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• Background As in most land plants, the roots of orchids (Orchidaceae) associate with soil fungi. Recent 
studies have highlighted the diversity of the fungal partners involved, mostly within Basidiomycotas. The as-
sociation with a polyphyletic group of fungi collectively called rhizoctonias (Ceratobasidiaceae, Tulasnellaceae 
and Serendipitaceae) is the most frequent. Yet, several orchid species target other fungal taxa that differ from 
rhizoctonias by their phylogenetic position and/or ecological traits related to their nutrition out of the orchid roots 
(e.g. soil saprobic or ectomycorrhizal fungi). We offer an evolutionary framework for these symbiotic associations.
• Scope Our view is based on the ‘Waiting Room Hypothesis’, an evolutionary scenario stating that mycor-
rhizal fungi of land flora were recruited from ancestors that initially colonized roots as endophytes. Endophytes 
biotrophically colonize tissues in a diffuse way, contrasting with mycorrhizae by the absence of morphological 
differentiation and of contribution to the plant’s nutrition. The association with rhizoctonias is probably the ances-
tral symbiosis that persists in most extant orchids, while during orchid evolution numerous secondary transitions 
occurred to other fungal taxa. We suggest that both the rhizoctonia partners and the secondarily acquired ones are 
from fungal taxa that have broad endophytic ability, as exemplified in non-orchid roots. We review evidence that 
endophytism in non-orchid plants is the current ecology of many rhizoctonias, which suggests that their ancestors 
may have been endophytic in orchid ancestors. This also applies to the non-rhizoctonia fungi that were secondarily 
recruited by several orchid lineages as mycorrhizal partners. Indeed, from our review of the published literature, 
they are often detected, probably as endophytes, in extant rhizoctonia-associated orchids.
• Conclusion The orchid family offers one of the best documented examples of the ‘Waiting Room Hypothesis’: 
their mycorrhizal symbioses support the idea that extant mycorrhizal fungi have been recruited among endophytic 
fungi that colonized orchid ancestors.

Key words: Ectomycorrhizal fungi, endophytism, mixotrophy, mycoheterotrophy, rhizoctonias, saprobic fungi.

INTRODUCTION

As in most other plants, orchid roots symbiotically associate 
with soil fungi. The dual organ formed, the mycorrhiza, plays 
a major role in plant protection and mineral nutrition (Smith 
and Read, 2008; van der Heijden et al., 2015; Li et al., 2021). 
In orchids, this symbiosis displays several features: (1) it oc-
curs from germination onwards, where the fungus also brings 
carbon resources to the germinating seed, which is almost 

devoid of reserves; (2) the fungal hyphae cross the wall of some 
cells in germinating seeds and in roots and, without disrupting 
the plasma membrane, form a hyphal coil called a peloton (Fig. 
1B); and (3) the association is frequently more specific than in 
other mycorrhizal plants (Rasmussen, 1995; Dearnaley et al., 
2016). We deal here with the evolution of this mycorrhizal 
association.

Most orchids associate with rhizoctonias (Fig. 1), a 
polyphyletic grouping of three Basidiomycota lineages  
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Orchid ancestors, hypothetically
mycorrhizal with Glomeromycotinas
... plus endophytes, including rhizoctonias and
non-rhizoctonia saprobic and ectomycorrhizal fungi

Last common ancestor of extant orchids
mycorrhizal with rhizoctonias
... plus endophytes, including non-rhizoctonia
saprobic and ectomycorrhizal fungi

Orchids mycorrhizal with
ectomycorrhizal fungi
... plus endophytes including
non-rhizoctonia saprobic fungi,
and possibly rhizoctonias

Orchids mycorrhizal with
non-rhizoctonia saprobic fungi
... plus endophytes including
ectomycorrhizal fungi,
and possibly rhizoctonias

Ancestral recruitment of
endophytic rhizoctonias
as mycorrhizal fungi

Repetitive (convergent)
recruitment of some
endophytes as new
mycorrhizal fungi

A

B

C D

Figure 1. A summary of the evolution of mycorrhizal partners in orchids, emphasizing that they may have been recruited from fungi that were ancestrally endo-
phytic (in orchids, fungi that are ectomycorrhizal on other plants can be endophytic or orchid-mycorrhizal, but for ease of reading, they are collectively qualified 
as ‘ectomycorrhizal’ fungi). (A) Hyphae and spores of Rhizophagus irregularis (courtesy Jelle van Creij, University of Wageningen). (B) Electron micrograph of 
an unknown rhizoctonia peloton in a Dactylorhiza majalis orchid mycorrhiza. (C) Fruiting bodies of ectomycorrhizal Russula cyanoxantha. (D) Fruiting bodies 

of litter-decaying Mycena spp.
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(Dearnaley et  al., 2012), namely Ceratobasidiaceae and 
Tulasnellaceae (in the Cantharellales; Smith and Read, 2008) as 
well as Serendipitaceae (in the Sebacinales; Weiss et al., 2016). 
These taxa are not mycorrhizal in other plants, with the excep-
tion of a few of their sub-clades (see below).

Yet, many orchids from unrelated genera associate with di-
verse non-rhizoctonia fungi from the Basidiomycota (mostly 
in Agaricomycetes), and more rarely from the Ascomycota 
(Dearnaley et al., 2012; Fig. 1). These fungal taxa are saprobic 
(decomposing plant residues) or ectomycorrhizal, i.e. they nor-
mally form a mycorrhizal association with trees and shrubs 
(Smith and Read, 2008).

