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Dendrobium officinale (Orchidaceae) is an endangered epiphytic orchid that
has been well studied as a medicinal plant. Although previous studies have
shown that various fungal isolates promote D. officinale seed germination
and seedling development in vitro, mycorrhizal associations among its
wild populations remain poorly understood. In this study, we identified
mycorrhizal fungi associated with D. officinale (36 individuals from six
sites) using Sanger sequencing and compared fungal communities among
sites and habitats (lithophytic vs. epiphytic individuals). Among the obtained
sequences, 76 belonged to orchid mycorrhizal fungi (OMF), among which
Tulasnellaceae accounted for 45.8% and Serendipitaceae for 28.1%. The
Serendipitaceae operational taxonomic unit (OTU) SE1 was the most dominant
partner, accounting for 27.1% of all detected fungal sequences, followed
by a Tulasnellaceae OTU, TU27, which accounted for 15.6%. The relative
frequencies of Serendipitaceae and Tulasnellaceae differed greatly between
lithophytic and epiphytic individuals. Serendipitaceae accounted for 47.3%
of the OMF sequences among lithophytes, and Tulasnellaceae for 95.2%
among epiphytes. Mycorrhizal community composition also varied among
sites. We further conducted in vitro symbiotic culture from seeds with
six fungal isolates. Two Serendipitaceae and two Tulasnellaceae isolates,
including SE1 and TU27, significantly promoted seed germination and seedling
development. These results indicate that D. officinale is mainly associated with
Tulasnellaceae and Serendipitaceae as its main fungal partners, which strongly
induced seed germination and seedling development in vitro, suggesting their
association with D. officinale through its life cycle.
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Introduction

Orchidaceae is among the largest angiosperm plant families,
comprising more than 28,000 species (Christenhusz and
Byng, 2016), 69% of which are epiphytic (Zotz, 2013).
Orchids form symbiotic associations with mycorrhizal fungi,
in which fungal hyphae penetrate living plant cells to form
intracellular pelotons (Smith and Read, 2008). Orchid seeds
are highly dependent on mycorrhizal fungi for carbon,
nitrogen, and other nutrients during seed germination; such
associations generally persist in mature plants (Rasmussen
and Rasmussen, 2009). Most orchid mycorrhizal fungi (OMF)
belong to a rhizoctonia aggregate, a polyphyletic group
of fungi belonging to a combination of Tulasnellaceae,
Serendipitaceae, and Ceratobasidiaceae (Rasmussen, 2002;
Dearnaley et al, 2012). Orchid mycorrhizal associations
do not always remain stable throughout the plant life
cycle, with some orchids continuing their association with
the same fungi and others switching partners from the
seed germination to adult stages (Ventre Lespiaucq et al,
2021). Habitat type, which can be terrestrial, epiphytic,
or lithophytic, also often affects mycorrhizal communities
(Xing et al, 2019; Qin et al, 2020). OMF may have
a significant impact on the distribution, abundance, and
population dynamics of orchid species (Jacquemyn et al., 2012;
McCormick et al,, 2018). However, despite the rich diversity
of epiphytic orchids, far fewer studies have explored OMF
associations among epiphytic orchids than among terrestrial
orchids.

The genus Dendrobium Swartz is among the largest
genera in Orchidaceae, including approximately 1,450 species
distributed in tropical and subtropical regions from India to
Southeast Asia, China, Japan, and Oceania (Schuiteman, 2014).
Dendrobium species have long been studied for their economic,
medicinal, and ornamental value (Teixeira da Silva et al., 2015;
Teoh, 2016). Mycorrhizal associations with Dendrobium species
have also been investigated for the propagation of medicinal
species and conservation of endangered species (Chen et al,
2021). However, most such studies have focused on symbiotic
culture with fungal isolates from roots, seeds, or seedlings
(Nontachaiyapoom et al., 2011; Mala et al., 2017; Maharjan et al.,
2020), whereas mycorrhizal associations among wild orchid
populations remain poorly understood, although a few studies
have revealed in situ associations with several wild populations
(Xing et al., 2013; Rammitsu et al., 2021).

