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Mycorrhizal specialization toward each distinct Oliveonia
fungus in two closely related photosynthetic Dactylostalix
orchids
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diverse mycorrhizal partnerships, including rhizoctonias, ectomycorrhizal and
Calypsoinae lineages, such as the genus Dactylostalix, remain understudied. This

cies, Dactylostalix ringens and Dactylostalix uniflora, to gain insight into potentially

Handling Editor: Adam Frew novel associations and their ecological implications.

2. We analysed the mycorrhizal communities of both Dactylostalix species using
high-throughput ITS metabarcoding of root samples collected from multiple loca-
tions. Additionally, we measured the natural abundances of 3C and °N isotopes
in the leaves of the two Dactylostalix species and their co-occurring autotrophic
reference plants, as well as in fungal pelotons isolated from D. ringens, to assess
the potential for partial mycoheterotrophy.

3. Our findings revealed that D. ringens and D. uniflora form specialized mycorrhi-
zal associations predominantly with distinct lineages of Oliveonia (Oliveoniaceae,
Auriculariales), even in sympatric populations. Stable isotope analysis showed
that both Dactylostalix species exhibited conflicting isotopic signals: elevated
51°N values, supporting partial mycoheterotrophy, but lower §°C values com-
pared to autotrophic plants, suggesting autotrophy. Peloton samples from D. rin-
gens displayed only modest 13C enrichment relative to autotrophic references.

4. These conflicting isotopic signals make it difficult to precisely determine whether
both Dactylostalix species are autotrophic or partially mycoheterotrophic.

Intriguingly, the 3¢ and °N signatures of Dactylostalix species and their pelotons

resemble those of many rhizoctonia-associated orchids. This isotopic evidence
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1 | INTRODUCTION

The family Orchidaceae is diverse, with over 28,000 recognized
species, making it the most species-rich plant family (Christenhusz
& Byng, 2016). A defining feature of this family is initial mycohet-
erotrophy, where all orchids rely on fungal-derived carbon for the
germination of their minute seeds (Leake, 1994; Merckx, 2013).
This reliance on fungi is considered a key evolutionary event for or-
chids, coinciding with a shift in mycobionts from Glomeromycota to
Basidiomycota (Kristiansen et al., 2001, 2004; Yukawa et al., 2009).

Although many orchid species likely transition to full autotrophy
in adulthood (initial mycoheterotrophy sensu Merckx, 2013), some
green orchids continue to obtain carbon from both photosynthesis
and fungi (partial mycoheterotrophy or mixotrophy) (Bidartondo
et al., 2004; Gebauer & Meyer, 2003; Hynson et al., 2013; Selosse
& Roy, 2009). Additionally, over 250 non-photosynthetic orchid
species remain fully mycoheterotrophic throughout adulthood
(Jacquemyn & Merckx, 2019; Merckx, 2013). Although partial and
full mycoheterotrophy occur in other plant families, no other group
exhibits such frequent shifts in trophic modes as the Orchidaceae
(Jacquemyn & Merckx, 2019; Merckx, 2013).

Historically,rhizoctonias,apolyphyleticgroup of putatively sapro-
trophic Basidiomycetes including Ceratobasidiaceae, Tulasnellaceae
and Serendipitaceae, have been considered the primary fungal sym-
bionts of orchids (Bidartondo et al., 2004; Dearnaley et al., 2012;
Warcup & Talbot, 1967). However, accumulating research has re-
vealed a broader spectrum of fungal partners, including ectomy-
corrhizal (ECM) and saprotrophic non-rhizoctonia fungi (Bidartondo
etal., 2004; Hynson et al., 2013; Jacquemyn & Merckx, 2019; Ogura-
Tsujita et al., 2009). Notably, fully mycoheterotrophic orchids or par-
tially mycoheterotrophic orchids with a high degree of heterotrophy
primarily associate with ECM or wood- and litter-decaying fungi,
while rhizoctonias are typically linked to initially mycoheterotrophic
species or partially mycoheterotrophic orchids with a low degree of
heterotrophy (Bidartondo et al., 2004; Gebauer et al., 2016; Ogura-
Tsujita et al., 2012; Suetsugu & Matsubayashi, 2021a; Yagame
et al., 2016). Overall, orchid mycorrhizal fungi exhibit species diver-
sity comparable to that of ECM fungi, largely due to the typically
high specificity of orchid mycorrhizal associations and the vast di-
versity of orchids themselves (Wang et al., 2022).