Finally, beyond mycorrhizal fungi, orchid roots harbour 
diverse fungi that do not entail morphological symptoms (as 
pathogenic fungi would do) nor differentiation of one or the 
other partner (e.g. no mycorrhizal morphogenesis of hyphae, 
such as pelotons, nor developmental change of root tissues). 
Such biotrophic fungi occur in all plant roots and are called 
endophytes (Wilson, 1995; Rodriguez et al., 2009). Compared 
to mycorrhizal fungi, endophytes produce no specific morpho-
logical features, are often less abundant in plant tissues and do 
not strongly contribute to host nutrition. In the current text, to 
facilitate readability, we restrictively mean by ‘endophytes’ 
fungi that (1) colonize roots (we do not consider endophytes 
that colonize shoots and leaves) and (2) simultaneously col-
onize soil around the roots (we do not consider endophytes that 
strictly develop in host tissues). Endophytic fungi have been 
well characterized and studied in orchids, by isolation and mo-
lecular methods (Sarsaiya et al., 2019).

Here, we put the diversity of orchid mycorrhizal fungi into 
an evolutionary perspective. We suggest that (1) an ances-
tral mycorrhizal association with rhizoctonias (most prob-
ably Cantharellales) and (2) repeated evolutionary shifts to 
other fungal lineages (sometimes allowing a new ecology) oc-
curred through the same basic evolutionary process, namely 
the selection of fungi that already occupied roots as endo-
phytes. This phenomenon has been previously described as 
the ‘Waiting Room Hypothesis’ (WRH; Selosse et al., 2009; 
box 1 and Fig. 2). We developed this scenario for fungal 
lineages (van der Heijden et al., 2015; Selosse et al., 2018; 
Schneider-Maunoury et al., 2018, 2020) and, in this review, 
we tentatively apply it to orchids. Evidence that supports this 
scenario comes from an increasing trend to report the whole 
fungal communities detected in roots, in part thanks to next-
generation sequencing. Cessation of screening data and of 
reporting of only the taxa known, or expected, to be mycor-
rhizal (Selosse et al., 2010) as well as interest in describing 
microbiota diversity more comprehensively have enhanced 
knowledge of endophytic fungi and the development of new 
working hypotheses.

The single ancestral transition to rhizoctonias

The name rhizoctonias in orchid research can be traced 
back to the pioneering work of Noël Bernard who attrib-
uted the orchid symbionts to the genus Rhizoctonia (Selosse 
et  al., 2017), using a larger, now outdated definition of this 
genus (Oberwinkler et  al., 2013). Nevertheless, the guild of 
mycorrhizal fungi that associate with most orchids, namely 

Box 1. The Waiting Room Hypothesis.

The Waiting Room Hypothesis (WRH) was first proposed 
by Selosse et  al. (2009) in a study revealing widespread 
endophytic abilities in the Sebacinales. The latter order 
encompasses many sub-clades within its two families, 
Serendipitaceae and Sebacinaceae, that evolved different 
mycorrhizal associations on various hosts, including orchids 
(see main text). It was suggested that root endophytism in 
Sebacinales was a predisposition for mycorrhizal evolution, 
and that such an evolutionary trajectory could apply to other 
fungal taxa (Selosse et al., 2018).

The WRH is an evolutionary process where endophytism, 
a biotrophic interaction that by definition does not harm the 
host (Wilson, 1995), is an ecological niche predisposing 
to evolve tighter associations with the host (Fig. 1). The 
WRH acknowledges that most evolutionary pathways or 
new anatomical structures evolve from pre-existing struc-
tures (Shubin et  al., 2009). Mycorrhizal associations 
imply, for both partners, (1) morphological modification to 
build the mycorrhiza, and (2) more elaborated and intense 
nutrient exchanges than in endophytism. Thus, endophytes 
are predisposed to evolve mycorrhizal abilities, but this is 
only a possibility since not every endophyte is called out 
of the waiting room. Of course, endophytes predisposed to 
become mycorrhizal are exclusively those that (1) colonize 
roots (we do not consider here endophytes that colonize 
shoots and leaves) and (2) simultaneously colonize soil 
around the roots (we do not consider here endophytes that 
strictly develop in host tissues). By endophytes, we mean in 
this review fungi with the above-mentioned specific traits.

When exiting the waiting room, the new mycorrhizal lin-
eage may add up to existing partners, especially when the 
association is generalist, such as the ectomycorrhizal sym-
biosis. It may alternatively displace some or all existing 
symbionts, as probably happened in the more specific or-
chid mycorrhizal symbiosis (Fig. 1). In terms of physio-
logical effects on the host, trophic and protective effects 
observed in the mycorrhizal association may arise during 
the transition to mycorrhizal status, or even before: some 
endophytic fungi have a positive effect on their hosts, such 
as the dark septate endophytes (Newsham, 2011) and more 
generally some endophytic Helotiales (Almario et al., 2017) 
and Sebacinales (Weiss et al., 2016).

The WRH predicts patterns of interaction at ecological 
and/or phylogenetic levels:

- First, the fungus that is mycorrhizal in a given lineage 
may have retained endophytic abilities in other plants 
(and thus have a dual niche; Selosse et  al., 2018; Fig. 
2). Additionally, its endophytic presence is especially 
expected in phylogenetically related plants. Of course, 
endophytism can be secondarily lost in mycorrhizal spe-
cies but then the following pattern may be retained. Here, 
we report this for orchid mycorrhizal fungi, rhizoctonias 
(see main text) and non-rhizoctonias (Tables 1 and 2).

