographical areas, to a certain extent they follow the “everything is everywhere, but
the environment selects” rule. This review provides an extensive understanding of the
diversity and ecological dynamics of orchid-fungal association. Moreover, it promotes the
conservation of resources and the regeneration of rare or endangered orchids. We provide
a comprehensive overview, systematically describing six fields of research on orchid-fungal
diversity: the research methods of orchid-fungal interactions, the primer selection in high-
throughput sequencing, the fungal diversity and specificity in orchids, the difference and
adaptability of OMF in different habitats, the comparison of OMF in orchid roots and soil,
and the spatiotemporal variation patterns of OMF. Further, we highlight certain shortcomings
of current research methodologies and propose perspectives for future studies. This
review emphasizes the need for more information on the four main ecological processes:
dispersal, selection, ecological drift, and diversification, as well as their interactions, in the
study of orchid-fungal interactions and OMF community structure.

Keywords: orchid mycorrhizal fungi, orchid non-mycorrhizal fungi, primer selection, fungal diversity, mycorrhizal
specificity, environmental filtering, spatio-temporal variation
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INTRODUCTION

Biological interactions are key for the construction and
maintenance of communities (Bascompte and Jordano, 2007;
Bonfante and Anca, 2009). Fungi interact with the roots of
all vascular plants, 85% of them form a mutually symbiotic
relationship called a mycorrhiza (van der Heijden et al., 2015)
that is pivotal for plant nutrition as well as for soil biology
and chemistry (Smith and Read, 2008; Brundrett and Tedersoo,
2018). As they are crucial to ecosystems, mycorrhizal fungi
extensively influence plant populations and communities and
are divided into four basic types: ectomycorrhizae (ECM),
arbuscular mycorrhizae (AM), ericoid mycorrhizae (ErM),
and orchid mycorrhizae (OM; Smith and Read, 2008; van
der Heijden et al, 2015; Tedersoo et al, 2020). In this
mutualistic relationship, plants receive water and mineral
nutrients (particularly phosphorus) from the fungi and are
protected against biotic and abiotic stresses, while host plants
supply carbon from their photosynthesis (Smith and Read,
2008; Kohler et al., 2018; Tedersoo and Bahram, 2019). The
strength of mycorrhizal interactions is evidenced by the
evolutionary history of fungal symbionts and host plants
(Selosse and Tacon, 1998; Hoeksema et al., 2018). Interestingly,
OM are considered as more beneficial to orchids than
fungi, which rely on other resources as saprotrophs or
endophytes of non-orchid roots (Selosse and Martos, 2014).
Thus, the interaction between orchids and fungi appears
as interdependent asymmetry (Martos et al, 2012;
McCormick and Jacquemyn, 2014; McCormick et al., 2018).

Orchids are the second largest flowering plant family after
Asteraceae. In addition to being an “ideal model” group for
research on the biodiversity and evolution of interactions
(Selosse, 2014), this family represents a “flagship” group for
the protection of endangered plants globally (Liu et al., 2015a,
2020; Zhang et al., 2017). There are nearly 30,000-35,000
species of orchids worldwide (ca.10% of angiosperms; The
Plant List, 2013; Chase et al., 2015). However, more than
50% of these species are concentrated in the tropical areas
of the world (Givnish et al., 2016). They reportedly colonized
the epiphytic habitat approximately 35 million years ago
(Givnish et al., 2015). The ratio of epiphytic to terrestrial
orchids in different countries ranges from nearly 1:1 to 5:1
(Givnish et al., 2015; Zhang et al., 2015).

Fungal symbionts are essential as they provide carbon
and minerals to the dust-like, reserveless orchid seeds during
the early development (Dearnaley et al., 2016). The plant
first develops into a spheroid organism that is achlorophyllous
in most terrestrial species, called as a protocorm that later
develops roots and shoots. The dependency on fungi continues
until the adult stage, albeit to different degrees (Smith and
Read, 2008; Waterman et al., 2011; Schweiger et al., 2018;
Shefferson et al., 2018). Based on their dependence on fungal
carbon, adult orchids are classified as (1) autotrophic (AT)
that rely on fungi in the early developmental stage but
display reduced dependence for carbon as their photosynthetic
apparatus develops; (2) mycoheterotrophic (MH) that remain
achlorophyllous and are completely dependent on fungal

carbon throughout their life; and (3) mixotrophic (MX)
orchids that can acquire carbon compounds from
photosynthesis and at adulthood (Dearnaley et al., 2012).
The existence of truly AT orchids is currently controversed;
their isotopic difference from surrounding autotrophs for
BC, PN, 0O, and *H abundances suggests that they acquire
some fungal biomass (Selosse and Martos, 2014; Gebauer
et al.,, 2016; Schiebold et al., 2018). However, the net flow,
considering the potential reverse flow from orchid to fungus,
remains unknown in most green orchids (referred to here
as AT) and the existence of C flow fungus to orchids,
smaller than in the reverse direction, is anciently reported
(Cameron et al., 2008).

The scientific community has been interested in orchids-
fungi biological interactions, owing to pioneering research on
the symbiotic germination of orchids by Noél Bernard at the
end of nineteenth century (Selosse et al., 2011). The fungus
is colonizing germinating seeds via trichomes and suspensor
cells (Smith and Read, 2008) as well as root velamina and
cortical cells at adult stage (Clements, 1988), further producing
a large number of intracellular coiled fungal hyphae, known
as pelotons and considered as a structure for exchange during
their life or even at their death for C transfers to the plant
(Rasmussen, 1995; Selosse, 2014; Dearnaley et al., 2016).

In-depth analysis of fungal diversity provides a better
understanding of the plant-fungal interaction framework.
Early culture-based methods were unable to accurately identify
several isolated strains because (i) many species are
uncultivable and (ii) taxonomic discrimination between
morphologically similar fungal species is difficult, as
exemplified by case of Serendipita vermifera (Cruz et al.,
2011; Weifs et al., 2016; Bajpai et al., 2019). However, the
development in molecular ecology through Sanger sequencing
and high-throughput sequencing (HTS) technologies in the
last decade has substantially improved our understanding
of plant microbiota (Miiller et al., 2016; Nilsson et al., 2019;
Toussaint et al., 2020). Moreover, implementing these
technologies to elucidate orchid-fungal interactions provided
vital information about the diversity, community structure,
patterns, and molecular mechanisms of this symbiosis (Martos
et al, 2012; Jacquemyn et al, 2015a; Fochi et al., 2017;
Miura et al., 2018; Unruh et al., 2019). Fungal partners of
at least 200 genera of Orchidaceae have been identified
through the analysis and assessment of orchid-associated
fungi under the influence of various biotic and abiotic factors
(Ma et al., 2015) such as developmental stages, habitats, or
spatiotemporal scales.

To facilitate an extensive understanding of the diversity
and ecological dynamics of orchid-fungal associates and to
promote the resource conservation and regeneration of rare
or endangered orchids with high research or commercial
potential, this article summarizes six research modules: the
research methods of orchid-fungal diversity, the primer
selection in HTS, the fungal diversity and specificity in
orchids, the difference and adaptability of orchid mycorrhizal
fungi (OMF) in different habitats, the comparison of OMF
in orchid roots and soil, and the spatiotemporal variation
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patterns of OME. Thus, this review provides avenues for
in-depth insight into this field.