Dendrobium officinale Kimura and Migo (syn. Dendrobium
stricklandianum Rchb.f and Dendrobium tosaense Makino; Jin
and Huang, 2015) is a component of many traditional Chinese
medicines and its symbionts have been well studied (Ding
et al,, 2008; Jin et al, 2017; Zuo et al,, 2021). This species is
distributed from southern China to southern Japan, where it
grows on cliffs (lithophyte) or tree trunks (epiphyte) covered
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with humus and moss (Zhu et al,, 2009; Hou et al., 2012).
Although various fungal isolates from Dendrobium species
promote seed germination and seedling development in D.
officinale (Guo and Xu, 1991; Wu et al., 2012; Shao et al., 2019;
Wang et al,, 2021), the mycorrhizal associations of its wild
populations remain unclear. Mycorrhizal fungi can vary among
sites and substrates (lithophytic or epiphytic individuals).
D. officinale is an endangered species due to over collection;
therefore, understanding the mycorrhizal associations of its wild
populations is important for its conservation.

In this study, we also examined the effects of major and
minor mycorrhizal fungal associations on seed germination,
protocorm formation, and seedling development. We examined
36 wild D. officinale individuals (27 lithophytic and 9 epiphytic)
sampled from six sites and conducted in vitro symbiotic seed
germination testing using D. officinale seeds and six fungal
isolates obtained from roots.

Materials and methods

Sample collection

In all, 36 D. officinale individuals were collected from six
sites in Kochi and Kagoshima Prefectures in Japan (Table 1). To
examine differences in mycorrhizal fungal associations between
epiphytic and lithophytic individuals, we collected epiphytic
root samples from seven tree species and lithophytic root
samples from rocks, cement bridges, and a roof. Root samples
(3-5 cm per plant) were washed with tap water, and hand-sliced
sections were observed under a microscope to assess fungal
colonization. Mycorrhizal root segments were cut into 1-2 cm
fragments and stored in Tris-EDTA (TE) buffer at -20°C for
fungal molecular identification. Sections with living hyphal coils
were used for fungal isolation.

Fungal isolation

Root sections with living hyphal coils were washed with
sterile distilled water (SDW) to remove bark debris from the root
surface and crushed with forceps to disperse the viable hyphae
coils into 100 mL SDW. Hyphal coils (pelotons) were collected
using a micropipette and rinsed four times in sterile water.
For culture, these pelotons with 20-40 WL SDW were dropped
onto 1.5% agar medium containing 50 ppm streptomycin
and tetracycline. Plates were incubated at 25 & 1°C for 1
week. Fungal colonies that formed from single pelotons were
transferred to fresh potato dextrose agar (PDA) plates for
subculture. The fungal isolates obtained in this study were
deposited in the Biological Resource Center of the National
Institute of Technology and Evaluation (NBRC) (Table 2).
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Molecular identification of mycorrhizal
fungi

DNA was extracted from root samples as described
previously (Rammitsu et al,, 2021). Samples were crushed with
forceps to disperse hyphal coils into TE buffer. We collected
100-200 coils per fragment and homogenized these with 20
L TE buffer using a BioMasher II homogenizer (Nippi Inc.,
Tokyo, Japan). For fungal isolate DNA, hyphae growing on
the culture medium were collected using a sterilized toothpick
and suspended in 50 pL TE buffer. DNA was extracted

10.3389/fevo.2022.994641

from the suspension as described previously (Izumitsu et al,
2012). Polymerase chain reaction (PCR) amplification of the
internal transcribed spacer (ITS) sequences was performed
using the fungal universal primer pairs ITS1F/ITS4 (White et al,,
19905 Gardes and Bruns, 1993) and ITS1F/ITS4B (Gardes and
Bruns, 1993). These primer pairs failed to amplify sequences
of Tulasnellaceae, which is a dominant mycorrhizal fungal
family associated with orchids. Therefore, we also used the
Tulasnellaceae-specific primer pairs ITS5/ITS4-Tul2 (White
et al,, 1990; Oja et al,, 2015) and 5.8S-Tulngs/ITS4-Tul2 (Oja
et al,, 2015; Rammitsu et al, 2021). PCR amplification was

TABLE 1 Details of Dendrobium officinale and mycorrhizal samples used in this study.

