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Abstract

1. A key feature of Orchidaceae is the production of dust-like seeds that depend on

fungal carbon during early development. Although protocorms and mature green
orchids typically associate with rhizoctonia fungi, many non-photosynthetic or-
chids and some photosynthetic green orchids maintain symbioses with sapro-

trophic (SAP), non-rhizoctonia fungi throughout their lives.

. We examined the mycorrhizal communities of four green Calypsoinae orchids

(Calypso bulbosa, Cremastra variabilis, Oreorchis patens and Tipularia japonica) at
germination. Using seed baiting combined with molecular barcoding, we tested
for potential associations with SAP, non-rhizoctonia fungi at the protocorm stage,
given that conspecific adults with coralloid rhizomes, structures morphologi-
cally resembling protocorms, often associate with these fungi. We also measured
natural abundances of **C and **N in T. japonica protocorms, coralloid rhizome-
bearing adults, individuals lacking coralloid rhizomes and autotrophic reference

plants to quantify the contribution of fungal carbon to plant nutrition.

. Germination was observed exclusively near adult plants with coralloid rhizomes

and decomposing wood, whereas seeds placed near adults lacking coralloid rhi-
zomes failed to germinate. Molecular barcoding revealed that protocorms of all
four species were predominantly associated with wood-decaying fungi. Their my-
corrhizal communities closely matched those of conspecific adults with coralloid
rhizomes, and the dominant operational taxonomic unit (OTU) was even shared
across protocorms and coralloid rhizomes of C. variabilis and O. patens. Stable iso-
tope analyses further indicated that T. japonica protocorms derived all their car-
bon from wood-decaying fungi, while coralloid rhizome-bearing adults obtained

more than half of their carbon from these fungi.

. Theseresults underscore the role of SAP, non-rhizoctonia fungiin germination and

suggest that wood-derived carbon facilitates seedling establishment in shaded
forests. This broadens our understanding of plant adaptation to low-light envi-

ronments and deepens our knowledge of the functional diversity of mycorrhizal
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1 | INTRODUCTION

The family Orchidaceae is one of the most species-rich angiosperm
families, exhibiting remarkable diversity across a wide range of hab-
itats worldwide. A defining characteristic of orchids is their produc-
tion of numerous dust-like seeds (Arditti & Ghani, 2000). In natural
environments, orchid seeds rely on mycorrhizal fungi for essential
nutrients such as carbon, nitrogen and phosphorus during early
development, resulting in fully mycoheterotrophic underground
seedlings (protocorms) (Jacquemyn & Merckx, 2019; Merckx, 2013;
Rasmussen & Rasmussen, 2014).

At maturity, many orchids shift toward partial autotrophy, and
some eventually achieve full autotrophy, even supplying carbon to
their fungal partners (Cameron et al., 2008). However, some orchids
continue to depend partially or entirely on mycorrhizal fungi for
carbon in adulthood (Gebauer & Meyer, 2003; Hynson et al., 2013).
Fully mycoheterotrophic plants, which are non-photosynthetic and
completely reliant on fungi, are especially prevalent in Orchidaceae,
including over 200 species and more than 30 independent evolu-
tionary origins (Merckx & Freudenstein, 2010). This early depen-
dence on fungal carbon may have facilitated multiple transitions to
fully mycoheterotrophy in orchids (Hynson et al., 2013; Jacquemyn
& Merckx, 2019; Merckx, 2013).

Due to their subterranean nature, empirical data on fungal as-
sociations at the seedling stage remain limited. However, seed
baiting techniques (e.g. sowing seeds in mesh bags) combined with
molecular barcoding have greatly advanced our understanding of
mycoheterotrophic germination (Rasmussen & Whigham, 1993).
The fungal partners of orchid seedlings generally correspond to
those found in co-occurring adult plants (Jacquemyn et al., 2012;
McKendrick et al., 2002; Rasmussen & Rasmussen, 2014). Orchid
seedlings that transition to autotrophy or a low degree of mycohet-
erotrophy in adulthood typically associate with polyphyletic rhizoc-
tonia fungi (Tulasnellaceae, Ceratobasidiaceae and Serendipitaceae),
which also colonize adult roots (Dearnaley et al., 2012; Rasmussen
& Rasmussen, 2014). In contrast, both seedlings and adults of fully
mycoheterotrophic orchids, as well as partially mycoheterotrophic
orchids with high fungal carbon dependence, are predominantly as-
sociated with ectomycorrhizal (ECM) fungi or, less commonly docu-
mented, with saprotrophic non-rhizoctonia (SAP) fungi (Bidartondo
& Read, 2008; Jacquemyn & Merckx, 2019).

interactions. Moreover, because many fully mycoheterotrophic Calypsoinae spe-
cies possess coralloid rhizomes exclusively colonized by SAP non-rhizoctonia
fungi, such germination-stage associations in green Calypsoinae may have pro-

moted the repeated evolution of full mycoheterotrophy in this group.

mycoheterotrophy, mycorrhizal communities, orchid seedlings, protocorm, saprotrophic fungi,
seed-sowing experiments

At finer taxonomic scales, many orchids exhibit developmen-
tal shifts in fungal partners, although the fungal communities often
overlap at the genus or family level across life stages (Bidartondo &
Read, 2008; Meng et al., 2019; Ventre Lespiaucq et al., 2021). For ex-
ample, a specific Tulasnella species consistently isolated from mature
Dendrobium moniliforme promotes protocorm formation but not further
development, whereas a different Tulasnella species supports seedling
establishment (Meng et al., 2019). Similarly, in Cephalanthera longifolia,
early developmental stages involve a subset of the fungal taxa found in
germinating seeds and adult roots (Bidartondo & Read, 2008).