implies a niche overlap with endophytic tendencies between rhizoctonias and
Oliveonia, suggesting that potential endophytic traits may have facilitated the
recruitment of Oliveonia as novel mycorrhizal partners. Furthermore, the mycor-
rhizal segregation between D. ringens and D. uniflora likely promotes their sympa-

tric coexistence and may contribute to reproductive isolation through ecological

13¢C and '°N abundances, Auriculariales, Calypsoinae, mycoheterotrophy, mycorrhizal
associations, mycorrhizal segregation, niche differentiation, stable isotopes

The subtribe Calypsoinae (Epidendroideae, Orchidaceae), a pri-
marily temperate group comprising 13 genera and around 80 spe-
cies, includes approximately 20 mycoheterotrophic species (Chase
et al., 2015; Freudenstein et al., 2017). Phylogenetic analysis of
plastid matK and nuclear rDNA ITS regions has shown that full my-
coheterotrophy has evolved at least four times within this subtribe
(Freudenstein et al., 2017). Members of Calypsoinae have become
a model group for studying mycorrhizal partnerships and specific-
ity, due to their diverse mycorrhizal relationships, which include
rhizoctonias, ECM fungi, and saprotrophic non-rhizoctonia fungi
(Barrett et al., 2010; Barrett & Freudenstein, 2011; Freudenstein
& Barrett, 2014; McCormick et al., 2004; Suetsugu et al., 2022;
Suetsugu & Matsubayashi, 2021b; Yagame et al., 2021).

Freudenstein et al. (2017) identified two major clades within
Calypsoinae: the Calypso clade and the Corallorhiza clade, with three
subgroups within the Calypso clade: (i) Dactylostalix + Ephippianthus,
(ii) Calypso+ Yoania and (iii) Changnienia+ Tipularia. Dactylostalix
and Ephippianthus are likely sister taxa to the other subclades, al-
though the exact placement of Dactylostalix + Ephippianthus remains
somewhat unresolved (Freudenstein et al., 2017). An interesting
aspect of the Calypso clade mycorrhizal associations is that Calypso
bulbosa primarily associates with Protomerulius (Auriculariales,
Basidiomycota) (Suetsugu & Matsubayashi, 2021b), and Tipularia dis-
color can associate with both Tulasnellaceae and two Auriculariales
clades (McCormick et al., 2004, 2021). Consequently, although
Auriculariales fungi, generally wood-decaying fungi, are seldom con-
sidered mycobionts of green orchids, they may represent the ances-
tral mycobionts within the Calypso clade. However, the mycorrhizal
associations of Dactylostalix and Ephippianthus, both of which are
endemic to Japan, the Kuril Islands, and Sakhalin Island and likely di-
verged early in the Calypso clade (Freudenstein et al., 2017), remain
unexplored.

Although Dactylostalix has long been considered a monotypic
genus (Freudenstein, 1994; Freudenstein et al., 2005), a second
species, D. uniflora, was recently recognized based on morpho-
logical and phylogenetic data (Suetsugu, Hirota, et al., 2024).
Dactylostalix ringens thrives in both subarctic and cool-temperate
forests, while D. uniflora is restricted to subarctic regions, par-
ticularly in high-elevation areas of Honshu and Hokkaido. Even
in areas where they coexist, D. ringens generally grows at lower
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elevations than D. uniflora. Given the frequent habitat partitioning
between these species (Suetsugu, Hirota, et al., 2024) and the high
mycorrhizal specificity observed in some orchids, including green
species (Freudenstein & Barrett, 2014; Shefferson et al., 2005), it
is possible that these two Dactylostalix species host distinct my-
corrhizal communities.