RESEARCH METHODS OF
ORCHID-FUNGAL DIVERSITY

The primary research methods of orchid-fungal diversity include
pure culture (dependent on isolation) and molecular identification
(independent of isolation; Dearnaley et al., 2012; Kohout et al,,
2013; Zettler and Corey, 2018). In fact, orchid mycorrhizal
symbionts may be considered as an easy symbiotic system
under experimental conditions, since both partners can
be cultured aseptically in many cases (Dearnaley et al., 2012).
Previous studies have demonstrated the importance of in vitro
fungal isolation in the understanding and experimenting on
OM. Moreover, the identifications of some relatively easy-to-
isolate strains and biological effect detection have been reported
in recent years (Meng et al., 2019a,b,c; Bell et al,, 2020; Gao
et al, 2020b; Zhang et al,, 2020). Isolation methods mainly
include isolation from whole tissue or tissue section, in situ
seeding and trapping isolation, and single peloton isolation;
of these, single peloton isolation (i.e., the isolation of pelotons
from host cells by micromanipulation) is considered as the
most reliable and accurate method (Zettler et al, 2005;
Batty et al., 2006; Zi et al., 2014; Zettler and Corey, 2018).
Molecular identification methods mainly consist of traditional
research approaches as well as sequencing via high-throughput
platforms. Traditional methods include DNA microarrays, clone
libraries, denaturing gradient gel electrophoresis, fluorescence in
situ hybridization, and gene chips (Dearnaley, 2007; Tedersoo
and Nilsson, 2016). Considering the shortcomings of these
traditional methods, such as low throughput, tedious operation
framework, and low accuracy, and the development and popularity
of MiSeq PE300 and HiSeq PE250 platforms, the molecular
identification of orchid-associated fungi has been improved, and
these techniques have replaced the fastidious cloning techniques
(Julou et al., 2005). HTS technologies have several advantages
such as high throughput, low cost, objective reduction of microbial
community structure, and trace detection of fungi (Cruz et al,
2014; Tedersoo and Nilsson, 2016; Tedersoo et al., 2018; Nilsson
et al, 2019). However, they also allow the amplification of
contaminants and non-OM fungi. In addition, the recent shotgun
metagenomic technology using an Illumina NovaSeq/Hiseq
sequencer can acquire functional gene information from all the
microorganisms in a community through genomic DNA analysis
(Bahram et al.,, 2018; Fadiji and Babalola, 2020). Together with
the increasing availability of orchid and reference OM fungal
genomes (Kohler et al, 2015; Zhang et al,, 2016, 2017), this
technology promises extraordinary progress in the study of OM.
Although isolation methods can neither acquire the
uncultivable fungi, comprising a large proportion, nor determine
all the taxonomic data, this method remains crucial for
experiments and determining fungal functions in the symbiosis
(Hyde and Soytong, 2008; Sathiyadash et al., 2012; Oliveira
et al., 2014; Salazar-Cerezo et al., 2018; Raza et al., 2019). In
order to effectively utilize fungi for the orchid protection and

research on orchid physiology ex situ, it is essential to use
the various types of culture media in order to isolate all the
fungi that are potentially relevant for orchid growth. For this,
we support single peloton isolation as the most reliable method
if combined with high-efficiency molecular identification,
especially if carried out at different developmental stages and
in various habitats.

PRIMER SELECTION IN HTS

In fungal research, various PCR primers targeting ribosomal
RNA (rRNA) locus, mainly the internal transcribed spacer
(ITS), were used in the initial OM diversity studies (Selosse
et al., 2004; Shefferson et al., 2005; Bonnardeaux et al., 2007).
However, an accelerated rDNA sequence complicates the
amplification of one of the most common OMF taxon (Taylor
et al., 2002; Binder et al., 2005), the family Tulasnellaceae (see
below), driving the development and optimization of OM-specific
PCR primers.

Taylor and McCormick (2008) first developed specific primers
ITS1-OF and ITS4-OF for studying OM diversity by amplifying
the full ITS based on the sequences of Basidiomycete fungi
including Tulasnella species. This set has been widely used for
the identification of OM via cloning and sequencing (Xing
et al, 2015, 2017, 2019; Jacquemyn et al., 2016a; Kaur et al,
2019; Rammitsu et al., 2019). The ITS4Tul primer designed by
Taylor (1997) is also widely used to look for Tulasnella diversity
along with ITS1 or ITS5 primers (Bidartondo et al, 2003;
Abadie et al., 2006; Taylor and McCormick, 2008; McCormick
et al., 2012, 2016). Later, an in silico analysis suggested that
ITS3/ITS40F and ITS86F/ITS4 primers, targeting the ITS2
sub-region of ITS, were the most ideal for orchid root samples
(Waud et al,, 2014), even if they not always perform well on
soil samples. Moreover, because ITS2 can produce more
operational taxonomic units (OTUs) and higher phylogenetic
richness than the other sub-region ITS1, many researchers prefer
it for fungal identification through HTS platforms (Mello et al.,
2011; Tedersoo and Lindahl, 2016; Nilsson et al., 2019). In the
past half-decade ITS3/ITS4OF were frequently used for identifying
mycorrhizal fungal communities in orchid roots of terrestrial
orchids and the surrounding soils (Jacquemyn et al., 2015a,
2017b; Esposito et al., 2016; Duffy et al, 2019). Additionally,
ITS86F/1TS4 is still used for the detection of mycorrhizal partners
of epiphytic orchids (Cevallos et al., 2017, 2018a; Herrera et al.,
2019b; Izuddin et al., 2019; Jacquemyn et al.,, 2021).

Notably, ITS40F exhibits four mismatches with 64% of
Tulasnellaceae, and multiple mismatches in other assemblages
of Basidiomycota and Ascomycota. Similarly, considering that
ITS86F has five mismatches in 83% of Tulasnellaceae, Oja
et al. (2015) tagged the modified primers ITS1ngs, ITS1Fngs
and ITS4ngs, and developed the ITS4Tul2 primer for the full
length of ITS. Their integrated utilization matched most of
the known mycorrhizal assemblages of orchids (incl. 97% of
Tulasnellaceae). Recently, a newly developed primer 5.8S-OF
combined with two different reverse primers (ITS4OF and
ITS4Tul) revealed good success on OMF (Vogt-Schilb et al., 2020).
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Tulasnellaceae (from the order Cantharellales) are the key
mycorrhizal symbionts of orchids, mainly its clades A and B.
Compared to clade A, clade B is well differentiated and hardly
amplified by general primers or even by Tulasnellaceae-specific
primers (Girlanda et al, 2011; Lindahl et al, 2013). According
to User-friendly Nordic ITS Ectomycorrhiza (UNITE) database
dedicated to molecular identification of fungi,' approximately 3/4
of Tulasnellaceae sequences belong to clade A; however, considering
strong primer and sampling biases (mainly in the Northern
Hemisphere), Tulasnellaceae clade B could be underrepresented,
in spite of being equally common (Oja et al., 2015). Therefore,
future studies focusing on the diversity of OM should meticulously
choose primers and evaluate their potential biases.

One may be aware that no primer set is perfect and consider
using several sets available at the time of designing the study.
Based on this and a series of works from our research team
(unpublished data), it is highly recommended to sue multiple
pairs of primers with low amplification overlap. They can
be amalgamated and combined with a nested PCR amplification
method to identify the maximum number of orchid mycorrhizal
partners (Oja et al, 2015; Voyron et al, 2017; Vogt-Schilb
et al., 2020). The use of three optimized primer pairs, ITS1ngs-
ITS4ngs, ITS1Fngs-ITS4ngs, and ITS1-ITS4Tul2, were
recommended for 454 pyrosequencing. For amplicon sequencing
using MiSeq PE300 and HiSeq PE250, two primer pairs
(Supplementary Figure S1), namely, ITSIF-ITS4 and ITSI-
ITS4Tul can be recommended for the first round of amplification
(Gardes and Bruns, 1993; Bidartondo et al., 2003). PCR
products can be further subjected to nested PCR amplification
using ITS86F-1TS4 and ITS86F-1TS4Tul primers, which capture
a large diversity of mycorrhizal fungi associated with 72
varieties of tropical epiphytic orchids grown in the wild (Li
et al., unpublished). For the third-generation PacBio Sequel
sequencing, optimized ITS1ngs-TW14ngs, ITS1Fngs-TW14ngs,
and ITS1-ITS4Tul2 primers can be recommended (see
Supplementary Table S1 for the above-mentioned primer
sequences). In the future, the shotgun sequencing of roots,
which provide no PCR amplification, while a fungus can
be observed, may allow to unravel clades that escape all
primers available, if any.

FUNGAL DIVERSITY AND SPECIFICITY
IN ORCHIDS

Orchid-Fungal Diversity

Orchids are often associated with phylogenetically and ecologically
diverse fungi. Basidiomycota and Ascomycota, with very
few Chytridiomycota, Glomeromycota, Zygomycota, or
Mucoromycota, are widely distributed in the aerial roots of
epiphytic orchids and in the underground roots or rhizomes
of terrestrial and lithophytic orchids (Martos et al., 2012; Waud
et al, 2014; Cevallos et al, 2018a; Egidi et al, 2018;
Novotna et al, 2018; Qin et al., 2019). Fungi in tissues can

'https://unite.ut.ee/index.php

be divided into true OMF and orchid non-mycorrhizal fungi
(ONF) based on the structures formed during in orchids. Coiled
pelotons in root cortical cells are characteristic for OMF
(Rasmussen, 1995; Sudrez et al., 2009; Dearnaley et al., 2016);
ONF are endophytic fungi that colonize roots or other tissues
at a certain period during the life span of orchids but possess
no peloton-like structures and cause no obvious pathogenic
symptoms in host orchids (Rasmussen, 1995; Bayman and
Otero, 2006; Selosse et al., 2018; Sisti et al., 2019). Most ONF
in root tissues of a given orchid show no noticeable phylogenetic
relationship with known OMF (Stark et al., 2009), even if
some OMF may be ancient ONF that evolved mycorrhizal
abilities (Jacquemyn et al., 2017b; Selosse et al., 2018).