More pronounced symbiont shifts are often observed in or-
chids that associate at least partially with SAP fungi. For exam-
ple, the fully mycoheterotrophic Gastrodia elata initially depends
on litter-decomposing Mycena species for germination but later
associates with wood-decomposing Armillaria species (Park &
Lee, 2013). Similarly, protocorms of Tipularia discolor associate
with specific Auriculariales fungi, while the photosynthetic adults
form relationships with rhizoctonia fungi (McCormick et al., 2004).
Likewise, Oeceoclades maculata germinates with a single Psathyrella
species but later broadens its associations to include rhizocto-
nia fungi such as Ceratobasidiaceae and Tulasnellaceae (Bayman
et al., 2016). Additionally, Psathyrellaceae fungi dominate in proto-
corms and seedlings of Cremastra appendiculata, while rhizoctonia
fungi predominate in the roots of mature plants (Zahn et al., 2022).
Nonetheless, SAP associations at the germination stage in green or-
chids are still considered exceptional (Bayman et al., 2016).

Interestingly, some green orchids such as Cremastra variabi-
lis, a sister species of C. appendiculata, occasionally possess cor-
alloid rhizomes in adulthood, structures commonly observed in
fully mycoheterotrophic species (Maekawa, 1971). These rhi-
zomes resemble conspecific protocorms morphologically and
are often interpreted as persistent protocorms retaining juvenile
features (Freudenstein, 1994; Gillman, 1876; MacDougal, 1899;
Maekawa, 1971). Recent studies have linked coralloid rhizomes
with both the degree of mycoheterotrophy and associations with
SAP fungi (Suetsugu et al., 2022; Suetsugu & Matsubayashi, 2021;
Yagame et al., 2021). We therefore hypothesize that protocorms in
species whose adults occasionally produce coralloid rhizomes and
associate with SAP fungi are colonized by the same fungal taxa found
in conspecific coralloid rhizomes. Given that orchids fully depend on

fungal-derived carbon during the protocorm stage (Merckx, 2013)
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and that wood-decaying fungi are likely better carbon sources than
rhizoctonia fungi (Suetsugu & Okada, 2025b), these interactions are
also ecologically plausible.

Here, we focused on four green orchid species in the subtribe
Calypsoinae: Calypso bulbosa, C. variabilis, Oreorchis patens and Tipularia
japonica. A recent phylogenomic analysis revealed that the monotypic
genus Calypso forms a clade with Changnienia and Tipularia (approxi-
mately five species), while Cremastra (approximately seven species)
is grouped with Aplectrum, Oreorchis (approximately 17 species),
Kitigorchis (approximately two species) and Corallorhiza (approximately
13 species) (Barrett et al., 2025). These Calypsoinae taxa have emerged
as a model system for studying mycorrhizal associations and mycohet-
erotrophy due to their diverse fungal partners and nutritional strate-
gies (Barrett et al., 2010; Barrett & Freudenstein, 2011; Freudenstein
& Barrett, 2014; Suetsugu & Matsubayashi, 2021; Suetsugu &
Okada, 2025a, 2025b). Among the species examined, three are known
to occasionally develop coralloid rhizomes at maturity that are associ-
ated with SAP fungi: C. bulbosa with Auriculariales fungi, and C. vari-
abilis and O. patens with Psathyrellaceae fungi (Suetsugu et al., 2022;
Suetsugu & Matsubayashi, 2021; Suetsugu & Okada, 2025b; Yagame
et al., 2021). In these species, the occurrence of coralloid rhizomes
together with SAP associations is linked to increased levels of myco-
heterotrophy (Suetsugu et al., 2022; Suetsugu & Matsubayashi, 2021;
Suetsugu & Okada, 2025b; Yagame et al., 2021). Tipularia japonica may
exhibit similar traits, as seed germination in the close relative T. discolor is
stimulated by decaying wood and the protocorms of T. discolor associate
with wood-decomposing Auriculariales fungi (McCormick et al., 2004,
2012; Rasmussen & Whigham, 1998; Whigham et al., 2002).

Consequently, we characterized the mycorrhizal communities
of these four species at the protocorm stage to improve our un-
derstanding of SAP-associated mycoheterotrophic germination.
Specifically, we addressed the following questions: (i) Are the mycor-
rhizal communities at the protocorm stage dominated by SAP fungi,
and if so, do they resemble those found in the coralloid rhizomes
of conspecific adults? (ii) Is mycorrhizal community composition
during the initial mycoheterotrophic stage similar across species,
particularly between C. variabilis and O. patens, which are potentially
associated with Psathyrellaceae fungi, and between C. bulbosa and
T. japonica, which may be associated with Auriculariales fungi? (iii)
Does germination occur more frequently near adult plants bearing
coralloid rhizomes than near those lacking such structures? (iv) As
in the other three species, do T. japonica individuals with coralloid

rhizomes exhibit a high degree of mycoheterotrophy?