- Second, the mycorrhizal lineage arises phylogeneti-
cally among earlier-diverging lineages that are endo-
phytic, such as mycorrhizal sub-clades in Sebacinales  
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Serendipitaceae, Ceratobasidiaceae and Tulasnellaceae, is still 
commonly called rhizoctonias (Dearnaley et al., 2012).

Orchids belong to Asparagales (Smith and Read, 2008), 
which, like most land plants, form arbuscular mycorrhizas with 
Glomeromycotinas, a mycorrhizal partnership that is ancestral in 
land plants (Strullu-Derrien et al., 2018; van der Heijden et al., 
2015). It can therefore be speculated that the ancestors of orchids 
formed arbuscular mycorrhizas, although we are not aware of 
any support for this from the fossil record. Glomeromycotinas 
are infrequently reported in molecular barcoding of orchid roots 
(e.g. Abadie et al., 2006; May et al., 2020). On the one hand, 
the primers used often disfavour their detection, but on the other 
hand, we are not aware of any morphological data indicating that 
they form arbuscular mycorrhizal associations in extant orchids.

As present members of Apostasioideae, the most anciently 
diverging orchid lineage, associate with rhizoctonias, notably 
Cantharellales (Kristiansen et al., 2004; Yukawa et al., 2009; 
Suetsugu and Matsubayashi, 2021a), the last common ancestor 
of extant orchids was most probably already mycorrhizal with 
rhizoctonias (Dearnaley et al., 2012; Fig. 1), as also suggested 
by a reconstruction of ancestral states by Wang et al. (2021). 
The acquisition of the rhizoctonia partners may have occurred 
in several steps. For example, the absence of Serendipitaceae in 
Apostasioideae (Kristiansen et al., 2004; Yukawa et al., 2009; 
Suetsugu and Matsubayashi, 2021a) suggests that this family 
may have been acquired after the divergence of this lineage. 
Yet, a loss or a hitherto undetected presence of Serendipitaceae 
in Apostasioideae cannot be excluded.

Thus, all extant orchids studied up till now abandoned 
Glomeromycotinas and shifted to a mycorrhizal association 
with rhizoctonias (with exception of some secondarily evolved 
species described below).

Endophytism in non-orchids may have predisposed rhizoctonias 
to become mycorrhizal

Despite very limited data on their in situ ecology, rhizoctonias 
are often considered to live as saprobes in soil around the 
roots (Smith and Read, 2008), or on the tree bark around epi-
phytic orchids (Petrolli et al., 2021). This is supported by their 
cultivability in vitro (Rasmussen, 1995), and by genome data 
evidencing large enzymatic abilities (Kohler et al., 2015; Weiss 
et al., 2016; Miyauchi et al., 2020); recently, a Serendipitaceae 
fungus was even suggested to access dead organic matter by 
way of 14C dating its carbon (Suetsugu et al., 2021a). Yet, some 
rhizoctonias are also endophytes of non-orchid plants (see text 
below). Unfortunately, up to now, endophytism has not been 
correlated with any known fingerprint in the fungal genome, so 
that genomic studies cannot help detect this status.

First, endophytism is a general feature of Serendipitaceae 
(Selosse et  al., 2009; Weiss et  al., 2016): for example, 
Serendipita (= Piriformospora) vermifera is a famous and well-
studied model of a plant endophyte (Zuccaro et al., 2011; Gill 
et  al., 2016) that is also orchid-mycorrhizal (Oliveira et  al., 
2014). Second, members of Tulasnellaceae are endophytic, 
e.g. in Euphorbia spp. (Crous et al., 2015) and Bromus erectus 
(Girlanda et  al., 2011). In the latter case, the endophytic in-
dividual is also orchid-mycorrhizal (Girlanda et  al., 2011). 
Unfortunately, Tulasnellaceae are absent from most descrip-
tions of endophytic fungal communities since the primers used 
in barcoding for PCR (polymerase chain reaction) amplifica-
tion of ribosomal DNA present mismatches with their genomic 
sequences (Vogt-Schilb et  al., 2020). Third, although many 
Ceratobasidiaceae are parasitic on non-orchid roots, some 
strains are symptomless and endophytic (Sen et al., 1999; Likar 
et al., 2008; Yuan et al., 2010b; Girlanda et al., 2011); yet, the 
endophytic abilities of orchid mycorrhizal sub-clades remain 
unclear (Veldre et al., 2013).

Thus, rhizoctonias are saprobic and endophytic in non-orchid 
roots (Selosse and Martos, 2014). Here, endophytism should 
not be opposed to saprophytism, and rhizoctonias simply have a 
broad ecological niche encompassing these two facets (Selosse 
et al., 2018). As expected under the WRH (box 1), this permis-
sive ecology may be a predisposition to evolve mycorrhizal abil-
ities, not only in the ancestors of orchids but also in other plant 
groups. Indeed, some rhizoctonia lineages were also recruited in 
other mycorrhizal types. Ectomycorrhizal associations arose in 
at least two sub-clades of Tulasnellaceae (Tedersoo and Smith, 
2013), two sub-clades of Ceratobasidiaceae (Veldre et  al., 
2013) and one sub-clade of Serendipitaceae (Hynson et  al., 
2013; Tedersoo and Smith, 2013). Members of Serendipitaceae 
were also recruited as mycorrhizal fungi of crown Ericaceae, 
where they (and other mycorrhizal fungi) form intracellular 
coils similar to those formed in orchid mycorrhizae (Selosse 
et al., 2007). Thus, endophytism in rhizoctonias would have al-
lowed at least five transitions to ectomycorrhizas and four tran-
sitions to coil-forming mycorrhizae, i.e. one in Ericaceae and 

(Weiss et  al., 2016) or in Hymenochaetales (Korotkin 
et al., 2018). Here again, these endophytic ‘basal’ lineages 
may be missing because they went extinct or changed 
their ecology. For example, this limits the discussion of 
the WRH for Glomeromycotinas, the ancient mycorrhizal 
symbionts that diverged early from other fungi (Smith and 
Read, 2008; Strullu-Derrien et al., 2018).