Orchid Mycorrhizal Fungal Diversity

The most common OME belonging to Basidiomycota, are
traditionally grouped under the name rhizoctonias, including
Tulasnellaceae  and  Ceratobasidiaceae  (belonging  to
Cantharellales) as well as Serendipitaceae (previously known
as Sebacinales clade B). Most of these three fungal taxa have
ecological niches ranging (and mixing in many cases) saprotrophy,
i.e., exploiting decaying matter, and endophytism in non-orchid
plants (Dearnaley et al, 2012; Selosse and Martos, 2014;
Jacquemyn et al., 2017a; McCormick et al,, 2018; Selosse et al.,
2018). This clearly applies for Serendipitaceae at least: the
famous endophytic model Serendipita (= Piriformospora) indica
is orchid mycorrhizal in Brazilian orchids (Oliveira et al., 2014).
In addition, Thelephoraceae fungi are also commonly found
in some orchids, such as Cephalanthera longibracteata and
Liparis loeselii (Bidartondo and Read, 2008; Jacquemyn et al.,
2015a; Waud et al., 2017; Herrera et al., 2019a). Further, Selosse
et al. (2004) observed Ascomycota from the genus Tuber, based
on molecular identification, transmission electron microscope,
and immunolabeling in Epipactis microphylla. Ascomycota were
sporadically reported, e.g., as rare OMF in MX orchids, such
as Limodorum abortivum and Epipactis helleborine (Girlanda
et al., 2006; May et al., 2020; Xing et al., 2020), and in South-
African orchids (Waterman et al., 2011).

Some AT orchids are associated with Atractiellales
(Pucciniomycotina; Kottke et al., 2010; Cevallos et al., 2018b;
Qin et al,, 2019; Xing et al,, 2019) and saprotrophic fungi
from Mycenaceae or ECM fungi from Russulaceae, Peziza,
and Inocybe (Waterman et al., 2011; Zhang et al, 2012;
Esposito et al., 2016; Waud et al., 2017; Xing et al.,, 2020).
Additionally, a few photosynthetic orchids associate with
saprotrophic  Auriculariales, Psathyrellaceae, Tricharina,
Clavulina, Armillaria, Marasmius, and Scleroderma fungi
belonging to the common ECM fungal taxa (Waterman et al.,
2011; Yagame et al., 2013; Jacquemyn et al., 2016b; Gonzalez-
Chavez et al.,, 2018; Qin et al., 2019; May et al., 2020; Salazar
et al, 2020). The presence of such fungi, likely in minor
amounts, was greatly enhanced by the use of HTS and the
reporting of all the diversity found, without a priori screening
(Selosse et al., 2010). Although some MX orchids preserve
their autotrophic ability, as shown by intact photosynthetic
genes in plastid genomes (Lallemand et al., 2019), they possess
few or no rhizoctonias in their roots, whereas ECM fungi
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are dominant as far as we know (Paduano et al., 2011;
Merckx, 2013; Gebauer et al., 2016; Schiebold et al., 2018).
MH orchids associate with ECM fungi or non-rhizoctonia
saprotrophic fungi, including wood or litter decomposers
(Martos et al., 2009; Hynson et al.,, 2013; Lee et al., 2015;
Kinoshita et al., 2016; Ogura-Tsujita et al., 2018). However,
a few MH and MX orchids may superficially look like
associated with rhizoctonias; for example, the MH Rhizanthella
gardneri (Bougoure et al., 2009) or the MX Platanthera
minor (Yagame et al., 2012) with Ceratobasidium spp., but
which belong to a sub-clade forming ECM.

In all, OMF have been reported from at least 17 families
of Basidiomycetes and five families/genera of Ascomycetes
(Dearnaley, 2007; Waterman et al., 2011; Dearnaley et al,
2012). Notably, dark septate endophytes with melanized hyphae,
mainly include the members of Helotiales with variable impact
on roots (Newsham, 2011), have been observed in some AT
and MX orchids, adding to the fungal diversity in orchid
(Calvert, 2017; Schiebold et al., 2018).

During the orchid life cycle, OMF communities can change,
although general trends are established from a limited number
of species. Very often (but not always), OMF diversity tends
to decline from the seed stage to the seedling stage and to
often increase again in the adult stage in an hourglass-like
pattern. In terrestrial orchids, OMF from protocorms or
seedlings are conventionally subsets of those found in early
germinating seedlings and adult plants (Bidartondo and Read,
2008; Jacquemyn et al., 2011a; Waud et al,, 2017). This has
been observed for culturable Tulasnella species (Meng et al.,
2019a). In addition, recent investigations indicate continuous
OMF community dynamics at the different stages of orchid
life cycle (Cevallos et al., 2018b). To summarize, orchids are
subject to internal and external natural conditions, potentially
promoting symbiotic benefits (McCormick et al., 2016, 2018).

Orchid Non-mycorrhizal Fungal Diversity
The ecological adaptability of ONF facilitates their wide
distribution, covering over 110 genera, of which 76 genera
belong to Ascomycetes with much higher diversity and occurrence
frequency than those of OMF (Sudheep and Sridhar, 2012;
Ma et al., 2015). The cultivability of most of them makes
their isolation relatively easy. Xylariales (e.g., Xylaria spp.
and Hypoxylon spp.) and Helotiales (e.g., Helotiaceae and
Hyaloscyphaceae) are the main ONF associated with tropical
and temperate orchids, respectively; Chaetothyriales,
Hypocreales, Helotiales, and Capnodiales are also frequent
in tropical epiphytic orchids (Bayman et al, 1997; Dearnaley
et al., 2012; Oliveira et al, 2014; Govinda Rajulu et al., 2016;
Jacquemyn et al., 2016a; Beltran-Nambo et al., 2018; Novotna
et al, 2018). In addition, Colletotrichum, Fusarium, and
Trichoderma fungi are generally found in the roots of various
orchids from tropical and temperate zones (Martos et al., 2012;
Tao et al,, 2013; Sufaati et al., 2016; Salazar-Cerezo et al., 2018;
Sisti et al., 2019; Sarsaiya et al.,, 2020).

These taxa are well-known endophytes in many plants
(Rodriguez et al, 2009; Selosse et al., 2018) and entail no
known disease symptoms. In contrast, a very small number

of potential plant pathogens have been proven to support the
growth and development of orchids to some extent. For example,
Fusarium fungi are known to promote an early seed germination
of some Cypripedium and Platanthera spp. (Vujanovic et al.,
2000; Bayman and Otero, 2006), and Fusarium have been
suggested to be OMF in a few orchids (Jiang et al, 2019;
Sisti et al., 2019). Interestingly, Colletotrichum enhance the
growth of adult individuals belonging to Dendrobium spp.,
despite its high pathogenicity on seedlings (Shah et al., 2019;
Sarsaiya et al., 2020).

Currently, in vitro investigations on the functions of ONF
during the life cycle of orchids are limited, even though at
least 65 ONF genera have been successfully isolated and
cultured (Novotna et al.,, 2018; Meng et al., 2019a,b,c; Sarsaiya
et al., 2019; Shah et al., 2019; Bell et al., 2020). It is crucial
to further investigate the ONF that frequently occurs in
orchids roots, in order to determine their potential physiological
and ecological advantages. Active compounds produced by
some ONF may prove beneficial for orchids by improving
their resistance to abiotic stresses, thereby promoting their
adaptability to different environmental conditions (Ma et al.,
2015) or by protecting against pathogens and herbivores.
Some ONF may even decompose local substrates and provide
some nutrients to the orchids (Tedersoo et al., 2009; Waterman
et al., 2011; Herrera et al., 2019a). Considering the potential
significance of ONF, it is crucial to analyze the balance between
OMF and ONF (including potential pathogens) in orchid
ecology (Nilsson et al., 2019).