2 | MATERIALS AND METHODS

2.1 | Seed germination experiments and sample
collection

Seeds of C. variabilis and O. patens were collected in early October
2010 in Ebetsu City, Hokkaido Prefecture, whereas those of C.
bulbosa were obtained in mid-August 2012 in Kamiiso Town,
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Hokkaido Prefecture. Seeds were enclosed in nylon mesh bags
(108 pum mesh), sealed in 50x50mm slide mounts and labelled
with coloured strings (Rasmussen & Whigham, 1993). Each packet
contained approximately 100 seeds. At each site, three seed packets
were buried within a week of collection to minimize loss of viability,
placed within 10cm of adult plants either bearing coralloid rhizomes
(n=10) or lacking them (n=10), resulting in 60 packets per species.
The presence of deadwood near each planting site was recorded.
Seed packets of C. variabilis and O. patens were retrieved in late May
2012, and those of C. bulbosa in mid-September 2013. To minimize
disturbance, we carefully assessed the presence or absence of
coralloid rhizomes by accessing the roots or coralloid rhizomes
laterally, without excavating entire plants. After inspection, the
holes were refilled with the original soil.

Because preliminary germination trials in T. japonica were un-
successful, we collected soil samples in late December 2020 within
10cm of adults with (n=10) or without (n=10) coralloid rhizomes
in Fuji City, Shizuoka Prefecture. As in the seed burial experiments,
the presence of nearby deadwood was recorded. Protocorms were
isolated using a centrifugation method (Johnson-Groh et al., 2002;
Mason & Farrar, 1989). Specifically, soil samples were disaggregated,
sieved to remove coarse debris and centrifuged in water followed
by 50% sucrose. Supernatants were examined under a Leica M420
stereomicroscope (Leica Microsystems, Wetzlar, Germany) to detect
protocorms.

Germination was defined as seed coat rupture accompanied by
the emergence of an enlarged embryo. In C. variabilis and O. patens,
numerous well-developed protocorms were recovered and catego-
rized as small (<5mm, unbranched) or large (>5mm, branched) to
infer developmental shifts in fungal associations. In contrast, all or
most protocorms of C. bulbosa and T. japonica were <5mm, prevent-
ing size-based classification.

Additionally, mycorrhizal samples (root tips or coralloid rhizomes)
were collected from adult plants of all four species, both with and
without coralloid rhizomes, within their respective populations. For
individuals with coralloid structures, only coralloid rhizomes were
sampled, as previous studies have shown that fungal colonization
primarily occurs in these tissues (Suetsugu & Okada, 2025b; Yagame
et al., 2013). All protocorms and mycorrhizal tissues were preserved
in 1.5mL tubes containing 99.5% ethanol and stored at -20°C until
DNA extraction.

2.2 | Molecular identification of mycobionts

Samples were rinsed to remove debris and surface-sterilized with
1% sodium hypochlorite for 30s, followed by three rinses in sterile
distilled water. DNA was extracted using the cetyltrimethylammo-
nium bromide (CTAB) method (Doyle & Doyle, 1990). Sample sizes
were as follows: for C. bulbosa, 12 coralloid rhizome-bearing adults,
14 coralloid rhizome-lacking adults and 12 protocorms; for C. vari-
abilis, 8 coralloid rhizome-bearing adults, 10 coralloid rhizome-
lacking adults, 5 small protocorms and 17 large protocorms; for O.

858017 SUOWILLIOD 8A 1810 3(edldde aus Aq pausenob ae sejoie YO ‘85N JO SaInJ Joj Akeid18uluO A8]IM UO (SUORIPUOO-PUB-SW.BI W00 A8 | 1M AeIq 1[BU1|UO//SdNL) SUORIPUOD pUe SWLB | 8L 88S *[6Z0Z/0T/ST] uo AriqiTauliuo A1 ‘Aisienun 8o Ad T8TOL SEVZ-G9ET/TTTT OT/I0P/WO0 A8 | M Atelq 1 jpul|uo's feuIno kad)/:sdny Wo.y pepeo|umoq ‘0 ‘SEvzSosT



SUETSUGU and OKADA

4 ;
J— Eggﬁ?éﬁm Functional Ecology

patens, 16 coralloid rhizome-bearing adults, 9 coralloid rhizome-
lacking adults, 7 small protocorms and 12 large protocorms; and
for T. japonica, 12 coralloid rhizome-bearing adults, 7 coralloid
rhizome-lacking adults and 6 protocorms.

