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Saprotrophic fungal mycorrhizal symbionts
in achlorophyllous orchids
Finding treasures among the ‘molecular scraps’?
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Mycoheterotrophic plants are achlorophyllous plants that
obtain carbon from their mycorrhizal fungi. They are usually
considered to associate with fungi that are (I) specific of each
mycoheterotrophic species and (2) mycorrhizal on surrounding
green plants, which are the ultimate carbon source of the entire
system. Here we review recent works revealing that some my-
coheterotrophic plants are not fungal-specific, and that some
mycoheterotrophic orchids associate with saprophytic fungi. A
re-examination of earlier data suggests that lower specificity
may be less rare than supposed in mycoheterotrophic plants.
Association between mycoheterotrophic orchids and sapro-
phytic fungi arose several times in the evolution of the two
partners. We speculate that this indirectly illustrates why tran-
sition from saprotrophy to mycorrhizal status is common in
fungal evolution. Moreover, some unexpected fungi occasional-
ly encountered in plant roots should not be discounted as ‘mo-
lecular scraps’, since these facultatively biotrophic encounters
may evolve into mycorrhizal symbionts in some other plants.

Considerable advances were recently made in the ecology of
achlorophyllous, heterotrophic plants that obtain carbon from
their mycorrhizal fungi (Fig. 1). Most plants have contact with
soil through mycorrhizal symbioses, in which roots associate with
a suitable fungal partner. Fungi utilize soil mineral nutrients, and
while sharing them with host plants, they generally receive carbon
as a reward. In contrast, some achlorophyllous plants living in the
shaded forest understorey have reversed the process. They receive
carbon from their mycorrhizal fungi exclusively, hence the desig-
nation ‘mycoheterotrophic’ (MH) plants.! Mycoheterotrophy has
appeared several times during the evolution of land plants, and
more than 20 times among orchids that encompass half of all
MH species.? In the last decade, the development of molecular
tools has enabled researchers to identify many fungal symbionts,
which are often uncultivable. The fungi occurring in the densely
colonized roots of MH species often produce a stronger PCR
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signal than any fungal contaminant, making molecular tools
very effective for this field of study.

Unexpectedly Diverse Fungal Partners

Although most MH species occur in tropical region, most
MH plants currently investigated are from northern latitudes.
In temperate MH plants, two main features were consistently
found: high specificity and indirect below ground connection
with nearby autotrophic plants."® Regarding specificity, each of
these temperate MH species only associate with a narrow range
of closely related fungal taxa, and these taxa differ among MH
species. High specificity is often assumed as an outcome of an
arms race between coevolving fungi and MH plants; each MH
species successfully exploits only one fungus, similar to special-
ized parasites (epiparasites?). Fungal partners of temperate MH
species also form mycorrhizae with nearby autotrophic trees that
represent the ultimate carbon source of the entire system.’ Direct
evidence of a below-ground connection between a MH plant and
surrounding trees was obtained by labelling photosynthates.
In most studies, indirect evidence was provided by using stable
isotopes;” using C, natural abundances in MH plants were
found to be similar to that of their mycorrhizal fungi but higher
than that of nearby autotrophic plants and using ®N, natural
abundances were found to increase from fungi to MH plants, as
is expected along trophic chains.

There are older as well as more recent reports on associations
between Asiatic tropical MH orchids and saprotrophic fungi,
which were mainly identified by using in vitro isolation,®’ a tech-
nique that often selects saprotrophic contaminants. Some MH
orchids living in wet forests in Asia and Australia have been pre-
sumed to be associated with litter decaying fungi'®" (reviewed
in ref. 3). More recently, saprotrophic fungi were identified in
situ using molecular tools on colonized roots or rhizomes. In
the Asiatic Epipogium roseum, association with saprotrophic
DPsathyrellaceae' (=Coprinaceae; Fig. 2) was further supported
by in vitro reconstruction of the symbiosis that enabled success-
ful development of the orchid.”® Psathyrellaceae were molecu-
larly identified in the Asiatic MH Eulophia zollingeri* (Fig. 2),
Gymnopus-related fungi in the Australian MH Erythrorchis
cassythoides,® Mycenaceae in the Japanese Gastrodia confusa'®
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reported. As shown in the analysis of the papers cited
above, it is valuable to consider their putative mycor-
thizal abilities. In the light of recent works, we could
indeed find treasures among molecular scraps.
Nevertheless, we still ignore whether all fungal
partners actually provide carbon to the unspecialized
MH orchids. To date, there is even no direct evidence
or experimental design (e.g., by labelling experiments)
showing that MH orchids associated with saprotro-
phs indirectly exploit carbon from dead organic mat
ter. This is only supported by rhizomorphs (elongated
bundles of fungal hyphae) that occasionally link dead

leaves to mycorrhizal roots'®"” and *C and "N natural

some saprotrophic fungi (picture by A. Faccio, University of Torino).