Orchid Mycorrhizal Fungal Specificity
Orchids interact with a more limited set of mycorrhizal
fungi as compared to other mycorrhizal plants, with a
relatively higher degree of specificity for OM than ECM,
AM, and even ErM fungi (Dearnaley et al., 2012; van der
Heijden et al., 2015; Sudrez and Kottke, 2016; Pélme et al,,
2018). Mycorrhizal specificity, one of the core issues in OM
research, ranges from low to high and can be quantified
as the phylogenetic width of the range of associated
mycorrhizal fungi (i.e., the ancientness of the last common
ancestor). Moreover, despite some phylogenetic conservatism
in mycorrhizal partners (Martos et al., 2012) and specificity
in orchids (Jacquemyn et al.,, 2011b), specificity level is a
labile evolutionary trait (Irwin et al., 2007; Shefferson et al.,
2007, 2010). According to the degree of specialization and
the ecological opportunities for interactions and following
Shefferson et al. (2019), specificity can be subdivided into
assemblage specialization (combined with specific orchid
hosts; the interactions are less affected by the environment),
apparent generalism (combined with a few orchid hosts;
there is a certain correlation between interactions and the
environment), and true generalism (combined with multiple
orchid hosts; the interactions are greatly affected by the
environment).

The OM specificity may be affected by environmental factors,
climate changes, extreme host selections, evolutionary history,
accompanying plant species, biocompatibility, biogeographic
range, and density of OMF in the soil or, for epiphytes,
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phorophytes (Jacquemyn et al., 2011b, 2017a; McCormick et al.,
2012, 2018; Pandey et al., 2013; Waud et al., 2016a; Shefferson
et al,, 2019; Xing et al., 2019), thus showing strong and complex
variations. For example, Neottia and Caladenia prefer symbiosis
with sebacinales fungi (Tésitelova et al., 2015; Phillips et al,,
2016; Reiter et al., 2020); the rare terrestrial orchid Caladenia
huegelii specifically associates with Serendipita (= Sebacina)
vermifera (Swarts et al., 2010); Cypripedium, Ophrys, and
Chiloglottis prefer Tulasnellaceae (Shefferson et al., 2005, 2019;
Roche et al., 2010; Schatz et al., 2010); Dendrobium nobile
and Liparis japonica have high specificity for Tulasnellaceae
(Ding et al.,, 2014; Xing et al., 2017); Pterostylis nutans and
Sarcochilus weinthalii are only symbiotic with Ceratobasidium
fungi (Irwin et al, 2007; Graham and Dearnaley, 2012);
Platanthera  leucophaea tends to be associated with
Ceratobasidium fungi over a 10-year period (Thixton et al.,
2020); Corallorhiza trifida shows high specificity for
Thelephoraceae in different countries and varied habitats
(McKendrick et al., 2000; Zimmer et al., 2008).

Jacquemyn et al. (2010) asserted the possibility of promoting
widespread associations between orchids and available OMF
in an environment devoid of water and nutrients. However,
despite the diminished availability of groundwater and nutrients,
the associated Tulasnellaceae showed an increasing trend of
specificity from terrestrial to epiphytic and lithophytic orchids
(Xing et al., 2019). Moreover, OMF of lithophytic orchids
are mostly Tulasnellaceae. The specificity may also differ
between biogeographic regions. Mainland Australia appears
to have a relatively higher incidence of mycorrhizal specificity
than, e.g., South Africa, Eurasia, and North America (Roche
et al., 2010; Phillips et al., 2011, 2016; Davis et al., 2015;
Jacquemyn et al., 2017a; Reiter et al, 2020). For instance,
the genus Corycium of subtribe Coryciinae is almost exclusively
symbiotic with Peziza, and all orchids in Disperis only associate
with Ceratobasidiaceae (Waterman et al., 2011; Jacquemyn
et al., 2017a). Furthermore, MX orchid mycorrhizae often
have lower specificity than AT and MH and culmulatively
associate with various ECM fungi or rhizoctonias (Abadie
et al.,, 2006). However, there are a few specific MX orchids,
such as P minor and L. abortivum that specifically associate
with ECM Ceratobasidium fungi and Russula delica, respectively
(Girlanda et al, 2006; Yagame et al, 2012). In a Pinus
thunbergii plantation, the MX E. helleborine displayed abundant
Wilcoxina fungi, but whether this is an OMF remains unclear
(Suetsugu et al., 2017), while this species is normally poorly
specific (May et al., 2020).

A few studies address the specificity of OM at different
stages of orchid life cycle. Bidartondo and Read (2008) detected
fungus-specific bottleneck at the seedling stage of Cephalanthera
spp. Tésitelova et al. (2012, 2015) studied the OMF assemblages
of Neottia and Epipactis species in protocorms and adult,
indicating that differences in OMF diversity were scarce (as
for the single Epipactis species studied in Bidartondo and Read,
2008). Recently, OMF identification in a large number of
samples of the Japanese epiphytic Taeniophyllum glandulosum
revealed specific link to Ceratobasidiaceae throughout the entire
life cycle and whatever the phorophyte (Rammitsu et al., 2019).

Ceratobasidium spp. highly specifically associate with two rare
and endangered Bipinnula orchids at the adult stage and
effectively promote seed germination (Claro et al, 2020).
However, the specificity of OMF sometimes varies at different
developmental stages. For example, Gastrodia elata relies on
fungi, such as Mycena osmundicola, during seed germination
and protocorm development, while adults associate with
Armillaria mellea, despite it inhibits the germination seeds to
a certain extent (Ran and Xu, 1988; Xu and Guo, 1989). The
Oeceoclades maculata associates with multiple
saprotrophic fungi and rhizoctonias at the adult stage; however,
during in vitro germination, seeds retain high specificity for
Psathyrella spp. (Bayman et al., 2016).

High OMF specificity is often observed in orchids with
habitats specialized or those distributed in the southern
hemisphere (Davis et al., 2015). On the one hand, this may
be attributed to an extreme selection of host orchids during
the recent historical adaptation; while on the other hand,
it may be a result of a low local OMF diversity (Illyés
et al., 2009; Swarts et al., 2010; Waud et al., 2017). Mycorrhizal
specificity does not limit the distribution range or rarity
of at least some orchids (Shefferson et al., 2007; Phillips
et al., 2011, 2016; Bailarote et al., 2012; Pandey et al., 2013;
Waud et al.,, 2017), since specificity for a widespread fungus
is not limitative. Indeed, OMF associated with orchids
exhibiting high mycorrhizal specificity tend to have a wide
distribution (Jacquemyn et al., 2011b; Swift et al., 2019;
Thixton et al., 2020). Even OMF promoting the germination
of narrowly distributed orchids may display a wider
distribution (Oktalira et al., 2019).

The adaptive significance of OM specificity relies on three
points. First, specificity increases the germination rate of
seeds and thus improves fitness by survival. Second, it may
enhance the efficiency of nutrient exchange between orchids
and OME, thereby promoting the efficiency of bidirectional
carbon flow in OM symbiosis, or even, facilitating the
absorption of carbon by MH and MX orchids (Bonnardeaux
et al., 2007; Suetsugu et al., 2017); such exchange improves
fitness by seed set (Roy et al., 2013). Conversely, more effective
nutrient exchange is hypothesized one of the driving factors
for OM specificity (Selosse et al., 2002; McCormick et al,
2006; Nurfadilah et al., 2013). Third, specificity facilitates
the formation of patchy distribution of orchids under natural
conditions, and this affects gene flow, population dynamics,
and pollination systems (Tremblay et al.,, 2005).

invasive

DIFFERENCE AND ADAPTABILITY OF
OMF IN DIFFERENT HABITATS

Habitats, including macro- and micro-habitats, indirectly
affect the coexistence and widespread distribution of orchid
species by affecting the composition, structure, and richness
of OMF communities (Figure 1). The community composition
of OMF associated with the same orchid species distributed
in different habitats, different orchids co-occurring in
the same habitat, or different individuals of most orchid
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FIGURE 1 | A framework depicting how habitats indirectly affect the coexistence and widespread distribution of orchid species by affecting OMF communities.
OMF communities shaped by different habitats affect the growth and development of orchids (bioregulation) by promoting nutrient absorption (biofertilization). The
dotted arrow indicates that the current understanding of the impact of orchids on OMF life cycle is very limited.

species in the same habitat can differ to some extent (Martos
et al., 2012; Jacquemyn et al., 2014, 2015a, 2016a, 2021;
Waud et al.,, 2017; Pecoraro et al.,, 2018; Dufty et al,, 2019).