Following Suetsugu and Okada (2025b), the fungal ITS region
was amplified using two primer sets: ITS86F/ITS4, commonly used
to profile fungal communities in orchid roots (Waud et al., 2014), and
ITS86F/ITS4Tul2, specific to Tulasnellaceae fungi (Oja et al., 2015).
The first PCR incorporated primers with 3-6-mer random nucle-
otides and lllumina sequencing primers; the second PCR added
Illumina P5/P7 adapters and indices. Libraries were sequenced on
an lllumina MiSeq platform using the MiSeq Reagent Micro Kit v2
(300cycles). ITS86F/ITS4-based data for several adult C. bulbosa
individuals and all O. patens adults were previously archived in the
Sequence Read Archive (PRJDB8982 and PRJNA1213319; Suetsugu
& Matsubayashi, 2021; Suetsugu & Okada, 2025b). Remaining se-
quence data, including all protocorms, all adult samples amplified
with ITS86F/ITS4Tul2, and adults of C. variabilis, T. japonica, and the
remaining C. bulbosa amplified with ITS86F/ITS4, were deposited
under accession number PRJNA1257467.

Bioinformatic processing was conducted with Claident
v0.9.2024.06.10 (Tanabe & Toju, 2013), following Suetsugu and
Okada (2025b). In brief, after completing primer trimming, qual-
ity filtering and denoising, chimeric sequences and index-hopping
artefacts were removed using the clremovechimev and clremove-
contam commands in Claident. Reads were clustered into OTUs
at a 97% similarity threshold, with the most abundant sequence
in each OTU designated as the representative. Taxonomic classi-
fication was performed to the genus level where feasible. OTUs
corresponding to orchid mycorrhizal fungi (Dearnaley et al., 2012;
Wang et al., 2021) were retained for further analysis. Rare OTUs,
defined as singletons or those with <50 reads across all datasets,
were excluded. To normalize sequencing depth, abundance-based
rarefaction was applied by standardizing all samples to a minimum
of 1406 reads.

2.3 | Fungal community analyses

B-diversity in mycorrhizal communities was evaluated using weighted
UniFrac distance matrices (WUDMs), which account for phylogenetic
relationships among OTUs via the ‘GUniFrac’ package (Chen &
Chen, 2021; Lozupone et al., 2011; Lozupone & Knight, 2005).
OTU phylogenies were inferred by aligning sequences with MAFFT
v7.475 (Katoh & Standley, 2013) and constructing a maximum
likelihood tree using IQ-TREE v2.2.2 (Nguyen et al., 2015) under
the HKY+F+I model selected by the Bayesian Information Criterion,
with 1000 ultrafast bootstrap replicates (Hoang et al., 2018). Given
the substantial interspecific divergence in mycorrhizal communities,
analyses were conducted separately for each species or closely
related pairs (C. variabilis and O. patens; C. bulbosa and T. japonica) to
capture intraspecific variation among protocorms, coralloid rhizome-

bearing adults and those lacking coralloid rhizomes.

A non-metric multidimensional scaling (NMDS) analysis based
on WUDMs was performed using the metaMDS function in the
‘vegan’ package. Hierarchical clustering with average linkage was
applied using the hclust function in ‘stats’ to assess the influence
of developmental stages and phenotypes (protocorms, adults with
coralloid rhizomes and those without) on fungal community com-
position. Group differences were tested using PERMANOVA with
9999 permutations (adonis2 in ‘vegan’), and pairwise comparisons
with Bonferroni-adjusted p-values were conducted using ‘pair-
wiseAdonis’ (Martinez Arbizu, 2020).

2.4 | &%Cand N analysis

To investigate the nutritional mode of T. japonica, natural abundances
of 3C and '®N in leaves of mature plants with and without coralloid
rhizomes, protocorms, nearby deadwood, and autotrophic reference
species within four 2x2m quadrats were measured. Analyses were
performed using a continuous-flow isotope-ratio mass spectrometer
(Delta V Advantage; Thermo Fisher Scientific, Waltham, MA, USA)
coupled with an elemental analyser (Flash EA 2000) at the Research
Institute for Humanity and Nature (Kyoto, Japan). Relative isotope
abundances were calculated as:

8"C or 8"°N = (Reampie / Retandara — 1) X 1000 [ %o |
where Rsample is the 3C/'2C or N/™N ratio of each sample, and
Reiandara 1S that of Vienna PeeDee Belemnite or atmospheric N,, re-
spectively. Calibration was performed using laboratory standards
CERKU 01, CERKU 02 and CERKU 03 (Tayasu et al., 2011). Analytical
standard deviations were <0.09%o for §°C (n=24) and <0.22%o for
5'°N (n=24). Total C and N concentrations were determined from
sample weights and the CO, and N, gas volumes measured against
laboratory standards (Tayasu et al., 2011). Enrichment factors (¢) were
calculated as e =8¢~ Sggp, Where 8 is the §'°C or §'°N value of a T. ja-
ponica individual, and 8¢ is the mean value for reference plants in the
same sampling plot (Preiss & Gebauer, 2008). The proportion of carbon
derived from fungi (% Cdf) in mature T. japonica plants bearing coral-
loid rhizomes was estimated using a linear two-source mixing model:
% Cdf=(e"CpmH/e'3CrmH)x 100, where £°Cpmn represents the °C
enrichment factor of mature T. japonica plants and £*3CrMH is the mean
13C enrichment factor of T. japonica protocorms. For mature T. japonica
plants lacking coralloid rhizomes, we did not calculate the proportion
of fungal carbon because their rhizoctonia associations, which show
only weak 13C enrichment, are unsuitable for the two-source mixing
model (Schweiger et al., 2018).