Figure I. Wullschlaegelia aphylla, a mycoheterotrophic orchid unspecifically associated
with saprotrophic Mycena and Gymnopus species. (A) Whole plant at flowering time,
with reduced, tuberoid root system at that period. (B) Section of mycorrhizal root
showing intracellular hyphal pelotons at early stage (p), or late stage (undergoing lysis,
Ip); among orchids, the colonization of dead cortical cell (cc) is a unique feature to

contents, consistent with the use of saprotrophic fungi
as a food source.'™ Wullschlaegelia aphylla is linked
to rhizomorphs of Mycenaceae and Gymnopus-
related fungi,” but this does not entail that they all
provide carbon; moreover, isotopic abundances only
distinguish the ecology of the fungal species furnish-

and the Caribbean Wiullschlaegelia aphylla’ (Figs. 1A and 3),
Marasmiaceae in the Australian Gastrodia sesamoides,'® and a
Resinicium species (Hymenochaetales) in Gastrodia similis from
La Réunion" (Indian Ocean). Therefore, there are now multiple
lines of evidence that several saprotrophic fungal lineages sup-
port some MH orchids, and that such symbioses are common in
tropical latitudes.

Specificity of Association: Less than Expected

Additionally, the MH orchid Wullschlaegelia aphylla associates
with both Mycenaceae and Gymnopus-related fungi, and possibly
with a species close to Psathyrellaceae.”” The former fungi were
also identified by PCR from mycorrhizal pelotons—i.e., the fun-
gal coils formed in mycorrhizal root cells (Fig. 1B)—supporting
these taxa’s ability to form orchid mycorrhizae. Some MH plants
have thus non-specific associations with several fungal lineages.
The recent finding of multiple fungal taxa within a plant or even
within a root in two other MH species supports that specificity is
not the rule: several fungi, all mycorrhizal on surrounding trees,
occur in the orchid Aphyllorchis spp. from Thailand" and in the
North-American ericaceous Pyrola picta.”

Previous reports of specialized MH plants may need to be re-
investigated to determine whether they are truly non-specific. The
African MH Afrothismia hydra (Thismiaceae) revealed mostly
Glomus species and also an Acaulospora, which was perceived
as a facultative partner with a reduced role in plant nutrition.?
In the MH orchid Gastrodia confusa, additional saprotrophic
Marasmiaceae (Marasmiellus, Clitocybula) were occasionally
recovered in individuals lacking the frequently amplified Mycena
spp-;' the authors hypothesized that some plant populations may
differ in their mycorrhizal fungus, but Marasmiellus and Mycena
fungi also co-existed in some plants. Therefore, fungi identified
by molecular tools that have been discounted from relevant sym-
bionts in the initial study (the “molecular scraps”, i.e., the fungal
sequences that are not granted any relevant role) deserve to be
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ing carbon, not its (or their) species.
Mycorrhizal Evolution: Promising Molecular Scraps?

The observation of simultaneous morphogenetic processes
between plants and saprotrophic fungi (Fig. 1B), which usually
do not colonize living material, is fascinating. This supports a lead
role for MH orchids in the mycorrhizal morphogenetic process,
since saprotrophic fungi were never selected for such a trait, and
raises the question of how the orchids manipulate these fungi.
Moreover, although investigating only a few models, current stud-
ies demonstrate that MH orchids recruited several independent
saprotrophic lineages in the Hymenochaetales, Psathyrellaceae,
Mycenaceae and Marasmiaceae (Fig. 2 and 3). Although some
clades were targeted twice, such Psathyrellaceae in the unrelated
orchids Epipogium roseum and Eulophia zollingeri (Fig. 2), no
specific fungal clade is predisposed to associate with MH orchids.
One can thus speculate that fungi do not need specific or rare
predispositions to be driven to living roots by MH orchids. In
other words, the transition to growing in living material might
arise fairly easily in fungal evolution, possibly even without any
specific genetic modification. Although the genomes of myc-
orrhizal fungi contain numerous genes specifically involved in
symbiosis,** it may be that the latter are only secondarily arisen as
an adaptation to exploiting the biotrophic niche (indeed, sapro-
trophs from MH orchids grow in roots, but do not receive carbon
from them). This may even explain why the transition to mycor-
rhizal status occurred so often in the evolution of fungi.?