Locality Site Habitat® Substrate Total no. of Roots Isolates Total
no. individuals OMF
No. of No.of  OMF No. of No.of  OMF
individuals samples individuals isolates
Kami-shi, Kochi S1 L Cement block 3 3 8 8 2 4 4 12
Prefecture, Japan wall
E Aesculus 1 1 3 1 0 0 0 1
turbinata
Yakushima-cho, S2 L Cement bridge 5 5 9 9 0 0 0 9
Kagoshima
Prefecture, Japan E Distylium 1 1 1 0 0 0 0 0
racemosum
E Castanopsis 1 1 6 2 0 0 0 2
cuspidata
E Glochidion 1 1 2 2 0 0 0 2
obovatum
L Cement bridge 9 1 1 1 9 15 12 13
S3 L Rock wall 5 3 3 3 2 8 7 10
S4 L Cement bridge 4 4 11 8 3 3 2 10
E Athruphyllum 1 1 2 2 0 0 0 2
neriifolium
L Cement roof 1 1 3 1 0 0 0 1
Quercus 2 1 5 5 1 2 2 7
salicina
S5 E Unknown 1 1 6 6 0 0 0 6
fallen tree
S6 E Ficus superba 1 0 0 0 1 2 1 1

2L, Lithophyte; E, Epiphyte.

TABLE 2 Fungal isolates from Dendrobium officinale used for symbiotic culture.

Family Fungal OTU Isolate ID Site no. Substrate DDBJ accession no. NBRC accession no.
Tulasnellaceae TU10 F205 N Cement block wall LC597350 NBRC 114085
TU22 F868 S2 Cement bridge LC683200 NBRC 115276
TU27 F763 S4 Cement bridge LC683202 NBRC 115262
Serendipitaceae SE1 F809 S4 Cement bridge LC683203 NBRC 115270
SE5 F859 S6 Ficus superba LC683204 NBRC 115275
Ceratobasidiaceae CE18 F356 S3 Rock wall LC597346 NBRC 114326
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performed using MightyAmp DNA polymerase Ver.3 (TaKaRa,
Shiga, Japan) in a total volume of 10 L, containing 1 wL sample
DNA, 5 pL 2 x MightyAmp buffer, 5 pmol each primer, 0.2 pL
MightyAmp DNA Polymerase Ver.3, and 1 pL 10 x Additive
for High Specificity (TaKaRa).

PCR amplification was performed with the following cycling
parameters: initial denaturation at 98°C for 2 min, followed
by denaturation at 98°C for 10 s, annealing at 58°C for
15 s, extension at 68°C for 40 s, for a total of 35 cycles.
The resulting amplicons were purified using the Fast Gene
Gel/PCR Extraction Kit (Nippon Genetics, Tokyo, Japan) and
sequenced using the BigDye Terminator v3.1 Cycle Sequencing
Kit (Thermo Fisher Scientific Baltics, Vilnius, Lithuania) and
3,130 Genetic Analyzer (Applied Biosystems, Tokyo, Japan)
according to the manufacturer’s instructions. All ITS sequences
were assigned to operational taxonomic units (OTUs) defined
by 97% sequence similarity. All ITS sequences were analyzed
using BLAST searches (Altschul, 1997) against the GenBank
sequence database to find the closest matching sequence. The
full-length ITS sequences of each OTU were edited using the
ATGC v7 sequence assembly software (Genetyx, Tokyo, Japan)
and deposited in the DNA Data Bank of Japan under accession
numbers LC597346, LC597350, and LC683198-LC683206.

Phylogenetic analysis

OTUs belonging to Tulasnellaceae, Serendipitaceae and
Ceratobasidiaceae, which are known OMF, were considered
putative mycorrhizal associates and subjected to phylogenetic
analysis using ITS sequences. Sequences obtained from
Dendrobium species in previous studies were included in the
analysis (Wang et al., 2011; Shao et al., 2019; Zhang et al., 2020).
The phylogenetic analysis was performed using the MEGA 11
software (Nei and Kumar, 2000; Stecher et al., 2020; Tamura
et al, 2021). Maximum likelihood (ML) trees were obtained
using the GTR + G + I model. Bootstrap (BS) analysis of the
ML trees was performed using 1,000 replicates (Felsenstein,
1985). All positions with < 90% site coverage was eliminated,
ie, < 10% of alignment gaps, missing dates, and ambiguous
bases were allowed at any position.