From a macrohabitat perspective, most orchids distributed
in the Mediterranean shrublands, temperate deciduous forests,
boreal forests, and tropical forests are associated with a large
number of mycorrhizal partners, with the most prominent
OMEF families being Tulasnellaceae and Ceratobasidiaceae, ECM
basidiomycetes, Sebacinaceae and Thelephoraceae, and
rhizoctonias (Tulasnella as the most common taxon; Jacquemyn
et al, 2017a). Concurrently, habitat heterogeneity or local
environmental conditions also substantially affect the OMF
communities of different populations or at different sites of
the same species of orchids. For example, for nine Neottia
ovata populations of different sizes, the orchid individuals in
the most central part exhibit significantly different OMF
communities (Jacquemyn et al., 2015b). Oja et al. (2015)
corroborated that N. ovata in grasslands and forests have
different OMF compositions (see also Téitelovd et al., 2015).
Of note, greater habitat differentiation may lead to more
significant mycorrhizal association variation among Dactylorhiza
species inhabiting different sites than among Orchis species
(Jacquemyn et al., 2011b, 2016b). Considering the continent-
wide scale, strong turnovers are witnessed in the OMF

communities associated with Gymnadenia conopsea and
E. helleborine from Europe to China (Xing et al., 2020), although
the genetics of the plant itself can somewhat change over such
a distance. Furthermore, some AT orchids distributed in the
Mediterranean grasslands, Australia, and tropical montane
rainforests also display significant changes the OMF in different
habitats or populations (Ramsay et al, 1987; Pandey et al,
2013; Jacquemyn et al, 2014, 2016a; Cevallos et al., 2017;
Waud et al, 2017; Herrera et al, 2018; Duffty et al., 2019).
These reports indicate that the availability of OMF does not
restrict the distribution of orchids, but that their occurrence
is bounded by specific ecological habitats.

From a microhabitat perspective, sympatric orchids are usually
associated with different OMF (Martos et al., 2012; Jacquemyn
et al., 2015a, 2016a, 2021; Cevallos et al, 2017; Qin et al,
2019). If two or more species are equally dependent on the
same available resources, theoretical models predict that they
cannot coexist (niche exclusion); indeed, at small-scale, associating
with different mycorrhizal fungi facilitates rational division of
the niche space resources among cohabiting species by reducing
competition and avoiding indirect exploitation due to
asymmetrical benefits from shared fungi (Tilman, 1982; Selosse
et al, 2004; McCormick and Jacquemyn, 2014; Gerz et al,
2018). Simultaneous association with multiple OMF taxa may
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maximize the absorption of nutrients as well as stabilize obligate
mutualisms with respect to robustness. Notably, the OMF
composition and community structures of Paphiopedilum
dianthum and P. hirsutissimum that often coexist (i.e., almost
same microhabitats) on limestone vary significantly (Li et al,
unpublished); hence, the co-occurring orchid species with different
OMF compositions may also result from a strong OMF selection
by the host orchids (Jacquemyn et al., 2015a; Xing et al., 2019).

However, some reports suggest that sympatric orchids,
conspecific orchids in different populations or sites, or even
epiphytic and terrestrial orchids in different habitats share some
generalized OMFE. These OMF may have stronger ecological
adaptability and are commonly found in orchid mycorrhizal
networks, which may maintain community stability under
environmental stresses or variations (Kottke et al., 2013; Pandey
et al., 2013; Sudrez et al,, 2016; Pecoraro et al., 2017; Xing
et al., 2017; Herrera et al., 2018, 2019b). To better define these
specific fungal guilds, Cevallos et al. (2017) proposed the
“keystone species” theory based on their study of OMF
communities associated with epiphytic orchids: the OMF
community of a given orchid species in different sites contains
a core (permanent components or keystone species), and site-
adapted mycorrhizal fungi (dynamic components). This has
also been observed in the OMF communities of seedlings
transplanted at different elevation gradients (Cevallos et al,
2018b; Herrera et al., 2019b). Interestingly, studies have shown
that some orchids either have completely different OMF or
share few OMF under natural habitats and cultivation conditions
(Downing et al., 2017; Qin et al., 2019). Therefore, the selection
among habitats, host orchids, and OMF is more complicated
than previously perceived. Comparative studies at larger scales
will shed light on rules followed by these symbiont assemblies.

Similar to all soil fungi, AM, ECM, pathogens, and
saprotrophic fungi, the composition and richness of OMF
communities also differ according to various ecological factors,
such as soil physical and chemical properties (e.g., P abundance),
tree richness, altitude, mean annual precipitation, and mean
annual temperature (Geml et al, 2014; Barnes et al, 2016;
Geml, 2017; Hu et al, 2019; Mujica et al., 2020). Elucidating
the interplay between biotic and abiotic factors in shaping
OMF communities is vital for conservation practices such as
introduction and artificially assisted colonization (the transfer
of individuals from the current natural range to potential new
habitats to adapt to climate change).

In terms of biotic factors, changes in habitat vegetation
influence the OMF communities associated with orchid roots
(Pandey et al, 2013; Herrera et al., 2018), by changing soil
or even plants in which rhizoctonias are endophytes. Especially,
some terrestrial MX or MH, if not AT, orchids often tend to
share fungi with surrounding trees (Bidartondo and Read, 2008;
McCormick et al., 2009; Jacquemyn et al,, 2016a). Moreover,
orchid species living on different phorophytes or different
epiphytic niches on the same phorophyte tend to associate
with different OMF (Wang et al, 2017; Rasmussen and
Rasmussen, 2018), although broader validation of this expected.

With respect to abiotic factors, several studies suggest that many
soil characteristics (e.g., soil water content, pH, organic matter

content, nutrition level, trace elements, and textural components)
explain the distribution of OMF in habitat patches (Jacquemyn
et al,, 2015b; Esposito et al., 2016; Waud et al., 2017; Kaur et al,,
2019; Vogt-Schilb et al, 2020). Depending on the model, the
OMF communities seem to be significantly related to the hydrolyzable
and extractable nitrogen in the soil (Han et al., 2016; Dufty et al.,
2019) and to the P availability (Mujica et al., 2020), but a general
view is pending, beyond existing case studies. Factors, such as
rainfall and humus type, predict and affect the presence and
richness of OMF-associated epiphytic orchids (Izuddin et al., 2019).
Interestingly, although epiphytic orchids and terrestrial orchids
exhibit different responses to light at the early growth, OMF have
parallel ecological importance in overcoming the photoinhibition
during germination and early growth (Alghamdi, 2017).

Considering the effect of latitude on the species and functional
group richness of OMF in orchids, diversity decreases with
increasing latitude; however, whether the orchid diversity follows
similar trends remains unclear (Jacquemyn et al., 2017a; Duffy
et al,, 2019). The diversity of orchids has been proven to initially
increase and then decrease with increasing altitude, with a peak
in the mid-altitude area (approximately 1,000-1,600 m; Kiiper
et al, 2004; Cardelas et al, 2006; Acharya et al, 2011). At
present, no reports suggest changes in OMF communities under
an altitudinal gradient. Studies on high-altitude tropical southern
Ecuador montane rainforests reported that some epiphytic orchids
have higher richness or abundance of OMF at relatively high
altitudes (Cevallos et al., 2018a; Herrera et al., 2019b). However,
Cevallos et al. (2018a) insisted that high-altitude areas (3000-
3,500 m) showed no significant difference in fungal communities
among different orchid species or sites, while in low-altitude
areas (2,050-2,800 m), host orchids and sites were the two
major drivers of OMF communities’ composition. Cevallos et al.
(2018b) suggest that OMF display rich diversity in mid-altitude
areas (approximately 2,050 m), but this is limited to a narrow
altitude range (1,850-2,100 m). Therefore, whether the OMF
composition and community structure are opportunistic
associations (Dearnaley et al., 2012) or exhibit certain trends
under large altitudinal gradients is still under scrutiny.

At the same latitude, orchids in areas with higher temperatures
and fewer seasonal changes exhibit higher OMF diversity.
Environmental conditions, such as high temperature or high
humidity, may increase the activity of some saprotrophic fungi,
enabling them to obtain more carbon so as to support the
growth of MH orchids (Martos et al., 2009; Shefferson et al.,
2019). Recently, it was proposed that the colonization of some
dominant OMF in orchid roots is significantly affected by
rainfall (McCormick et al., 2006; Kartzinel et al., 2013; Jasinge
etal., 2018). Among these, Tulasnellaceae increase with increasing
rainfall, indicating their hydrophilic nature. Similarly,
Ceratobasidiaceae, a dominant assemblage in dry habitats,
displays a higher resistance to drought. Thus, climate may also
be a major driver for the turnover of orchids and OMF at
different sites (Kottke et al., 2013).