Thus, the two previous patterns may not be observed 
but, whenever they are observed, they are expected under 
the WRH.

The WRH is sometimes viewed as an alternative to 
the idea that mycorrhizal fungi repetitively evolved from 
saprobic ancestors (Floudas et al., 2012; Kohler et al., 2015). 
The latter idea, which received strong support from fungal 
phylogenomics, is in no way contradictory: First, the cited 
studies did not consider endophytism as an ecological niche 
for fungi, so that they cannot evaluate the WRH; second, 
the WRH suggests that endophytism is the missing link be-
tween saprobic and mycorrhizal life in an evolutionary tra-
jectory between saprobic and mycorrhizal lifestyles (Fig. 
1A). Indeed, several fungi have a dual, saprobic and endo-
phytic niche (Selosse et al., 2007; Thoen et al., 2020; Fig. 
1B–D). They illustrate the first part of such a trajectory, if 
not the second part in the case of Mycena, saprobic fungi 
that are endophytic and even mycorrhizal in some orchids 
(see main text).

Finally, the WRH does not exclude other evolutionary tra-
jectories leading to a mycorrhizal lifestyle.
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three in orchids (the latter, counting conservatively, assumes 
one transition to orchid mycorrhiza per rhizoctonia family, but 
repeated acquisition may have occurred within each family; 
Veldre et al., 2013; Weiss et al., 2016). Such repeated transi-
tions make the rhizoctonias excellent models for the WRH and 
for the endophytic-to-mycorrhizal transition.

Additionally, novel mycorrhizal associations have been re-
ported in some orchid species that involve Basidiomycotas. For 
example, tropical orchids are mycorrhizal with Atractiellales 
(Pucciniomycotina; Kottke et  al., 2010) and possibly with 
Trechisporales (Martos et al., 2012); and Nervilia japonica as-
sociates with an unknown Basidiomycota taxon (Nomura et al., 
2013). Although the ancestral niche for the latter fungal taxon 
is unclear, the WRH may apply to the other two. Atractiellales 
encompass saprobic species (Bauer et al., 2006), some of which 
may have evolved endophytism before mycorrhizal abilities; and 
Trechisporales have endophytic abilities, from which not only 
orchid mycorrhizas, but also ectomycorrhizas may have evolved 
(Henry et  al., 2017; Vanegas-León et  al., 2019). For orchids, 
these partners are often observed in the company of rhizoctonias 
and in a limited set of species and ecological conditions. Such 
associations probably evolved late in orchid diversification.

The multiple, convergent transitions to ectomycorrhizal fungi

Another category of fungi that are frequently mycor-
rhizal in orchids belongs to taxa that are also known to form 
ectomycorrhizas (Dearnaley et  al., 2012; Wang et  al., 2021). 
In orchids, they form typical orchid mycorrhizas and pelotons 
(Fig. 1B), but, due to the fact that they are mainly (and historic-
ally known as) ectomycorrhizal (Fig. 1C), they are collectively 
qualified as ‘ectomycorrhizal’ fungi. Their presence in orchids 

was recognized when molecular identifications became avail-
able, because these fungi are poorly cultivable and therefore 
escaped cultivation attempts (Rasmussen, 1995).

The symbiosis with ectomycorrhizal fungi in orchids is linked 
to a physiological ability to extract carbon compounds from the 
fungus. Some of these orchids use the fungus as an exclusive 
carbon source and are therefore achlorophyllous (the so-called 
mycoheterotrophic orchids; Merckx et al., 2013). Some others 
still retain photosynthesis and use fungal carbon in addition to 
autotrophy: these chlorophyllous orchids are called mixotrophic 
(Julou et  al., 2005; Selosse and Roy, 2009; Jacquemyn and 
Merckx, 2019). This probably represents secondary shifts to 
ectomycorrhizal fungi, which is congruent with the fact that 
orchids arose ca. 112 million years ago (Givnish et al., 2015), 
while most ectomycorrhizal fungal clades arose 30–90 million 
years later (Hibbett and Matheny, 2009). Such transitions of 
partners and nutritional physiology occurred convergently in 
orchid evolution (e.g. Wang et al., 2021). For example, the evo-
lution to full mycoheterotrophy with the replacement of associ-
ated symbionts occurred two to three times in Vanilloideae, nine 
or more times in Orchidoideae and ≥14 times in Epidendroideae 
(Merckx, 2013). Yet, mycoheterotrophy often evolved in ances-
tors that were already mixotrophic with ectomycorrhizal fungi 
(Selosse and Roy, 2009; Jacquemyn and Merckx, 2019), and 
therefore several mycoheterotrophic taxa may derive from a 
single ancestral shift to mixotrophy. Thus, the exact number of 
mycorrhizal partner transitions may be smaller than predicted 
from the number of shifts to mycoheterotrophy. Yet, it is diffi-
cult to assess the number of transitions to mixotrophy, which 
is less obvious and less well documented. Nevertheless, given 
the diverse range of orchid sub-families where mixotrophy can 
be found, an intriguing parallel convergent evolution is almost 
certain (Wang et al., 2021; Fig. 1).