Symbiotic culture

Six fungal isolates from D. officinale were used (Table 2).
A fungal colony of each isolate was transferred onto PDA as pre-
culture and cultured in the dark at 25 & 1°C for 7 days. Seeds
were obtained from nine mature capsules from five individuals.
Seeds from four to five capsules of two or three individuals
were mixed and used for symbiotic culture. Prior to each use,
seeds were tested using the TTC (2,3,5-triphenyl tetrazolium
chloride) method to ensure high viability (> 90%) (Vujanovic
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et al,, 2000). The collected capsules were sterilized using 75%
ethanol and dried for 1 week using silica gel desiccant until they
had nearly ruptured. Seeds were collected from the capsules and
stored at 5°C until use. Seeds were sterilized with 1% sodium
hypochlorite solution for 3 min, sown on oatmeal agar medium
(OMA; 2.5 g/L oatmeal and 15 g/L agar) and maintained at 25°C
for 1 week for contamination checking. After 1 week without
contamination, 1 cm x 1 cm discs were cut (5-10 seeds per disc)
and transplanted to new OMA media. A total of 20 seeds on
two to four discs were placed on each new medium plate. Each
treatment consisted of 5-15 replicates, for a total of 100-300
seeds. A 6-mm plug of fungal culture was inoculated onto the
OMA medium, and the cultures were placed under a 12 h/12 h
light/dark photoperiod at 25 £ 1°C. Petri dishes without fungal
inoculum were prepared as a control. After 90 days of culture,
the seeds were counted under a stereomicroscope. Germination
and seedling growth and development were scored on a scale of
0-5 as described previously (Stewart et al., 2003; Table 3). The
data were analyzed by one-way ANOVA and Turkey-Kramer
test using IBM SPSS (ver. 27 IBM Corp., NY, USA).

To confirm fungal colonization, the protocorms were
cleared using 10% KOH solution, washed in 2% HCI, and
stained with 0.05% trypan blue in lactoglycerol, as described
previously (Phillips and Hayman, 1970), with modifications.
Stained protocorms were de-stained in lactoglycerol prior to
microscopic observation (Nikon Eclipse 50i, Nikon, Tokyo,
Japan).

Results

Molecular identification of mycorrhizal
fungi

In total, 60 root samples and 34 isolates collected from 36
individuals from six sites were analyzed (Table 1). In total, 96
fungal sequences were obtained from these samples and 79.2%
of the sequences were OME including 45.8% Tulasnellaceae,
28.1% Serendipitaceae, 3.1% Ceratobasidiaceae, and 2.1%
Fusarium (Figure 1). Two or three different sequences were
obtained from each of the six samples using different primer

TABLE 3 Seed germination and protocorm development in
Dendrobium officinale.

Stage description

Stage 0 No germination, viable embryo

Stage 1 Enlarged embryo

Stage 2 Continued embryo enlargement, rupture of testa
Stage 3 Appearance of protomeristem

Stage 4 Emergence of first leaf

Stage 5 Growing two leaves or a root
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sets. The independent data sets of fungal sequences for root
samples and isolates showed that both data sets consisted
of Tulasnellaceae, Serendipitaceae and Ceratobasidiaceae
(Supplementary Figure 1). The OMF sequences were assigned
to 10 OTUs including six Tulasnellaceae, two Serendipitaceae,
one Ceratobasidiaceae, and one Fusarium (Figure 2). Two
Fusarium sequences obtained in this study showed high
sequence similarity (99-100%) with Fusarium oxysporum
according to BLAST analysis. This species formed fungal
coils in D. candidum root cells (Jiang et al, 2019) and has
been sampled from D. officinale seedlings (Chen et al., 2021).
Therefore, we added these Fusarium sequences to the OMF
OTUs as FU1.

10.3389/fevo.2022.994641

Mycorrhizal fungi were compared among sites and
substrates (Figure 2). We collected D. officinale samples from
six different sites and 11 substrates. The dominant mycorrhizal
fungi varied among both sites and substrates, even within the
same site. SE1 was the most frequently detected OTU, occurring
in 26 samples from four sites and accounting for 27.1% of all
detected fungal OTUs (Figure 1). The second most frequently
detected OTU was TU27, which was found in 15 samples from
two sites, accounting for 15.6%. TU22 was detected in 9 samples
from two sites (9.4%), and TU10 in 7 samples from three sites

(7.3%).
The relative frequencies of Serendipitaceae and
Tulasnellaceae differed greatly between lithophytic and

Other 20.8%

Other
20.8%

18 3.1%
SES10%

Fusarium 2.1% \
/ CE

Ceratobasidiaceae
3.1%

SE1

Serendipitaceae 28.1%

FIGURE 1

Frequency distribution of fungal sequences identified from Dendrobium officinale using 96 sequences. ldentical sequences obtained from a

single sample using different primer pairs were discarded.