In conclusion, climatic changes may strengthen the filtering
effect of environmental factors on OMF associated with orchids
by perturbing biological interactions. Furthermore, in addition
to ecological factors, the phylogeny, ploidy levels, and genome

Frontiers in Plant Science | www.frontiersin.org

May 2021 | Volume 12 | Article 646325


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Lietal

Mycorrhizal Fungal Diversity in Orchids

composition of host orchids as well as the sampling effort itself
influences the OMF communities (Shefferson et al., 2007, 2019;
Jacquemyn et al., 2011b, 2016b; TéSitelova et al., 2013). Therefore,
OMEF diversity is expected to intertwine multiple factors.

COMPARISON OF OMF IN ORCHID
ROOTS AND SOIL

Despite extensive research on the diversity of OMF colonizing
orchid roots, their spatial distribution and abundance in soil
has received more limited attention. Several reports suggest
that OMF either exist in saprophytic form in the soil or form

ECM or endophytic colonization on adjacent plants (Girlanda
et al, 2011; Dearnaley et al, 2012; van der Heijden et al,
2015; Oberwinkler et al., 2017); however, the distribution of
OMEF in soil remains unclear (Voyron et al., 2017). Analyzing
and understanding this is vital for restoring the populations
of endangered orchids and for artificially-assisted colonization.

Early seed germination experiments and a few pieces of
molecular evidence revealed that most OMF distributed in
orchid roots are also widely present in the soil. Moreover,
with increase in radial distance between the soil sampling
point and the adult orchid, the corresponding OMF richness
and abundance often decreased (Table 1). Interestingly, the
overall similarity between OMF communities in orchid roots

TABLE 1 | Comparison of OMF in orchid roots and soil.

OMF in orchid roots

Orchid species Number of Methods PCR primers Number References
Orchid of PCR was was sporadic
species? primer  comparable or undetected
pairs®  to that in soil® in soil
Caladenia arenicola 1 Seed germination Uninvolved Uninvolved Yes No Batty et al., 2001
Neottia nidus-avis 1 Seed germination Uninvolved Uninvolved Yes No McKendrick et al., 2002
Goodyera pubescens 1 Seed germination Uninvolved Uninvolved Yes No Diez, 2007
Anacamptis morio
Gymnadenia conopsea 3 Seed germination Uninvolved Uninvolved Yes No Jacquemyn et al., 2012
Orchis mascula
Anacamptis morio
ITS86F/ITS4
Gymnadenia conopsea 3 454 pyrosequencing 2 Yes No Waud et al., 2016a
ITS3/ITS40F
Orchis mascula
Orchis mascula i i OTU1f_1g/Tul_r1
2 Spatial point pattern 2 Yes No Waud et al., 2016b
Orchis purpurea analysis + gPCR OTU2f_2g/Tul_r3
GIS-B159 F/R
SW-2779-59-1 F/R
Goodyera pubescens o )
Seed germination + ABI  ITS-Lip1/ITS4-tul
Liparis liliifolia 3 6 Yes No McCormick et al., 2016
Sequencing + gPCR Tip14F/Tip14R
Tipularia discolor
Tip2_F1/Tip14R
ITS5/ITS4-tul
SSU1318-Tom/LSU-Tom2
ITS1-P/ITS4
Corallorhiza odontorhiza 1 gAeBr'rsi‘:;‘t"iz:C'”g 5880 59U1318-Tom/ITS-Tom4 5 Yes Yes McCormick et al., 2009
SSU1318-Tom/ITS4
ITS1-F/LSU-Tom2
Cypripedium calceolus ITS1ngs/ITS4ngs
Neottia ovata 3 454 pyrosequencing ITS1Fngs/ITS4ngs 3 No Yes Oja et al., 2015
Orchis militaris ITS1/ITS4-Tul2
ITS1OF-C/ITS40F
Neottia ovata 1 454 pyrosequencing 2 No Yes Jacquemyn et al., 2015b
ITS1OF-T/ITS40F
Paphiopedilum 1 llumina MiSeq ITS3/ITSA0F 1 No Yes Han et al., 2016
spicerianum sequencing
Anacamptis morio i i ITS1F/ITS4
2 flumina M|Seq 2 No Yes Voyron et al., 2017
Ophrys sphegodes sequencing ITS3mod/ITS4
i i ITS1-OF/ITS4-OF
Platanthera praeclara 1 llumina MlSeq 2 No Yes Kaur et al., 2019
sequencing ITS1/ITS4-TUL

“number of orchid species in the first column corresponding to each reference in the last column.
bnumber of PCR primer pairs in the fourth column corresponding to each reference in the last column.
cdistribution and abundance of the potential OMF in soil decreased with an increase in the sampling distance from adult orchids.
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among different populations was higher than that in the soil
(Jacquemyn et al., 2015b), whereas many microhabitats near
the adult orchids did not support seed germination due to the
absence of suitable OMF (Taylor et al., 2010; McCormick et al.,
2016; Waud et al., 2016a). These results clearly indicate that
OMEF are unevenly distributed in the soil and that OMF
community display small-scale patchiness in the soil, as other
mycorrhizal fungi (Richard et al., 2005; Pickles et al., 2010).
This likely contributes to the clumped distribution and patchiness
of orchids, as common observed for terrestrial orchids.

Growing evidence proves a higher abundance of OMF in
orchid roots than in surrounding soil, thus deserving further
investigation. Several studies have stated that the germination
rate of seeds remains constant regardless of the presence or
absence of adult orchids, whereas the physical and chemical
properties of soil have significant effects on seed germination
(McCormick and Jacquemyn, 2014; Waud et al., 2017). This
suggests that the richness and abundance of OMF are not correlated
with the distance from the host orchids, as previously reported.
In concert with this, increasing molecular evidence supports the
widespread dominance of OMF in orchid roots that either have
sporadic occurrence or are undetected in the soil (Egidi et al,
2018), while a few OMF that specifically associate with roots
exist with very low relative abundance in orchid-occupied locations
(Table 1). Moreover, Voyron et al. (2017) found that OMF
displayed significant horizontal spatial autocorrelation in soil,
whereas their relative abundance had no significant correlation
with the distance from adult orchids. In addition, dominant OMF
in the tubers of the chlorophyll-free orchid Gastrodia flavilabella
were rarely found in the surrounding soil (Liu et al., 2015b).

These reports further support the proposal put forth by
Selosse (2014) that the orchid roots could possibly be a protective
refuge for some fungi that protects them from external factors
(Figure 1), at least in some seasons. Thus, some OMF abundant
in orchid roots are absent in the surrounding soil, at least for
a part of the year. On one hand, independent or opposed
spatiotemporal changes in OMF distribution between orchid
roots and soil could explain their absence in the soil at the
time of root sampling, although the presence of OMF communities
in soil looks relatively stable with almost no turnovers during
the entire vegetation growth period (Oja et al, 2015; Voyron
et al,, 2017). On the other hand, it may be because the OMF
belong to short-distance exploration type, ie., the kind of
mycorrhizal fungi that efficiently collect nutrients in a limited
volume of soil around the rhizosphere (Peay et al., 2011; Voyron
et al., 2017). This was confirmed by a study combining the
rhizosphere soil and orchid-occupied bulk soil of the Australian
Diuris fragrantissima, where a Tulasnella fungus was only
detected in the rhizosphere soil (Egidi et al., 2018). Additionally,
the fungi that take refuge in orchid roots may have distinct
ecological characteristics. For instance, Tulasnella spp. cannot
absorb nitrate in the soil, whereas habitats rich in nitrogen
and phosphorus tend to have more abundant Ceratobasidium
fungi (Nurfadilah et al., 2013; Mujica et al., 2016, 2020;
Fochi et al., 2017; Vogt-Schilb et al., 2020).

In summary, discrepancies in the distribution of OMF
between adult roots and surrounding soil were revealed by

seed germination experiments and barcoding. Several factors
may have affected the results in each study, such as the physical
and chemical properties of the soil, the difference in amplification
ability of the same primer in orchid roots and soil, the quality
and volume of samples analyzed for molecular identification,
the time and site of experiment, and the specificity of each
species. Therefore, seed germination and barcoding should
be optimized and combined in the future to explore the
correlation between OMF communities in roots and in soil.
The current discrepancies regarding this issue also pose a great
challenge; specifically, do OMF affect the distribution of orchids
or orchids affect the distribution of OMF?