In green orchids, in addition to the usual mycorrhizal
symbionts (the rhizoctonias, i.e., members of Sebacinales,
Ceratobasidiales and Tulasnellales, often considered as sapro-
trophs), other saprotrophs sometimes occur, e.g., Mycena spe-
cies in Anoectochilus roxburghii** or Cymbidium sinense.” In these
cases, they may be contaminants, or facultatively biotrophic
encounters that either form mycorrhizal structures on very small
root portions, or colonize the tissues as endophytes (i.e., grow
within living plant tissues, causing an unapparent infection,
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Figure 2. A phylogeny of Psathyrellaceae (maximum likelihood) shows that several lineages were recruited as mycorrhizal symbionts of the myco-
heterotrophic orchids Eulophia zollingeri and Epipogium roseum. Mycorrhizal taxa fall within a clade consisting of Psathyrella candolleana representatives,
while others fall within the Coprinellus clade (sequences from references 12 and 14; the support values on branches correspond to maximum likeli-

but do not form true mycorrhizae, nor cause any disease symp-
toms). The latter cases may be on the pathway from which closer
mycorrhizal relationships evolved. Indeed, evolution from sapro-
trophism to endophytism and then to mycorrhizal association is a
possible pathway for the repetitive evolution of mycorrhizal asso-
26 The same applies for the finding of tree
mycorrhizal fungi in some rhizoctonia-associated green orchids,

ciations seen in fungi.

e.g., overlooked Russula species in Cypripedium.?” This may be
the starting point for evolution to MH orchids connected by
mycorrhizal fungi with surrounding autotrophs. Thus, when
investigating green orchids, the report of minor ‘contaminant’
taxa, usually disregarded as molecular scraps, is also extremely
relevant for our understanding of the evolution of the symbiosis!
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In this respect, a particular issue is that of the fungal shifts that
occur in the evolution of some specific MH lineages, such as in
Ericaceae, where closely related MH species specifically target
different fungal taxa.?® How did the common ancestor shift to
a new symbiont? Indeed, one of these facultatively biotrophic
encounters may evolve into an exclusive symbiont.?®

On the orchids’ side, the ability to exploit fungal carbon arose
several times? using fungi mycorrhizal on other nearby autotro-
phs, or saprotrophic fungi. Even though some MH taxa only
use one kind of fungus, such as tree mycorrhizal fungi in the
Neottieae tribe or saprotrophs in the genus Gastrodia, there is
evidence that associations with saprotrophic versus mycorrhizal
fungi are not phylogenetically constrained in MH orchids.
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Figure 3. A phylogeny of Mycenaceae (maximum likelihood) shows that several lineages were recruited as mycorrhizal symbionts of the myco-
heterotrophic orchids Gastrodia similis, G. confusa and Wullschlaegelia aphylla). Mycorrhizal taxa fall out among species of Mycena, while four additional
isolates fall out with Mycena pura (= Prunulus purus), or in more basal positions within, or sister to, Mycenaceae (sequences from references 16 and 17;
the support values on branches correspond to parsimony bootstrap/maximum likelihood bootstrap probabilities; only values above 70% are shown).

For example, although Epipogium roseum associates with sap-
rotrophic Psathyrellaceae,'>"? the related E. aphyllum associates
with tree mycorrhizal Inocybe.?” Strikingly, the saprotrophic
fungi involved (Fig. 2 and 3) belong to taxa that are abundant
in temperate ecosystems where MH plants also exist, however,
to our knowledge, these taxa never interact with MH plants out-
side of the tropics (or very wet temperate forests). The ecological
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environment may be more relevant than the phylogenetic posi-
tion of the orchid. A possibility is that a wetter and hotter climate
may extend the period of growth and nutrition of saprotrophs,
providing surplus carbon that can be provided to a MH plant at
little or no cost to the fungus.”

Certainly, MH orchids associating with saprotrophic fungi
are more tractable models for in vitro experimentation® than
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those associating with mycorrhizal fungi. These taxa offer inter-
esting models for testing the impact of MH orchids on associ-
ated fungi, the mechanisms of recognition between the partners  tropics.

or the exchanges at cell level. Beyond this, there is a great need
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