A linear mixed model was used to compare §*3C, §*°N, £**C, and
£'°N values, with plant identity (mature plants with or without cor-
alloid rhizomes, protocorms and neighbouring references) as a fixed
effect and plot as a random factor. Post hoc pairwise comparisons
were performed using the Tukey-Kramer test. All statistical analy-
ses were conducted in R (R Core Team, 2025) using the Ime4 (Bates
et al., 2015) and multcomp (Hothorn et al., 2008) packages.
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3 | RESULTS
3.1 | Patterns of seed germination

Seed-sowing experiments demonstrated that germination success
depended on the presence of nearby conspecific adult plants with
coralloid rhizomes and deadwood. Of the 60 seed packets buried
(3 packetsx 10 coralloid rhizome-bearing vs. 10 coralloid rhizome-
lacking adults), germination occurred only near coralloid rhizome-
bearing adults and exclusively at sites where deadwood was
present. Deadwood was more frequently observed near coralloid
rhizome-bearing adults than those lacking coralloid rhizomes (6 vs.
3 individuals in C. bulbosa, 9 vs. 3 in C. variabilis and 9 vs. 2 in O.
patens). However, even under this seemingly favourable combination
of coralloid rhizome-bearing adult plus deadwood, more than half
of the seed packets produced no protocorms. Specifically, only four
packets near two coralloid rhizome-bearing individuals of C. bulbosa,
five packets near three coralloid rhizome-bearing individuals of C.
variabilis, and seven packets near three coralloid rhizome-bearing
individuals of O. patens contained protocorms, indicating that these
two factors alone were insufficient for successful recruitment.
A similar pattern was observed in T. japonica, where soil sampling
recovered only 10 protocorms, all located near two coralloid
rhizome-bearing adults.

In all cases where germination occurred, the initial morphology

of the emerging protocorms was a compact, bulbous structure.

5
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Larger protocorms subsequently developed a coral-like architecture
resembling the coralloid rhizomes observed in some conspecific
adults (Figure 1; Figure S1).

3.2 | Molecularidentification of mycobionts

Metabarcoding revealed that protocorms and coralloid rhizome-
bearing adults of C. bulbosa formed highly specialized associa-
tions with a single OTU assigned to the wood-decaying genus
Protomerulius (Auriculariales), accounting for 16,872 reads (100% of
reads) in protocorms and 16,869 reads (99.98%) in coralloid rhizome-
bearing adults (Table S1). This OTU was also frequently detected in
coralloid rhizome-lacking adults (10,686 reads; 54.29%), although
Tulasnellaceae OTUs were additionally present in these individuals
(7592 reads; 38.57%; Figure 2).

In C. variabilis and O. patens, both protocorms and coral-
loid rhizome-bearing adults were predominantly associated with
Psathyrellaceae fungi, which accounted for 30,458 reads (98.47%)
and 11,238 reads (99.91%) in C. variabilis protocorms and adults,
and 26,627 reads (99.67%) and 22,456 reads (99.82%) in O. patens
protocorms and adults, respectively. Coprinopsis OTU1 comprised
57.68%, 50.00%, 80.88% and 99.32% of total reads in C. variabilis
protocorms, C. variabilis adults, O. patens protocorms and O. patens
adults, respectively (Figure 3). In contrast, coralloid rhizome-lacking

adults more frequently associated with Ceratobasidiaceae and

FIGURE 1 Protocorms of green Calypsoinae orchids investigated. (a, b) Calypso bulbosa protocorms. (c) Branched protocorm of Cremastra
variabilis, with an arrow indicating mycorrhizal rhizomorphs. (d) Oreorchis patens protocorms. (e) Branched protocorm of O. patens. (f) Tipularia
japonica protocorm. (g) Tipularia japonica protocorm with a developing leaf primordium. Scale bars: 1mm (a, d, g), 0.5mm (b, f) and 5mm (c, €).
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Tulasnellaceae OTUs (11,904 reads, 84.66% and 7739 reads, 61.16%
in C. variabilis and O. patens, respectively) than with Psathyrellaceae
OTUs (33 reads, 0.23% and 3936 reads, 30.87%).

Protocorms and coralloid rhizome-bearing adults of T. japonica
were also predominantly associated with two Auriculariales OTUs,
accounting for 8436 reads (100%) and 16,867 reads (99.99%),

respectively. These OTUs represented unidentified Auriculariales
lineages. Based on BLAST search results using criteria of 290%
sequence similarity and 280% query coverage, only one match
was found for OTU1 (uncultured fungus from New Zealand,
KX220116.1; 90.22% similarity), and no match was found for OTU2.
Although OTU1 was also present in some coralloid rhizome-lacking
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adults (2131 reads, 21.65%), these individuals more frequently asso-
ciated with Ceratobasidiaceae and Tulasnellaceae OTUs (3731 reads,
37.91%).

3.3 | Fungal community analyses

The NMDS plot based on WUDMSs revealed that the mycorrhizal
communities of protocorms and conspecific adults with coralloid
rhizomes were closely clustered, with many samples exhibiting
complete overlap, indicating identical or nearly identical fungal
assemblages in some cases (Figure 4).