SPATIOTEMPORAL VARIATION
PATTERNS OF OMF

The spatial and temporal linkages between host orchids and
their associated OMF communities remain largely unexplored.
In the past decade, the combination of in situ experiments,
isolation and culture in vitro, and molecular identification of
extensive root samples under natural conditions has led to an
understanding of spatiotemporal variations of OMF communities,
giving some clues on their control.

Spatial Variation Patterns
As described in the previous section, there are significant spatial
variations in OMF in soil. Similar to other mycorrhizal types
and general soil fungal communities at small scales, the distribution
of OMF in the soil shows non-random spatial distribution
characteristics, and a significant horizontal spatial autocorrelation
within 10 m of adult orchids is observed (Waud et al.,, 2016b;
Voyron et al,, 2017). In contrast, the detection results of fungi
in the soil at a distance of 0-32 m from two host orchids
(Orchis militaris and Platanthera chlorantha) in 21 semi-natural
calcareous grasslands suggested that the available evidence for
spatial clustering of OMF on a local scale was limited (weak
spatial structure), while ONF displayed a more distinct spatial
distribution pattern (Oja et al., 2017). The characterization of
Platanthera praeclara-associated OMF naturally distributed in
the tallgrass prairie in North America was studied for many
years, and almost all populations and several phenological stages
of different years demonstrated high spatiotemporal specificity
to a certain Ceratobasidiaceae fungus (Kaur et al, 2019).
Although previous studies provided the evidence that there
is no or only minute effect of geographical proximity on the
similarity between OMF communities (Jacquemyn et al., 2015b,
2016a; Swift et al., 2019), the recent transcontinental comparisons
of OMF associated with two widely distributed Eurasian terrestrial
orchids revealed that the OMF community composition of the
two orchids has significant turnover in Europe and China,
and the similarity between OMF communities decreases
significantly with increasing geographical distance (Xing et al,,
2020). Significant progress has been made with respect to the
spatial distribution of OMF in recent years; however, there
are limited reports on the fine spatial distribution of OMF in
the different parts of root segments of different ages, different
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tissues of orchids (i.e., plant niches), and different parts of
cortical cells (middle, close to the epidermis, close to the steles,
etc.), which should be given more attention in the future.

Temporal Variation Patterns

Compared to spatial distribution, the contemporary
understanding of OMF temporal dynamics is more limited.
Orchids are often associated with different OMF at different
stages of their life cycle and during their growth and
development, and these shifts may mediate their health and
ecosystem service functions. Early studies on the temporal
variation of orchid-fungal symbionts revealed that seasonal
OMEF turnover might occur in orchids with annual underground
structures (Taylor and Bruns, 1999), which was later confirmed
in few tuber-shaped orchids (Huynh et al, 2009; Kohout
et al,, 2013; Oja et al,, 2015). Nevertheless, there are increasing
examples of variations in OMF associated with perennial root
system orchids over time (Rasmussen and Whigham, 2002;
Oja et al.,, 2015; Jasinge et al., 2018).

A recent study demonstrated that extremely heavy rainfall may
drive Ceratobasidium sp., which is usually the dominant mycorrhizal
fungus colonizer in Pterostylis revoluta, to elimination by T. calospora
Ceratobasidium sp. re-dominates after the magnitude of rainfall
returns to a normal level (Jasinge et al., 2018). The fungal community
composition and the most abundant fungal genera of the critically
endangered P, spicerianum tend to vary in rainy and dry seasons,
and the abundance of Tulasnellaceae declines significantly during
the dry season (Han et al,, 2016). Similarly, Kartzinel et al. (2013)
found that the reduction in the diversity of Tulasnellaceae associated
with a rare tropical epiphytic orchid was related to reduced seasonal
precipitation. Furthermore, although the infection rate of Tulasnella
fungi in the roots and tubers of Pseudorchis albida is higher
during summer (Kohout et al., 2013), the molecular identification
of pelotons isolated manually from Anacamptis morio during the
complete growing season indicates that Tulasnella fungi are more
common during winter and autumn, while Ceratobasidium and
Pezizacean clade tend to dominate during summer and spring,
respectively (Ercole et al, 2015). These results provide strong
proof that interactions between orchids and OMF are closely
related to the season, if not seasonal climatic changes. At a finer
time scale, Oja et al. (2015) confirmed the turnover of OMF
colonizing the roots of N. ovata to be 1 month and that their
richness increases at the beginning of the flowering period.
Interestingly, the diversity and richness of the detected total fungi
tended to show a similar trend, and the flowering period was
often accompanied by a significant enrichment of N (Herrera-Rus
et al, 2020; Zeng et al,, 2021). One of the explanations for the
high diversity of fungal partners at flowering period could be host
orchids recruit a large number of fungal assemblages that can
supplement the nutrients consumed by blooming by releasing
specific signals, and that they may even be crucial to the successful
completion of the pollination process. In addition, the lower
proportion of OMF in the soil of meadow habitats also demonstrated
a slight but significant turnover over time (Oja et al,, 2015).

Most of the above-mentioned reports mainly focused on
adult orchids, and other developmental stages were only studied
by Cevallos et al. (2018b); they combined the seedling trapping

experiment and molecular identification to confirm that the
composition of the OMF community associated with the seedlings
of two epiphytic orchids showed significant temporal variation.
In addition, seasonal (or phenological) variation in the diversity
of most mycorrhizal types (including OM) is generally only
sampled for 1 year at present. Thus, whether these turnovers
follow interannual cycles and whether the dynamic fungal
assemblages can be attributed to the soil fungal community
changes require in-depth explorations at interannual scales
across several sampling sites.

Driving Force for Spatiotemporal
Turnovers

Recent studies have proposed that the turnover rate of fungal
communities observed in space is relatively smaller than the
annual turnover rate; the short-term fluctuations in community
abundance are mainly affected by spatial variability, while long-
term fluctuations are influenced by the time variability factor
(Averill et al., 2019; Ji et al., 2019). The mechanism that drives
the spatiotemporal turnovers of OMF is unlikely to be the
same; host orchids may select different fungal associates with
spatiotemporal variation (Jacquemyn et al., 2015a; Oja et al,
2015; Xing et al., 2019), while different degrees of spatiotemporal
dynamic turnovers of the fungal species pool in soil may exist
(Ercole et al., 2015). Certain environmental and climate covariates
can be used to deduce a few spatiotemporal effects.

Further, the extent to which these spatiotemporal variations
depend on the nutrition strategies of host orchids, random
dissemination process of OME, habitat types, seasonality, functional
differences within roots, and succession remains to be elucidated.
From the perspective of nutrition strategies, the spatiotemporal
turnovers of OMF can be attributed to (1) the different nutritional
requirement of host orchids at different spatiotemporal points;
(2) the differences in the ability of OMF to grow in soil and
provide nutrients; and (3) the different adaptability of OMF to
environmental conditions (especially harsh environments). Notably,
fungal dormancy may play a key role in the spatiotemporal
turnover of fungal communities, since dormancy can bypass
environmentally imposed choices and allow the consistent presence
of genetic variations in the environment, thereby increasing the
genetic diversity of fungal communities (Cordovez et al., 2019).

FUTURE DIRECTIONS

Fungi are a major pillar of biodiversity in ecosystems, occupying
a wide range of niches. Owing to the relatively easy growth
of some fungi, fungal diversity and strain collection have always
been hot spots in the field of fungal research (Hyde et al.,
2019). OM symbiosis is an excellent model for investigating
the biological interactions between plants and fungi that would
help to solve the fundamental questions on interactions between
aboveground and underground pollinators and fungi, respectively
(Selosse, 2014; Favre-Godal et al., 2020). Orchids have complex
symbiotic relationships with fungi at various stages of their
life cycle. Understanding of OMF diversity is just the beginning
of a series of interesting scientific explorations.
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The emergence of culture methods that differ from traditional
technologies, such as genomic information methods based on
membrane protein expression and microfluidic technology (Tang,
2020), brings hopes for solving the fungal-specific bottleneck
faced by some orchid species that need specific fungal switches
to move onto the adult developmental stage after germination.
Moreover, considering the continuous development of sequencing
technologies, it is expected that the functional diversity of
orchid-fungal communities and the complexity of spatiotemporal
dynamics will be deciphered in the near future.