Evolutionary time

Free living,
saprobic fungus

Root endophytic fungus
retaining or not
saprobic abilities

Gain of the ability to grow
biotrophically in plant
tissues, i.e. enter the tissue
in a non-lethal way

Gain of the ability to engage a joint mor-
phogenesis with the host and perform tighter
exchanges; e.g. gain of small secreted peptides
that are abundant in mycorrhizal fungi

Mycorrhizal fungus,
retaining or not
endophytic abilities
(or even, but rarely,
saprobic abilities)Fungi with other

lifestyles, e.g. parasitic

Figure 2. The evolutionary trajectory of the Waiting Room Hypothesis (WRH) on the fungal side. A general pathway where mycorrhizal partners arise from 
saprobic fungi by way of endophytism.
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Table 1. Ectomycorrhizal non-rhizoctonia fungi present, possibly as endophytes, in rhizoctonia-associated green orchids

Orchid species Fungi Method Reference

Terrestrial
Vanilloideae
Vanilleae
Vanillia planifolia Scleroderma PCR (pel.) González-Chávez et al. (2018)
 Scleroderma, Inocybe, Russula, Tuber NGS Johnson et al. (2021)
Cypripedioideae
Cypripedium acaule Russula, Lactarius PCR Bunch et al. (2013)
 Russula Cloning Shefferson et al. (2007)
Cypripedium candidum Thelephoraceae Cloning Shefferson et al. (2005)
Cypripedium debile Sebacinaceae Cloning Suetsugu et al. (2021c)
Cypripedium fasciculatum Sebacinaceae Cloning Shefferson et al. (2005)
 Russula, Tomentalla Cloning Whitridge and Southworth ( 

2005)
Cypripedium flavum Boletaceae Cloning Yuan et al. (2010a)
Cypripedium formosanum Russula Cloning Shefferson et al. (2007)
Cypripedium montanum Thelephoraceae Cloning Shefferson et al. (2005)
Cypripedium parviflorum Russula Cloning Shefferson et al. (2005)
Paphiopedilum spicerianum Tricholoma, Thelephoraceae NGS Han et al. (2016)
Orchidoideae
Cranichideae
Aa achalensis Pezizaceae Isolat. Sebastian et al. (2014)
Goodyera foliosa Sistotrema Cloning Shefferson et al. (2010)
Goodyera procera Tomentella Cloning Shefferson et al. (2010)
Goodyera repens Russula, Lactarius PCR Liebel et al. (2015)
 Russula, Tomentella PCR Voronina et al. (2018)
Goodyera velutina Russula, Clavulina Cloning Shefferson et al. (2010)
 Russula, Tuber, Thelephoraceae Cloning Suetsugu et al. (2019)
Pterostylis nutans Russulaceae, Tricholoma Cloning Irwin et al. (2007)
Spiranthes spiralis Sebacinaceae, Thelephoraceae, NGS Duffy et al. (2019)
 Inocybaceae, Russulaceae NGS Calevo et al. (2021)
Orchideae
Anacamptis laxiflora Pezizaceae Culture Multu et al. (2020)
Anacamptis morio Terfezia Cloning Ercole et al. (2015)
 Pezizaceae NGS Voyron et al. (2017)
 Thelephoraceae, Cortinarius NGS Jacquemyn et al. (2014)
Anacamptis papilionacea Thelephoraceae, Cortinarius, Russula NGS Jacquemyn et al. (2014)
Corycium excisum, crispum, orobanchoides, 

ingeanum, nigrescens and bicolorum
Peziza Cloning Waterman et al. (2011)

Dactylorhiza spp. Cortinarius, Clavulina, Inocybe, Thelephoraceae NGS Jacquemyn et al. (2016b)
Dactylorhiza fuchsii Cenococcum, Cortinarius, Hebeloma, Inocybe, 

Sebacina, Tomentella
NGS Jacquemyn et al. (2017)

Dactylorhiza incarnata Peziza, Cortinarius, Inocybe, Tomentella NGS Jacquemyn et al. (2017)
Dactylorhiza majalis Laccaria PCR (pel.) Kristiansen et al. (2001)
 Craterellus, Hydnum PCR Schweiger et al. (2018)
Dactylorhiza praetermissa Cenococcum, Cortinarius, Hebeloma, Inocybe, 

Sebacina, Tomentella
NGS Jacquemyn et al. (2017)

Gymnadenia conopsea Terfezia, Russula, Lactarius, Cenococcum, Geopixis, 
Tomentella

Cloning Stark et al. (2009)

 Terfezia PCR Tesitelova et al. (2013)
 Tomentella Cloning Vogt-Schilb et al. (2020)
Herminium monorchis Cenococcum, Helvella, Cortinarius, Hebeloma, 

Inocybe, Sebacina, Tomentella
NGS Jacquemyn et al. (2017)

 Peziza PCR Schiebold et al. (2018)
Orchis anthropophora Thelephoraceae, Hebeloma Cloning Jacquemyn et al. (2010)
Orchis canariensis Russula Cloning Liebel et al. (2010)
Orchis galilaea Thelephoraceae, Russula Cloning Jacquemyn et al. (2011)
Ophrys sicula Cortinarius, Russula NGS Jacquemyn et al. (2014)
Orchis simia Hebeloma Cloning Jacquemyn et al. (2011)
Ophrys sphegodes Pezizaceae, Tomentella NGS Voyron et al. (2017)
Piperia unalascensis Sistotrema Isolat. Currah and Sherburne (1992)
Platanthera bifolia Cortinarius, Helvella, Inocybe, Peziza, Sebacina, 