Accordingly, we investigated the fungal partners of the two
Dactylostalix species to determine whether these species (i) in-
teract with rhizoctonias, which are widely recognized as typical
orchid mycorrhizal fungi (Ceratobasidiaceae, Tulasnellaceae and
Serendipitaceae), or Auriculariales fungi, and (ii) exhibit mycorrhi-
zal segregation between the two species. Since *C and N isoto-
pic abundances have traditionally been used to infer the nutritional
modes of green orchids, particularly those associated with ECM or
saprotrophic non-rhizoctonia fungi (e.g. Bidartondo et al., 2004,
Gebauer & Meyer, 2003; Julou et al., 2005), we analysed the isoto-
pic compositions of Dactylostalix leaves and pelotons to assess the
potential for partial mycoheterotrophy in these species.

2 | MATERIALS AND METHODS
2.1 | Study species and sampling locality

Dactylostalix ringens and D. uniflora are terrestrial orchids found in the
shaded understory of cool-temperate and subarctic forests in Japan,
the Kuril Islands, and Sakhalin Island (Figure 1) (Freudenstein, 1994,
Freudenstein et al., 2005). These species share key traits, including
a solitary flower, a pollinarium with four superposed pollinia, a vis-
cidium with a rudimentary stipe, the absence of a corm or pseudob-
ulb, and a flat, non-plicate leaf (Freudenstein, 1994; Freudenstein
et al., 2005). However, D. uniflora differs from D. ringens in having a
shorter scape, a smaller flower, fewer spots on the tepals, drooping
sepals and lateral petals, and a labellum with smaller lateral lobes
(Figure 2) (Suetsugu, Hirota, et al., 2024).

To minimize the influence of site-specific effects, we conducted
our study at multiple locations, including a site where both species
grow nearby (Mt. Fuji). Rhizomes of Dactylostalix ringens were col-
lected from 32 plants across five populations between May 2012
and June 2023, while rhizomes of D. uniflora were collected from 17
plants across two populations between September 2021 and July
2023 (Table S1).

2.2 | Molecular identification of mycobionts

Rhizomes were excised and examined under a light microscope
to confirm the presence of mycorrhizal colonization. Mycorrhizal
fragments containing fungal pelotons, ranging from 3 to 5mm in
length, were extracted from each sample for molecular analysis.
After surface sterilization to eliminate contaminants, DNA was ex-
tracted using the cetyltrimethylammonium bromide method (Doyle
& Doyle, 1990).
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FIGURE 1 Map showing the sampling localities of Dactylostalix
ringens and D. uniflora.

The ITS region sequences of the mycorrhizal fungi were ampli-
fied using the ITS86F/ITS4 primer set, which is suitable for analysing
fungal communities in orchid roots (Waud et al., 2014). Primers were
fused with 3-6-mer Ns and lllumina forward/reverse sequencing
primers, following the method outlined by Suetsugu et al. (2021).
PCR amplification was performed using the Q5 High-Fidelity DNA
Polymerase kit under the following conditions: an initial denaturation
at 98°C for 40s, followed by 35cycles of 98°C for 55, 58°C for 10s
and 72°C for 20s, with a final extension at 72°C for 10 min. A supple-
mental PCR was conducted to add Illumina P5/P7 adapter sequences
and sample-specific indices (Suetsugu & Matsubayashi, 2021a; Syed
et al., 2009). Supplemental PCR conditions included an initial dena-
turation at 98°C for 40s, followed by 12 cycles of 98°C for 55, 65°C
for 10s, and 72°C for 205, with a final extension at 72°C for 10min.
The pooled library was sequenced using the lllumina MiSeq system
with the MiSeq Reagent Micro Kit v2 (300cycles). The sequence
data have been deposited in the NCBI Sequence Read Archive (SRA
accession number PRJNA1160459).