Hierarchical clustering supported this pattern, showing that all
protocormes, all coralloid rhizome-bearing adults, and some coralloid
rhizome-lacking adults clustered together, while most remaining cor-
alloid rhizome-lacking adults formed a distinct outgroup (Figure S2).
PERMANOVA detected no significant differences in fungal com-
munity composition between protocorms and coralloid rhizome-
bearing adults in all species except T. japonica, where Auriculariales
OTU turnover was observed; protocorms were exclusively asso-

ciated with OTU1, whereas coralloid rhizomes more frequently
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harboured OTU2. Significant differences were detected between
protocorms and coralloid rhizome-lacking adults, and between cor-
alloid rhizome-bearing and coralloid rhizome-lacking adults in all
species (p<0.05 for all comparisons; Table S2). Protocorm size had
no significant effect on fungal composition (PERMANOVA p=1 in
both comparisons; Table S2; Figure 4; Figure S2).

When C. variabilis and O. patens were analysed jointly, NMDS
again showed close clustering between protocorms and coralloid
rhizome-bearing adults, with many interspecific samples exhibiting
overlap (Figure 5). Hierarchical clustering confirmed that all pro-
tocorms, all coralloid rhizome-bearing adults and some coralloid
rhizome-lacking adults formed a single cluster, while the remain-
ing coralloid rhizome-lacking adults grouped separately (Figure 6).
PERMANOVA also found no significant differences between
protocorms and coralloid rhizome-bearing adults across species
(Table S3). Although interspecific similarity between C. bulbosa and
T. japonica was less pronounced, NMDS, hierarchical clustering and
PERMANOVA consistently showed that samples sharing the same
phenotype (i.e. protocorms or adults with coralloid rhizomes) were
generally more similar in mycorrhizal composition than conspecific

samples differing in phenotype (Figures 5 and 6; Table S3).
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FIGURE 4 Non-metric multidimensional scaling plots of mycorrhizal communities in (a) Cremastra variabilis, (b) Calypso bulbosa, (c)
Oreorchis patens and (d) Tipularia japonica, based on weighted UniFrac distance matrices. In the plots, many data points corresponding to
protocorms and coralloid rhizome-bearing adults overlap due to nearly identical coordinates (Stress=0.064).
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bulbosa and Tipularia japonica, based on weighted UniFrac distance matrices. The x-axis displays the cophenetic distance. Sampling ID details

are provided in Table S1.

34 | 8%Cand 8N analysis

The §'3C values of mature T. japonica individuals with coralloid rhi-
zomes (-29.2 +0.6%o0; mean + SD, n=4) were significantly higher than
those of autotrophic reference plants (-35.7 +1.6%o0, n=12) and T.
japonica individuals lacking coralloid rhizomes (-35.0+0.6%0, n=5;
p<0.001; Figure 7; Table S4). In contrast, §'3C values did not differ
between individuals without coralloid rhizomes and autotrophic ref-
erence plants (p=0.86). The §'°C value of deadwood (-26.4 + 1.5%o,
n=23), which likely serves as an indirect carbon source for fungal

symbionts of protocorms and coralloid rhizome-bearing individuals,
was intermediate between those of protocorms (-23.2 +0.7%o, n=23)
and coralloid rhizome-bearing adults.

In contrast, §°N values did not differ significantly among
coralloid rhizome-bearing (-3.0+1.1%0) and coralloid rhizome-
lacking adults (-3.8 £0.6%o), protocorms (-4.5+0.2%.), deadwood
(-3.4+0.5%0) and autotrophic reference plants (p>0.05 for all
comparisons).

Mean ¢'3C and €'°N values for coralloid rhizome-bearing T. ja-
ponica were 6.6+0.5%0 and 0.6+1.2%o, respectively, whereas
those for individuals lacking coralloid rhizomes were 0.6+0.7%o
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and 1.0+ 0.9%., respectively. A two-source mixing model estimated
that coralloid rhizome-bearing individuals acquired approximately
52.2+4.3% of their carbon from fungi.

4 | DISCUSSION

Our study showed that the four orchid species primarily associate
with wood-decaying fungi during the protocorm stage. As
decomposing wood holds substantial carbon in forest ecosystems
(Rasmussen & Whigham, 1998), the ability to exploit this resource
during early development likely aids seedling establishment in
shaded understories. Previous studies also emphasize the role
of decaying wood in germination and mycorrhizal colonization,
even in rhizoctonia-associated orchids such as Goodyera and
Liparis (McCormick et al., 2012). Since decaying wood has been
identified as a favourable substrate for early development in
several terrestrial orchid species, its role warrants consideration in
conservation efforts. Additionally, while understory vegetation is
already recognized as a key component of carbon storage (Dirnbdck
et al., 2020), our study further highlights the potential importance of
organic carbon entering green orchids through wood-decaying fungi
from decomposing wood. Our findings suggest that wood-derived
carbon supports seedling establishment in shaded forests, offering
new insight into plant adaptation to low light and mycorrhizal
functional diversity.