The roles played by the deterministic processes based on
niche theory and the stochastic processes based on neutral
theory in the construction of communities have been well-
established in the field of microbial ecology (Dini-Andreote
et al, 2015; Xun et al., 2019; Gao et al., 2020a). However,
the relative importance of these two processes in shaping OMF
communities and the factors controlling them are still
undetermined. Nevertheless, based on this review, deterministic
processes seem to contribute to the construction of OMF
communities because environmental conditions significantly
affect OMF diversity and abundance. The construction of any
given ecological community involves four main ecoevolutionary
processes (Vellend, 2016); in addition to the deterministic
selection and the stochastic drift that regulates the relative
abundance of species, the diversification that generates genetic
variation and the dispersal (the movement of individuals across
local communities) are also included. The latter two roles in
fungal community assembly and function are frequently
overlooked. However, they exhibit crucial functions; for example,
priority effects and horizontal gene transfer play key roles in
niche preemption/modification and adaptability, respectively
(Pinto-Carb¢ et al., 2016; Toju et al., 2018).

Thus, future research on OMF diversity should primarily
focus on how the four main ecological processes interact in
the assembly and function of OMF communities. In addition
to improve certain shortcomings mentioned in the various
sections of this review, considering the overall framework
required for further research on the fungal diversity of orchids,
we have added several keys or difficult issues that are noteworthy
for further explorations in the future:

1. Compared to terrestrial orchids, little is known about the
OMF in tropical epiphytic orchids and their distribution
on phorophytes. The phorophytes of orchids reportedly
cover at least 46 plant families (Rasmussen and Rasmussen,
2018). However, the following two questions remain
unanswered: why do orchids have a preference for certain
phorophytes? Why can some orchids cohabitate on the
same phorophyte but others cannot? Therefore, further
investigations and experiments, such as in situ seed baiting,
the transplantation of seedlings, and the identification of
OMF contained in barks or substrates of phorophytes at
different sites, are needed to elucidate the interactions
among orchids, OMEF, and phorophytes.

2. The selection method for OMF-specific primers, in addition
to the method combining multiple pairs of complementary
primers mentioned in this review, can be further improved

by employing epicPCR technology, which can focus on
two genes in a genome at the same time (Spencer et al,
2016). Moreover, ONF are frequently detected in different
tissues of orchids, but their diversity, community structure,
and functions exerted in the different stages of orchid life
cycle remain ignored. Considering that OMF and ONF
coexist in orchid tissues, there is an urgent need to
incorporate the latter in the research goals, as an important
turning point in orchid mycology. Moreover, promoting
research on the interactions between plant pathogens (e.g.,
Alternaria, Clonostachys, Aspergillus, Penicillium, Phomopsis,
etc.) and OMF in orchid tissues is strongly recommended.
Several recent studies have revealed that the difference in
relative abundance generated by amplicon sequencing
technology is unable to reflect the difference in true absolute
abundance of microorganisms in samples, as it ignores the
influences of changes in the overall microbial abundance
on hosts (Props et al, 2017; Vandeputte et al., 2017; Guo
et al,, 2020). Although qPCR can be employed to estimate
the absolute abundance of specific strains, some strains
require specific QPCR primers that are difficult to evaluate
and optimize at an early stage. Hence, qPCR is not suitable
for studying complex environmental samples. Therefore, to
truly reflect on interactions between orchids and fungi, a
sophisticated and innovative absolute quantitative technology
that integrates I'TS amplicon sequencing, gPCR of total fungi,
and qPCR absolute quantification of specific fungal strains
is required.

. 'The determination of whether some singletons and doubletons

obtained via HTS are truly rare species remains controversial.
However, an in-depth analysis of the fungal metabarcoding
data obtained from 16 HTS analyses of representative
ribosomal RNA gene regions indicates that less than half
of these sequences are artifacts (Brown et al., 2015). Moreover,
an increasing number of studies have confirmed that rare
microbiological taxa are more active than dominant taxa,
which play an over-proportional role in ecosystems
multifunctionality (Jousset et al,, 2017; Chen et al, 2019;
Liang et al, 2020). Hence, extensive care should be taken
when disregarding singletons and doubletons. It is
recommended that subsequent studies concentrate on changes
in orchid-associated fungal diversity after incorporating these
low-abundance sequences (at least in a separate analysis)
and intensify efforts to explore their functions in the
construction and maintenance of orchid communities.

In recent years, the determination and analysis of core
microbiota in environmental samples have attracted a great
deal of attention. Current studies on orchid core fungal
taxa mainly use the traditional Venn diagrams, which ignore
some ecological characteristics (e.g., the coexistence of
members in an ecosystem and some of their functions).
To improve the efficiency and accuracy of such predictions,
it is recommended to use platforms or software, such as
MetaCoMET, COREMIC, BURRITO, and PhyloCore, that
consider more critical ecological information (e.g.,
composition, persistence, connectivity, phylogeny, and
functional redundancy) to predict and analyze key species
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in a given microbial community. It is also necessary to
standardize their application for orchid-fungal communities
based on the effect of various methods, thus facilitating
better comparability of core fungal taxa of different or the
same orchid species from different case studies.

6. Clarifying the architecture of the OMF networks formed
by co-existing orchids can help to comprehend how these
hyper-diverse interacting guilds are maintained and co-evolve
in their habitats. This can further reveal the species, lineages,
or functional taxa that are significant to ecosystem services.

7. Research on orchid-fungal diversity often involves
cryopreservation, especially in case of large-scale sampling
to study the mycorrhizal networks. This may result in a
decline in the vitality of orchid tissues, affecting the OME.
Therefore, it is highly critical to explore the influence of
liquid nitrogen or cryopreservation at —80°C on the
composition and structure of OMF communities - a
prerequisite for truly reflecting the symbiotic patterns of
orchids with OMF in natural habitats.

8. Although it is known that OMFs occur in various habitats,
not only the rhizoctonia taxa (e.g., Tulasnellaceae and
Ceratobasidiaceae) but also some frequent non-rhizoctonia
taxa (e.g., Mycena, Thelephoraceae, and Russulaceae)
demonstrate a relatively wide distribution in orchids. Further
investigations are needed to identify (i) their exact ecology,
between pure saprotrophy and pure endophytism in
non-orchids and (ii) the geographical hot spots of these
OME. This is crucial for the conservation and regeneration
of rare and endangered orchids.

9. Once the diversity of fungi associated with orchids distributed
in different habitats is clearly understood, the next step is
to evaluate and analyze their functions in these communities
and in orchids. There are three methods for exploring the
ecological functions of orchid-associated fungi. First, culture
methods, such as long-term culture, in situ culture, or the
dilution of culture medium can be used. In addition to the
culture methods, which differ from the traditional technologies
mentioned at the beginning of this section, the currently
uncultured strains should be isolated to a maximum degree.
Then, different isolated fungal sets can be used to evaluate
their germination- and growth-promoting effects so as to
determine their specific functions at the different stages of
orchid life cycle. Second, selective fungicides can be used
cautiously to eliminate the key fungi linked with orchid
growth and stress resistance, and their respective functions
may be preliminarily inferred by observing the growth and
reproduction of the host orchids above- and under-ground
(Bellino et al.,, 2014; Jacquemyn and Merckx, 2019). Third,
the combination of high-resolution microscopy, metagenomes,
whole genomes, or transcriptomes in and ex situ is expected
to reveal the dynamic changes in fungal functions of orchids.

10. The exploration of a mycorrhizal fungal colonization model
is highly important in determining the carrying capacity of
fungal communities and the function of individual fungi in
the construction of these communities. In future research,
it is recommended to carry out proactive exploration of
OMF colonies in the rhizospheres of orchids through a

combination of green fluorescent protein-labeled bioreporter
systems, isotope labeling, and HTS. Moreover, how OMF
propagate, adapt to the microenvironment of orchid roots,
and achieve mutual recognition with the host orchids needs
to be elucidated.

To summarize, considering the importance of microbiota
in plant growth and health, synthetic communities (SynComs)
have increasingly become a hot issue in the study of ecology
and evolution of plant microbiomes (Cordovez et al., 2019;
Liu et al., 2019). The reconstruction of orchid-fungal communities
requires a comprehensive understanding of all the aspects
mentioned above, and the design of different fungal assemblages
with complementary or synergistic traits is recommended.
Simultaneously, the relationship among key fungi, pathogens,
and other key microbial assemblages (e.g., bacteria and archaea)
that are directly or indirectly associated with the orchid-fungal
community should be further studied, and the association
pattern of orchid-fungal interaction network should be focused
on to predict the fungal SynComs that affect orchid development.

With the joint efforts of the growing number of orchid
experts from all over the world, the exploration and understanding
of elusive and complex mechanisms underlying orchid-fungal
interactions are expected to gradually gain momentum and
reveal the much sought-after answers.
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