After sequencing, bioinformatic analysis was performed using
Claident v0.9.2020.12.06 (Tanabe & Toju, 2013), as described by
Suetsugu and Okada (2021). Briefly, primer regions and low-quality
reads were removed, and erroneous sequences were denoised using
DADAZ2 (Callahan et al., 2016) implemented in Claident. Sequences
potentially resulting from PCR chimera formation or index-hopping
were excluded using the clremovechimev and clremovecontam
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commands (Esling et al., 2015; Nilsson et al., 2019). Remaining se-
quences were clustered into operational taxonomic units (OTUs)
at a 97% similarity threshold using VSEARCH v2.8.0 (Rognes
et al.,, 2016), implemented in the clclassseqv command. The most
abundant sequence in each OTU cluster was selected as the repre-
sentative sequence.

Since all Dactylostalix specimens were primarily colonized by
OTUs within the family Oliveoniaceae, we constructed a phylo-
genetic tree that included the detected Oliveoniaceae OTUs and
closely related fungi to further explore their relationships. OTUs
identified as Dactylostalix mycobionts were subjected to a BLAST
search against the International Nucleotide Sequence Database
Collaboration (INSDC) for comparison (Altschul et al., 1997). Several
phylogenetically close sequences, along with representative se-
quences from the family Oliveoniaceae, were downloaded.

Sequences were aligned using MAFFT v7.475 (Katoh &
Standley, 2013) with the linsi option, and a maximum-likelihood
phylogenetic tree was constructed using IQ-TREE 1.6.12 (Nguyen
et al., 2015). The best-fit substitution model (TIM2 +F + G4) was se-
lected by ModelFinder (Kalyaanamoorthy et al., 2017) based on AIC.
Branch support was calculated using the Shimodaira-Hasegawa-like

FIGURE 2 Two Dactylostalix species
and their mycorrhizal interactions. (a)
Flowering D. ringens plant. (b) Flowering
D. uniflora plant. (c) D. ringens habit,
including an underground system
primarily composed of a rhizome. (d)
Cross-section of the D. ringens rhizome. (e)
Close-up of D. ringens rhizome cells with
undegenerated and degenerated fungal
coils stained with trypan blue. Scale bars:
20mm (a, b), 30mm (c), 500 um (d) and
100 pum (e).

procedure (SH-aLRT) and ultrafast bootstrapping (UFboot) with
1000 replicates. Nodes with SH-aLRT values 280% and ultrafast
bootstrap values 295% were considered to have strong support.

2.3 | 8¥Cand N analysis

Partially mycoheterotrophic orchids, particularly those exploiting
ECM fungi or saprotrophic non-rhizoctonia fungi, typically exhibit
higher 8*3C and §'°N values than co-occurring autotrophic plants,
reflecting the enriched isotopic composition of their fungal hosts
(Gomes et al., 2023; Zahn et al., 2023). To infer the nutritional mode
of Dactylostalix species, we conducted 5'%C and 8'°N analyses on D.
ringens, D. uniflora, and their co-occurring autotrophic plants. Four
2mx2m quadrats containing D. ringens and D. uniflora were estab-
lished in Awakura, Fujinomiya City, Shizuoka Prefecture, Japan, on
June 15, 2021. This location was selected as a rare site where both
species coexist sympatrically.