Fully mycoheterotrophic orchids associated with wood-decaying
fungi exhibit higher 13C enrichment (11.0+2.3%0, n=43) than
those exploiting ECM (7.8 +1.6%o0, n=163) or litter-decaying fungi

(8.2 +0.5%0, n=15) (Zahn et al., 2022), likely reflecting the high 8*3C
values of woody substrates (Gebauer & Schulze, 1991). Consistent
with previous findings for C. bulbosa, C. variabilis, and O. patens
(Suetsugu et al., 2022; Suetsugu & Matsubayashi, 2021; Suetsugu
& Okada, 2025b; Yagame et al., 2021), we observed pronounced
13C enrichment in protocorms of T. japonica (12.7 +0.9%), exceed-
ing that of the adjacent deadwood (9.3 + 1.7%.). Mature individuals
of T. japonica with coralloid rhizomes also exhibited elevated *3C
enrichment (6.6 +0.5%o), similar to levels reported in fully myco-
heterotrophic orchids (Hynson et al., 2013), whereas those without
coralloid rhizomes showed only minimal enrichment (0.6 +0.7%o).
Notably, protocorms of T. discolor, a congener distributed in North
America, also displayed isotopic signatures resembling those of de-
caying wood (Whigham et al., 2002). This suggests that these conge-
ners rely on fungi inhabiting similar wood-decaying niches. Indeed,
both associate with Auriculariales fungi, which typically decompose
wood, although their fungal partners belong to phylogenetically dis-
tinct clades (McCormick et al., 2004).

We found that fungal communities in protocorms closely re-
sembled those in mature individuals bearing coralloid rhizomes
across all four species. In C. bulbosa, both life stages were dom-
inated by Protomerulius (Auriculariales); in T. japonica, by an un-
identified Auriculariales lineage; and in C. variabilis and O. patens,
by Psathyrellaceae fungi. Fine-scale turnover at the fungal species
level was minimal, and NMDS and hierarchical clustering confirmed
that fungal communities of protocorms and coralloid rhizomes
clustered together. Given the morphological resemblance be-
tween protocorms and coralloid rhizomes, the latter have been in-
terpreted as persistent protocorms retaining paedomorphic traits
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(Freudenstein, 1994; Maekawa, 1971). The similarity in fungal com-
position supports this hypothesis.

Our prediction that mycorrhizal communities at the protocorm
stage are similar between C. variabilis and O. patens, and between
C. bulbosa and T. japonica, was partially supported. NMDS and hi-
erarchical clustering analyses revealed that interspecific similarities
in protocorm fungal communities were greater than the intraspe-
cific differences between protocorms and mature plants lacking
coralloid rhizomes. From an evolutionary perspective, the associa-
tion between Auriculariales fungi and C. bulbosa, T. discolor and T.
japonica (McCormick et al., 2004; Suetsugu & Matsubayashi, 2021)
suggests that these wood-decaying fungi may represent ancestral
mycobionts during germination within the clade comprising Calypso,
Tipularia and Changnienia, even though no OTUs are shared. The my-
corrhizal associations of the monotypic genus Changnienia and other
Tipularia species merit further investigation.

Moreover, C. variabilis and O. patens shared a Psathyrellaceae
fungus even at the OTU level during the protocorm stage. Given
that Cremastra is sister to Oreorchis, Kitigorchis and Corallorhiza, the
latter two being exclusively ECM-associated (Barrett et al., 2025;
Suetsugu et al., 2021), one possible scenario is a transition from rhi-
zoctonia to Psathyrellaceae fungi, followed by a shift to ECM fungi.
Alternatively, independent transitions to Psathyrellaceae fungi may
have occurred. If recruitment of the same fungal partner occurred
independently, it may have been facilitated by the utilization of fungi
that are less capable of detecting exploitation by mycoheterotrophic
orchids (Perez-Lamarque et al., 2020; Zhao et al., 2021). Expanded
taxonomic sampling and ancestral state reconstruction will be es-
sential for a more precise understanding of mycorrhizal partner
shifts in Calypsoinae.

Orchids with strong mycoheterotrophic tendencies frequently
associate with ECM or SAP fungi, likely due to their greater car-
bon availability (Wang et al., 2021). As woody debris represents
a major carbon source in forests (Rasmussen & Whigham, 1998),
associations with wood-decaying fungi may enhance carbon ac-
quisition, especially in warm, humid habitats (Martos et al., 2009;
Ogura-Tsujita et al., 2009; Suetsugu et al., 2020). Despite its modest
species diversity (~80 spp.), Calypsoinae has experienced at least
four independent origins of full mycoheterotrophy (Freudenstein
et al., 2017). Frequent association with SAP fungi during early
development, followed by lifelong specialization on these fungi,
probably facilitates such evolutionary shifts. For instance, the fully
mycoheterotrophic Cremastra aphylla exclusively associates with
wood-decaying Psathyrellaceae fungi, whereas its leafy relatives
C. variabilis and C. appendiculata germinate with phylogenetically
similar Psathyrellaceae fungi and later associate with both rhizoc-
tonia and Psathyrellaceae fungi (Suetsugu et al., 2022; Yagame
etal.,, 2013, 2021; Zahn et al., 2022).