Suillus, Thelephora, Tuber
NGS Esposito et al. (2016)

Platanthera chlorantha Cortinarius, Sebacina, Suillus Thelephora NGS Esposito et al. (2016)
Platanthera cooperi Thelephoraceae, Sebacinaceae NGS Kaur et al. (2021)
Pterygodium halli and inversum Peziza Cloning Waterman et al. (2011)
Pterygodium leucanthum Sebacinaceae Cloning Waterman et al. (2011)
Serapias bergonii Thelephoraceae, Cortinarius NGS Jacquemyn et al. (2014)
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Along with a dominance of ectomycorrhizal fungi, mixo- and 
mycoheterotrophic orchids often harbour a few rhizoctonias 
(e.g. Julou et al., 2005; Abadie et al., 2006; Jacquemyn et al., 
2021), but it is unknown if such rhizoctonias are endophytic or 
mycorrhizal (i.e. form true functional pelotons). There is even a 
growing awareness, thanks to next-generation sequencing, that 
a continuum exists between rhizoctonia-associated orchids and 
those associated with ectomycorrhizal fungi, so that the evo-
lutionary transition may occur with some coexistence of both 
fungal guilds (Jacquemyn et al., 2017).

Most importantly, ectomycorrhizal fungi are frequently 
present at low to very low frequencies in fully photosynthetic 
rhizoctonia-associated orchids as a ‘background’ noise (Table 1).  
In a literature survey, we found this scenario in at least 54 orchid 
species throughout the phylogeny of this family, based on 42 
studies (Table 1). Ectomycorrhizal fungi are found in a few sam-
ples and/or in a minor amount among clones (in PCR cloning) 
or among next-generation sequencings reads so that the orchids 
are considered as rhizoctonia-associated in these studies (see 
references in Table 1). In the last decade, this possibility has 
triggered the call for reporting of all fungal species found, even 
if unexpected (Selosse et al., 2010). Of course, next-generation 
sequencing has prompted larger reports of the diversity encoun-
tered, but well before these methods arose, evidence had already 
been obtained from cloning the barcoding PCR products, or 
even from direct Sanger sequencing (Table 1).

Ectomycorrhizal fungi in rhizoctonia-associated orchids 
may be endophytic or truly mycorrhizal. On the one hand, in 
three cases, ectomycorrhizal taxa were identified from DNA 
isolated from pelotons [see PCR (Pel.) in Table 1]. Although 
co-isolation of endophytic hyphae is possible, this suggests 
that these fungi formed pelotons in a plant otherwise massively 
mycorrhizal with rhizoctonias. On the other hand, endophytism 
is a reasonable option in most cases because there are growing 
reports that some ectomycorrhizal fungi colonize the roots of 
non-ectomycorrhizal plants as endophytes (Selosse et al., 2018). 
This is demonstrated for the genus Tuber, whose endophytism 

is supported in non-ectomycorrhizal plants by fluorescence in 
situ hybridization (FISH; Schneider-Maunoury et al., 2020; Fig. 
3). Endophytism has also been suggested for ectomycorrhizal 
Sebacinaceae (Selosse et al., 2009; Weiss et al., 2011;, 2016), 
and it may extend to various other lineages, at least Scleroderma 
and Thelephoraceae (Schneider-Maunoury et al., 2018, 2020), 
as well as Inocybe (Yung et al., 2021). Indeed, all these taxa 
are well represented, among other ectomycorrhizal fungi, in 
rhizoctonia-associated orchids (Table 1).

These data support that repeated recruitment of 
ectomycorrhizal fungi as orchid mycorrhizal partners is well 
explained under the WRH. With the permanent opportunity 
to shift to orchid-mycorrhizal, some of these ectomycorrhizal 
fungi are endophytic, and some others may already form pelo-
tons and achieve the first steps of evolution to orchid mycor-
rhizal status (Fig. 1). In other words, the orchid/ectomycorrhizal 
fungi coevolution displays various stages of the WRH pro-
cess. We note that some taxa (such as Sebacinaceae and 
Thelephoraceae; Table 1) are frequently present in rhizoctonia-
associated orchids, which may reflect why they are often in-
volved in secondarily evolved mixo- and mycoheterotrophic 
orchids (Merckx, 2013). The reason for this bias is not known, 
but it is possible that not all ectomycorrhizal taxa retained 
the ancestral endophytic abilities to the same degree (Fig. 2). 
Finally, an unexpected observation is that some rhizoctonia-
associated epiphytic orchids display ectomycorrhizal taxa 
(Table 1). The surprising occurrence of such taxa on tree bark 
in forests dominated by arbuscular mycorrhizal trees suggests 
that the ecological niche of ectomycorrhizal fungi still hides 
some unknown aspects (Selosse et al., 2018).