Leaf samples were collected from eight individuals of D. rin-
gens and three individuals of D. uniflora. Additionally, leaves from
Maianthemum dilatatum, Leucosceptrum japonicum f. barvinerve,

858017 SUOWILLIOD 8A 1810 3(edldde aup Aq pausenob ae sejoie YO ‘85N JO Sa|nJ Joj A%eid18uluO A8]IM UO (SUORIPUOO-PUB-SW.BY W00 A8 | 1M AeIq 1[Bu1|UO//SdNL) SUORIPUOD pUe SWLB | 8L 88S [202/2T/60] Uo AriqiTauliuo A1 ‘Aisienlun 8o A 069vT SEVZ-GIET/TTTT OT/I0P/WO0 A8 | M Atelq 1 jpul|uo'S feuIno kad)/:sdny Wo.y pepeoiumoq ‘0 ‘SEvzSosT



SUETSUGU and OKADA

Pternopetalum tanakae and Parasenecio adenostyloides (n=4 for each
species) were collected across the quadrats. These species were se-
lected as autotrophic reference plants due to their occurrence at the
same canopy height as the Dactylostalix plants. Since the estimation
of the nutritional mode in green orchids can be refined through iso-
topic analysis of mycobionts (Gomes et al., 2023; Julou et al., 2005;
Zahn et al., 2023), we also extracted pelotons from the rhizomes
of three D. ringens individuals, following the methods of Gomes
et al. (2023) and Zahn et al. (2023). The leaves and fungal pelotons
were desiccated at 60°C and finely ground using an agate mortar.

The natural abundances of 3C and *°N isotopes in the samples
were measured using a continuous-flow isotope-ratio mass spec-
trometer coupled to an elemental analyser (Thermo Fisher Scientific,
Waltham, MA, USA), following the protocol outlined by Suetsugu
and Matsubayashi (2021b).

Isotope abundances were calculated using the formula:

813C or 8N = (Ryzmple / Retandard — 1) X 1000 | %],

where R represents the 3C/*2C or >N/N ratio in each sample,

sample
and Rstandar:represents the 3C/*2C or **N/*N ratios of Vienna PeeDee
Belemnite or atmospheric N, respectively. Calibration of the Cand N
isotope ratios was performed using laboratory standards: CERKU-03
(glycine, 8*3C=-34.92%o, 5>°N=2.18%0) and CERKU-05 (threonine,
§13C=-9.45%0, 5'°N=-2.88%0) (Tayasu et al., 2011). Analytical stan-
dard deviations (SDs) from repeated measurements of these standards
were less than 0.06%o for §'°C (n=54) and 0.11%s for §*°N (n=53).
We compared the 8°C and 8*°N values among groups using a
linear mixed model, with ‘identity’ as a fixed effect and ‘plot’ as a ran-
dom effect. A post hoc Tukey-Kramer test was used to assess sig-
nificant differences in 8'°C and 5'°N between Dactylostalix leaves,

Dactylostalix fungal pelotons, and autotrophic reference plants.

3 | RESULTS
3.1 | Molecular identification of mycobionts

In our analysis of the fungal community, the majority of ITS se-
quences from the mycobionts of both D. ringens and D. uniflora were
assigned to Oliveonia species (four OTUs, 1,308,554 reads; 98.4% of
all reads) (Dataset S1, Suetsugu & Okada, 2024). Notably, all D. rin-
gens individuals predominantly harboured the same Oliveonia OTU,
identified as Oliveonia OTU1, which accounted for 806,523 reads,
representing 99.4% of all D. ringens sequences. This predominant
association between D. ringens and Oliveonia OTU1 across multiple
populations, spanning distances over 1000km, highlights the spe-
cialized nature of this symbiotic relationship. The other OTUs, given
their minimal read counts, are likely opportunistic fungi with no sub-
stantial role in D. ringens.