Although the mechanisms underlying the shift from SAP to
rhizoctonia fungi remain unclear, our data provide insight through
germination patterns. Germination occurred only at a few sites,
specifically near adult individuals with coralloid rhizomes and dead-
wood, and was absent near those lacking such structures. Even at

favourable sites, germination was infrequent. These patterns suggest
that shifts in fungal partners may be driven by the limited availabil-
ity of fungi required for germination (Rasmussen, 2002; Suetsugu &
Okada, 2025b). Notably, wood-decaying fungi that support germina-
tion are often late-stage decomposers involved in humus formation
(Oliver et al., 2010; Rasmussen & Whigham, 1998). As decomposi-
tion progresses and plants mature, compatible fungi likely become
increasingly scarce. Thus, even where adult plants with coralloid
rhizomes persist, they may retain previously acquired SAP fungi,
while compatible fungi in surrounding substrates may have already
declined, potentially explaining the frequent absence of germina-
tion. Similarly, some adults lacking coralloid rhizomes were found to
associate with SAP fungi, possibly representing a transitional phase
toward rhizoctonia fungi as SAP fungi diminish.

Such spatial and temporal instability likely promotes a shift to
rhizoctonia fungi, while SAP fungi support optimal early develop-
ment. Notably, orchids that retain wood-decaying fungal partners
into maturity tend to have shorter lifespans than those associating
with ECM fungi (Ogura-Tsujita et al., 2021). This may explain why
green orchids that initially associate with SAP fungi often transition
to rhizoctonia fungi (Bayman et al., 2016; Suetsugu & Okada, 2025b;
Yagame et al., 2013; Zahn et al., 2022), whereas species forming
ECM associations at germination usually maintain them (Bidartondo
& Read, 2008; Jacquemyn et al., 2018; Tésitelova et al., 2012).
Quantifying the abundance and distribution of SAP and rhizocto-
nia fungi near protocorms and mature plants, with or without cor-
alloid rhizomes, would help clarify the mechanisms driving these
transitions.

However, comparable ontogenetic transitions are also docu-
mented in other plantlineages associated with ECM or arbuscular my-
corrhizal fungi, which are typically more stable than wood-decaying
fungi. For example, Pyrola asarifolia (Ericaceae) initially associates
with Serendipitaceae fungi before transitioning to a wider range of
ECM fungi, while Sceptridium ferns begin with Entrophosporaceae
and later shift to Glomeraceae (Hashimoto et al., 2012; Suetsugu
et al., 2025). These ontogenetic shifts likely reflect altered physi-
ological demands between the fully mycoheterotrophic and auto-
trophic phases (Leake et al., 2008; Suetsugu et al., 2025). During
the mycoheterotrophic stage, carbon acquisition is essential, while
mineral uptake becomes increasingly important during autotrophic
growth, as observed in typical mycorrhizal symbioses. Thus, shifts
in fungal partners may partly reflect the distinct functional roles
of each group, with wood-decaying fungi ensuring carbon uptake
and rhizoctonia fungi contributing to mineral acquisition. Further in-
vestigations, including controlled culture experiments (e.g. Yagame
et al., 2024), are needed to clarify the physiological roles of each
fungal group.

In summary, our findings underscore the role of wood-decaying
fungi in supporting early mycoheterotrophic development in green
orchids. These associations demonstrate that carbon from decom-
posing wood, a key resource in forest ecosystems, can be trans-
ferred to green plants through fungal associations. This likely plays
a crucial role in seedling establishment on shaded forest floors and
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broadens our understanding of mycorrhizal functional diversity.
Nevertheless, as this carbon source is likely transient, a subsequent
shift to rhizoctonia fungi, which presumably exhibit reduced SAP ca-
pacity (Schweiger et al., 2018), often occurs. The persistence of cor-
alloid rhizomes, which retain fungal communities resembling those
in protocorms, enables mycoheterotrophic traits to extend into
adulthood. This persistence likely predisposes certain orchids, such

as those in Calypsoinae, to evolve fully mycoheterotrophic lifestyles.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Dimorphic subterranean morphology of Tipularia japonica.
(a) Mature plant lacking coralloid rhizomes. (b) Mature plant bearing
coralloid rhizomes. Scale bar: 3cm.

Figure S2. Hierarchical clustering of mycorrhizal communities
associated with (a) Cremastra variabilis, (b) Calypso bulbosa, (c)
Oreorchis patens and (d) Tipularia japonica, based on weighted
UniFrac distance matrices. The x-axis displays the cophenetic
distance. Sampling ID details are provided in Table S1.

Table S1. Sequencing read counts for OTUs detected in each sample
after abundance-based rarefaction.

Table S2. Results of pairwise PERMANOVA comparisons among
intraspecific plant phenotypes, based on weighted UniFrac distance
matrices.

Table S3. Results of pairwise PERMANOVA comparisons among
interspecific plant phenotypes, based on weighted UniFrac distance
matrices.

Table S4. Values of §1°C, *°N, £'3C, ¢1°N and C and N concentrations
in Tipularia japonica and neighboring deadwood and autotrophic
reference plants.
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