The multiple, convergent transitions to non-rhizoctonia 
saprobic fungi

Finally, some orchid taxa stopped interactions with 
rhizoctonias by shifting to wood- or litter-decaying 

Orchid species Fungi Method Reference

Epidendroideae
Calypsoeae
Tipularia discolor Tomentella PCR (pel.) McCormick et al. (2004)
Malaxideae
Liparis loeselii Thelephoraceae, Russulaceae, NGS Waud et al. (2017)
 Tricholomataceae, Inocybaceae, Cortinariaceae, 

Sebacinaceae
 Jacquemyn et al. (2017)

Neottieae
Epipactis palustris Thelephora, Inocybe, Geopora, Cortinarius, 

Leptodontidium, Exophiala, Hebeloma
NGS Jacquemyn et al. (2016a)

 Jacquemyn et al. (2017)
Epiphytic
Epidendroideae
Arethuseae
Coelogyne viscosa Tomentella Cloning Xing et al. (2014)
Epidendreae
Epidendrum armeniacum Pisolithus NGS Petrolli et al. (2021)
Epidendrum firmum Thelephoraceae, Russulaceae, Scleroderma, etc. Cloning Kartzinel et al. (2013)
Isochilus linearis Pisolithus NGS Petrolli et al. (2021)

Cloning: cloning of PCR products; NGS, next-generation sequencing; PCR, direct sequencing of polymerase chain reaction products; PCR (Pel.) direct 
sequencing of polymerase chain reaction products performed on isolated peloton.

Table 1. Continued
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non-rhizoctonia Basidiomycotas, in a secondary evolution that 
also implied the transition to full mycoheterotrophy (Ogura-
Tsujita et al., 2009; Martos et al., 2009; Merckx, 2013; Hatté 
et al., 2020; Suetsugu et al., 2020; Wang et al., 2021). For ex-
ample, the fungal genera Psathyrella, Mycena, Coprinus and 
Gymnopus were repeatedly involved in such transitions within 
the orchid lineages (Selosse et  al., 2010; Lee et  al., 2015). 
Recently, it was demonstrated that some mixotrophic orchids 
rely on such non-rhizoctonia fungi (Suetsugu et  al., 2021b; 
Yagame et  al., 2021). Based on this, mixotrophy in green 
orchids associated with Mycena spp. (Fan et  al., 1996; Guo 
et al., 1997; Zhang et al., 2012) now deserves further study.

Thus, parallel transitions to non-rhizoctonia saprobic 
Basidiomycotas occurred (Fig. 1). Here again, a closer look 
at published studies indicates that such fungi are strikingly 
present in rhizoctonia-associated orchids (Table 2), albeit 
at low to very low frequency (minor amount among clones 
in PCR cloning or among next-generation sequencings 
reads; see references in Table 2). In a literature survey, we 
found this scenario in at least 15 orchid species throughout 
the phylogeny of this family, based on 15 studies (Table 2). 
Non-rhizoctonia saprobic Basidiomycotas may have been 
frequently underreported, since detection of saprobic fungi, 
which sporulate abundantly, can easily be attributed to con-
tamination. Yet, here again, an endophytic colonization is 
possible, and we cannot rule out peloton formation in some 

cases. Interestingly, the ability of some saprobic fungi to live 
biotrophically in tissues (Fig. 2) has been speculated or dem-
onstrated in aerial parts (Selosse et al., 2007) and has recently 
been highlighted in the roots of non-orchid plants for the 
genus Mycena (Thoen et al., 2020).

Overall, these results suggest that a low level of endo-
phytic presence of non-rhizoctonia saprobic Basidiomycotas 
in rhizoctonia-associated orchids is a predisposition to evolve 
mycorrhizal interactions, as expected under the WRH (Fig. 1).

PERSPECTIVES

We support the hypothesis that all orchid mycorrhizal associ-
ations, from the ancestral rhizoctonias to the various derived 
fungal partners, are based on the evolutionary recruitment of 
endophytes that became mycorrhizal (Fig. 1), according to the 
WRH (box 1). In the future, we see five ways in which this as-
sertion may be supported.

First, analysis of fungal partners for orchid clades in which 
some species have shifted to non-rhizoctonia partners may allow 
us to test whether these partners are also endophytic in phylo-
genetically related orchids that still associate with rhizoctonias. 
Such a pattern would show that these partners were also endo-
phytic in the common ancestor of the clade (box 1). Such phylo-
genetically informed investigations could be carried out in the 

Table 2. Saprobic non-rhizoctonia Basidiomycotas present, possibly as endophytes, in rhizoctonia-associated green orchids

Orchid species Fungi Method Reference

Terrestrial
Cypripedioideae
Cypripedium flavum Tapinellaceae Cloning Yuan et al. (2010a)
Paphiopedilum micranthum Psathyrellaceae Cloning Yuan et al. (2010a)
Orchidoideae
Cranichideae
Anoectochilus roxburghi Mycena Culture Guo et al. (1997)
Goodyera repens Mycena, Trametes, Lentinus PCR Voronina et al. (2018)
Orchideae
Dactylorhiza spp. Mycena, Psathyrella, Coprinus, Marasmius NGS Jacquemyn et al. (2016b)
Gymnadenia conopsea Serpulaceae PCR Tesitelova et al. (2013)
 Mycena Cloning Vogt-Schilb et al. (2020)
Epidendroideae
Arethuseae
Bletilla spp. Mycena, Gymnopus NGS Zeng et al. (2021)
Pleione spp. Protomerulius Cloning Quin et al. (2019)
Calypsoeae
Calypso bulbosa Protomerulius NGS Suetsugu and Matsubayashi (2021b)
Cymbidieae
Oeceoclades maculata Psathyrella, Sparassis, Fomes PCR Bayman et al. (2016)
Malaxideae
Liparis loeselii Psathyrellaceae NGS Waud et al. (2017)
Epiphytic
Epidendroideae
Arethuseae
Coelogyne viscosa Marasmiaceae, Ganoderma Cloning Xing et al. (2014)
Cymbidieae
Cymbidium sinense Mycena Culture Fan et al. (1996)
Dendrobieae
Dendrobium officinale Mycena Culture Zhang et al. (2012)
Epidendreae
Epidendrum firmum Coprinellus, Polyporales Cloning Kartzinel et al. (2013)

Cloning: cloning of PCR products; NGS, next-generation sequencing; PCR, direct sequencing of polymerase chain reaction products.
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already well-explored tribe Neottieae (Selosse and Roy, 2009) 
and genus Cymbidium (Ogura-Tsujita et al., 2012).