Similarly, all individuals of D. uniflora were primarily colonized
by a distinct Oliveonia OTU, Oliveonia OTU2, which accounted for
501,986 reads, or 96.9% of all D. uniflora sequences. This consistent
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association was observed in both Awakura and Nemuro, despite
their geographical separation by over 1000km. Notably, Oliveonia
OTU1, which dominates in D. ringens, was absent from all D. uniflora
individuals, and conversely, Oliveonia OTU2 was absent from D. rin-
gens, even at the sympatric Awakura site (Figure 3). Phylogenetic
analysis indicated that the mycobionts of D. ringens and D. uniflora
form a well-supported clade with sporadic mycobionts of green or-

chids from the genera Dendrobium, Epipactis and Pleione (Figure 4).

3.2 | 8%BCand s8N analysis

The foliar §'3C values of D. ringens (-33.5 + 1.8%o) did not significantly
differ from those of the autotrophic reference plants (-32.8 + 0.7 %o,
p=0.51). However, the 5'3C values of D. uniflora (-35.0+ 1.1%o) were
significantly lower than those of the autotrophic reference plants
(p<0.05; Figure 5; Table $2). In contrast, the foliar 8*°N values of
both D. ringens (-1.3+0.4%0) and D. uniflora (-3.8+0.6%0) were
significantly higher than those of the autotrophic reference plants
(-5.7+0.9%0, p<0.01 for both). Additionally, a significant differ-
ence in 8*°N values was observed between D. ringens and D. uniflora
(p<0.05), highlighting the distinct °N enrichment patterns in these
species.

Meanwhile, the §'°C values of D. ringens fungal pelotons
(-30.0+ 1.6%0) were significantly higher than those of both the auto-
trophic reference plants and D. ringens leaves (p <0.01). Conversely,
although the 5'°N values of D. ringens fungal pelotons (1.8 +4.1%o)
were significantly higher than those of the autotrophic reference
plants (p <0.001), no statistically significant difference in 5N val-
ues was observed between D. ringens pelotons and D. ringens leaves
(p=0.97).

4 | DISCUSSION

Our fungal community profiling through metabarcoding revealed a
dominant association between both Dactylostalix species and the
genus Oliveonia (Oliveoniaceae, Auriculariales, Basidiomycota), dis-
tinct from rhizoctonia and ECM fungi. This newly identified part-
nership with Oliveonia fungi broadens our understanding of the
diversity of orchid mycobionts. Auriculariales fungi, typically known
as wood decomposers, are widespread across tropical to subarctic
regions (Malysheva & Spirin, 2017). The position of the mycobiont
among potential saprophytes suggests physiological flexibility be-
tween saprotrophism and symbiosis, a probable common trait of or-
chid mycobionts (Kottke et al., 2010; Selosse et al., 2022).
Intriguingly, saprotrophic fungi, excluding rhizoctonia fungi from
the families Ceratobasidiaceae, Tulasnellaceae and Serendipitaceae,
have sporadically been found in the roots of photosynthetic or-
chids (e.g. Marasmiaceae spp. in Cremastra variabilis) as facultative
biotrophs or endophytes (Jacquemyn & Merckx, 2019; Selosse
& Cameron, 2010; Selosse & Martos, 2014; Yagame et al., 2021).
It has also been suggested that the evolutionary pathway from
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FIGURE 3 Relative abundance of mycorrhizal communities associated with Dactylostalix ringens and D. uniflora, at the operational

taxonomic unit (OTU) level.

saprotrophism to endophytism, and eventually to mycorrhizal as-
sociation, is common (Martino et al., 2018; Selosse et al., 2018,
2022; Selosse & Cameron, 2010; Thoen et al., 2020). Notably, some
members of the Auriculariales, including Oliveonia species, have
been identified as incidental mycobionts in green orchids (Ogura-
Tsujita et al., 2012; Qin et al., 2019; Yao et al., 2022), indicating a
predisposition for such associations. Considering that closely related
species such as Calypso bulbosa and Tipularia discolor also associ-
ate with other members of the Auriculariales, the interaction with
Auriculariales fungi may even represent an ancestral trait within the
Calypso clade.

Our metabarcoding data also revealed that D. ringens consis-
tently associates with Oliveonia OTU1, even at a site where D. uni-
flora, which is linked to Oliveonia OTU2, occurs nearby. Thus, we
can confidently conclude that these two species harbour different
Oliveonia OTUs with high specificity. Combined with recent findings
(Suetsugu, Hirota, et al., 2024), it is now clear that D. ringens and
D. uniflora are not only morphologically distinct but also represent
ecologically distinct lineages.

Our findings suggest that differences in mycorrhizal communi-
ties play a role in niche partitioning, facilitating the coexistence of

D. ringens and D. uniflora. This hypothesis is supported by classical
ecological theory, which predicts that two species competing for
the same resources cannot coexist stably (Gause, 1934). Previous
research has shown that sympatric orchid species often possess dis-
tinct mycorrhizal communities and exhibit spatial segregation, even
when sharing certain OTUs (Jacquemyn et al., 2014; McCormick &
Jacquemyn, 2014; Taylor & Bruns, 1999). These results align with
ours, indicating that niche differentiation through mycorrhizal segre-
gation contributes to sympatric coexistence in orchids. One possible
mechanism facilitating coexistence in species with different mycor-
rhizal associations involves access to different resources mediated
by distinct fungal taxa (Waterman et al., 2011). This is indirectly sup-
ported by the 15N abundances of D. ringens and D. uniflora, which
suggest that both species utilize different nitrogen sources.
Moreover, specialization on different fungal hosts may pro-
mote reproductive isolation between D. ringens and D. uniflora.
Host-shift speciation is a common mode of ecological speciation
(Calcagno et al., 2007; Fry, 2003). Disruptive selection on host
specificity (e.g. performance trade-offs) can drive further special-
ization, leading to the emergence of distinct species (Jacquemyn
et al., 2018; Rundle & Nosil, 2005). Therefore, differences in
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FIGURE 4 Phylogenetic tree of
partial internal transcribed spacer rDNA
sequences from mycorrhizal fungi of
the Dactylostalix ringens and D. uniflora
plants investigated in this study (in bold)
and from the International Nucleotide

Sequence Database Collaboration
85/—

(INSDC) database. Nodes with SH-aLRT
values <80% and ultrafast bootstrap
values <95% are not shown. OrM, orchid
mycorrhizal fungi.
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FIGURE 5 Mean (+SD) values of §'3C and §'°N in the leaves of
two Dactylostalix species and their neighbouring autotrophic plants.
Dr, Dactylostalix ringens; Du, Dactylostalix uniflora.

mycorrhizal communities likely play a role in reproductive iso-
lation and speciation in orchids (Barrett & Freudenstein, 2011;
Freudenstein & Barrett, 2014; Jacquemyn et al., 2018). Mycorrhizal
segregation in Dactylostalix species may also contribute to repro-
ductive isolation between them. Further research, including ar-
tificial interspecific cross-pollination and in-situ seed baiting, is
needed to determine whether mycorrhizal associations function
as a post-mating barrier.

Another fascinating aspect of the Oliveonia association
with the two Dactylostalix species is that Oliveonia produces
a rhizoctonia-like anamorph (Kotiranta & Saarenoksa, 2005;
Roberts, 1998). Morphologically, Oliveonia closely resembles
Ceratobasidiaceae due to its resupinate holobasidia and the pres-
ence of self-replicating (repetitive) basidiospores (Kotiranta &
Saarenoksa, 2005; Roberts, 1998). As a result, it was initially clas-
sified under Ceratobasidiaceae, but molecular data subsequently

placed Oliveonia in the distinct family Oliveoniaceae, now part of
Auriculariales (Roberts, 1998). The convergence of rhizoctonia-like
fungi, including Tulasnellaceae, Ceratobasidiaceae, Serendipitaceae
and Oliveonia, as orchid symbionts is remarkable, suggesting that
their shared traits likely facilitate their recruitment as orchid mycor-
rhizal partners. Further investigation is required to identify these
convergent characteristics that enhance their suitability as orchid
symbionts.