Second, more attention is needed to demonstrate that non-
rhizoctonia fungi are really present (and are not laboratory con-
tamination) in rhizoctonia-associated orchids, and what their 
interaction is with the host tissues. Do they really enter the root 
by crossing the epidermis? Do they sometimes even form pelo-
tons, as suggested in some cases above, or do they simply col-
onize the roots loosely between cells, as typical endophytes do 
(Fig. 3A)? As stated above, the two situations, with the first 
closer to a mycorrhizal status, may exist under the WRH. We 
need more microscopic investigations, especially using FISH 
to identify the hyphae (e.g. as in Schneider-Maunoury et al., 
2020; Fig. 3A), a kind of approach and savoir faire that remain 
too rare. Such data may also demonstrate that the molecular de-
tection of these fungi is not artefactual.

Third, the physiological relevance of fungal endophytism 
in orchids should be addressed: do endophytes have some 
influence on host nutrition, physiology or defence; are they 
mutualistic, neutral or slightly detrimental? Obviously, this 
cannot be examined in the ancestors of the orchids that re-
cruited a given endophyte as a mycorrhizal fungus; yet, the 
question can be addressed in extant rhizoctonia-associated 
orchids, where such fungi are currently still endophytic. 
Transcriptomic expression of genes by the fungus (e.g. as in 
Schneider-Maunoury et al., 2020) and of the host may be in-
vestigated. In particular, in orchids, an important interaction 
stage is germination, where the fungus provides most nu-
trients required for plant development (Rasmussen, 1995). 
A  large diversity of isolated endophytes has been tested to 
support germination, which they often fail to do (e.g. Meng 
et al., 2019); yet, studies mostly used endophytes related to 
Ascomycotas that are more easily cultivated than those re-
lated to Basidiomycotas (although the latter can be isolated;  
Table 2), because Ascomycotas grow faster in vitro. Thus, avail-
able orchid endophytes do not encompass the ectomycorrhizal 
and non-rhizoctonia saprobic Basidiomycotas that sometimes 
became mycorrhizal in orchid evolution. The latter taxa now 
deserve attention for their potential role in germination of 
rhizoctonia-associated orchids.

Fourth, an open, intriguing question is why most endophytes 
belonging to Ascomycotas were never recruited as mycor-
rhizal partners (with the exception of some ectomycorrhizal 
Pezizomycetes). Orchids often display Xylariales, Dothid-
eomycetes, Leotiomycetes, etc. (Bayman and Otero, 2006;  
Sarsaiya et al., 2019), as endophytes, which never act as mycor-
rhizal in any orchid species. This may be explained by the fact 
that they are strictly endophytic, without extraradical myce-
lium enabling a mycorrhizal role. Yet, this restricted ecology 
deserves confirmation.

Fifth, and more generally, the question of the exact impact 
of root endophytes extends to the rhizoctonias in the roots of 
non-orchid plants. How do they grow and interact within these 
roots? Do they have some influence on their hosts, e.g. a slightly 
beneficial role placing them on a slope toward mutualism? In 
the future, inoculation experiments, which are allowed by the 
in vitro tractability of rhizoctonias, may test this. Indeed, such 
investigations on Serendipitaceae have already revealed signifi-
cant and positive physiological outcomes [Fritsche et al., 2021; 
see Weiss et al. (2016) and Gill et al. (2016) for reviews].

Because of the high rate of symbiotic partner replacement 
during their evolution, some orchid groups are outstanding ‘la-
boratories’ for studying the evolution of symbiosis. They offer a 
window on the evolution that also operates, albeit more slowly, in 
other more conservative lineages. In a similar way, the photosyn-
thetic Dinoflagellate algae have gained new algal endosymbionts 

A

B

C

Figure 3. The truffles (Tuber spp.) are demonstrated examples of mycor-
rhizal fungi that also are endophytic in roots of plants where they do not form 
mycorrhizae. (A) An endophytic Tuber melanosporum hypha (orange) in 
a Geranium sp. root (grey background), coloured by fluorescence in situ la-
belling as in Schneider-Maunoury et al. (2020). (B) Mycorrhizal pelotons of 
T. aestivum in an Epipactis microphylla orchid mycorrhiza (thin section under 
light microscopy, prepared as in Selosse et al., 2004). (C) An ectomycorrhiza 
of T. melanosporum, with hyphae covering the tip of a Quercus pubescens root 

(courtesy François Le Tacon, INRAe).
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many times, replacing their previous plastids and offering in-
sights into plastid evolution (Waller and Kořený, 2017). Orchids 
also display a fast dynamic of replacement of mycorrhizal fungi, 
which occurs in the framework of the WRH. Thus, although the 
WRH has wider domains of applications, orchids are certainly 
the most relevant group for its further testing.
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