Additionally, both Dactylostalix species show lower 3C
and higher >N abundances compared to surrounding autotro-
phs, unlike most green orchids associated with saprotrophic
non-rhizoctonia fungi, which typically exhibit much higher 3C
and moderately higher 15N enrichment (Suetsugu et al.,, 2022;
Suetsugu & Matsubayashi, 2021b; Yagame et al., 2021; Zahn
et al., 2022). Moreover, although Oliveonia fungi are likely sapro-
trophic and expected to be enriched in 13C, our peloton samples
from D. ringens showed only modest *3C enrichment (2.6 + 1.8%o)
compared to autotrophic reference plants. This is much lower than
the enrichment reported for pelotons associated with wood- or
litter-decomposing fungi (around 10%o) (Suetsugu, Matsubayashi,
et al., 2024). This could reflect the endophytic nature of Oliveonia
(e.g. Duran et al., 2018; Mesny et al., 2021), as endophytic associa-
tions often result in lower °C enrichment (Halbwachs et al., 2013;
Selosse & Martos, 2014).

Interestingly, rhizoctonia-associated orchids also show con-
flicting signals: elevated §1°N values, supporting partial mycohet-
erotrophy, but similar or lower 8*3C values compared to autotrophic
plants, suggesting autotrophy (Hynson et al., 2013). The observed
13C depletion in these orchids may be due to the uptake of *°C-
depleted carbon from rhizoctonias (Gomes et al.,, 2023; Zahn
et al., 2023). Indeed, pelotons of rhizoctonia-associated orchids
often exhibit significantly lower 13C enrichment compared to those
associated with typical saprotrophic fungi(Gomesetal.,2023; Zahn
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et al., 2023; but also see Suetsugu, Matsubayashi, et al., 2024). The
minimal *3C enrichment in pelotons (<3%o) limits the utility of °C
enrichment as a marker for mycoheterotrophic carbon acquisition
in many rhizoctonia-associated orchids (Gomes et al., 2023; Zahn
et al., 2023; but also see Suetsugu, Matsubayashi, et al., 2024),
as well as in Dactylostalix species associated with Oliveonia fungi.
Further research, including hydrogen isotope analysis (Gebauer
et al., 2016; Yagi et al., 2024), will be necessary to determine the
precise nutritional mode of Dactylostalix species. This method
has shown that partial mycoheterotrophy is more common in
rhizoctonia-associated orchids than previously thought (Gebauer
et al., 2016; Yagi et al., 2024).

Overall, our study revealed that both orchid species do not as-
sociate with saprotrophic rhizoctonia fungi from Serendipitaceae,
Ceratobasidiaceae or Tulasnellaceae. Instead, they associate with
Oliveonia fungi (Oliveoniaceae, Auriculariales). Although Oliveonia
fungi were not previously recognized as primary orchid symbionts,
it is noteworthy that they were only recently separated from rhi-
zoctonias, typical orchid mycobionts (Kotiranta & Saarenoksa, 2005;
Roberts, 1998). Furthermore, we showed that the 13C and N sig-
natures of Dactylostalix species and their pelotons closely resemble
those of many rhizoctonia-associated orchids (Gomes et al., 2023;
Zahn et al., 2023). This isotopic evidence suggests a niche overlap
with endophytic tendencies between rhizoctonias and Oliveonia,
and these potential endophytic traits have likely facilitated the re-
cruitment of both rhizoctonias and Oliveonia fungi as mycorrhizal
partners (Selosse et al., 2022). Additionally, D. ringens and D. uniflora
form specialized mycorrhizal associations with distinct Oliveonia lin-
eages across multiple locations. Thus, mycorrhizal segregation be-
tween the two Dactylostalix species may facilitate their sympatric

coexistence and potentially contribute to reproductive isolation.
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