27.1%

_ TU22 94%

Tulasnellaceae 45.8%

2321
TU27 3
15.6%

Detected fungal OTUs

Site No.  Habitat Substrate | Tulasnellaceae _ Serendipitaceac SN P
TUI0 | TUI2 | TU21 | TU22 | TU23 | TU27 | SE1 | SE5 | CEI8 | FUI
s1 L Cement block wall i
E Aesculus turbinata
S2 L Cement bridge
E Castanopsis cuspidata
E Glochidion obovatum
L Cement bridge i
S3 L Rock wall
S4 L Cement bridge
E Athruphyltum neriifolium -
L Cement roof
E Quercus salicina
S5 E Unknown fallen tree
S6 E Ficus superba
1 >+ -
FIGURE 2

Binary matrix showing the relationship between the sampling sites, substrates, and detected fungal operational taxonomic units (OTUs). The
abundance of detected OTUs is indicated as a gradient from white to black. L indicates lithophytic and E indicates epiphytic habitats.
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epiphytic individuals (Figure 3). Serendipitaceae accounted for
47.3% of the total in lithophytes (Figure 3A) and only 4.8% in
epiphytes (Figure 3B). By contrast, Tulasnellaceae accounted
for 43.6% in lithophytes and 95.2% in epiphytes. Among the
10 detected OTUs, four (TU10, TU22, TU23, and TU27) were
present in both substrates, whereas four (TU12, SE1, CE18, and
FU1) and two (TU21 and SE5) OTUs were unique to lithophytes
and epiphytes, respectively (Figure 3C). Serendipitaceae found
in lithophytes consisted of only a single OTU, SE1, which was
unique to lithophytes and accounted for approximately half
of the total frequency (Figure 3A). TU27 was dominant in
epiphytes, accounting for 52.4% of the total frequency, whereas
it accounted for only 7.3% in lithophytes (Figures 3A,B).

Phylogenetic analysis

Phylogenetic analysis of Serendipitaceae was conducted
using two Serendipitaceae OTUs obtained in this study
and 33 sequences obtained from the GenBank database
(Figure 4). The most dominant mycorrhizal fungus, SEI,
formed a monophyletic clade of Thanatephorus sp. SSCDO-
8 (MH348617: 97.2% sequence similarity) from D. officinale
(as syn. D. catenatum in Zhu et al, 2009), with BS = 99%.
SE5 was closely related to Sebacinales sp. from D. officinale

10.3389/fevo.2022.994641

(MN173026) and Sebacinales sp. SSCDO-6 from D. officinale
(MH348615), sharing 96.9 and 97.3% ITS sequence similarity,
respectively.

The ITS sequences of 6 Tulasnellaceae OTUs obtained in this
study and 44 obtained from the GenBank database were used to
generate the phylogenetic tree (Figure 5). The second dominant
mycorrhizal fungus, TU27, formed a monophyletic clade with
four Tulasnellaceae sequences from D. officinale (MH348611,
MH348612, MH348613, and MH348616), sharing 97.8-98.0%
ITS sequence similarity, with BS = 98%. The TU22 sequence was
closely related to the three mycorrhizal fungal sequences from
D. officinale (MN545849, MN545657, and MN545858), sharing
96.7-98.2% similarity. TU12 formed a monophyletic clade with
two Tulasnella sequences from D. officinale (EF393629 and
MN544859) with BS = 99% and shared 97.0-98.8% similarity.
TU10 was clustered with mycorrhizal fungi from epiphytic
orchid, Ascocentrum himalaicum (JQ713573), with BS = 97%,
and closely related to TU27 (BS = 82%). TU23 was clustered
with mycorrhizal fungi isolated from other epiphytic species
(LC597355, LC568587, OL374168) with BS = 98%. TU21
was closely related to epiphytic species, Liparis viridiflora
(KP053821), BS = 98%, and distantly related to the other
Tulasnellaceae OTUs.

Phylogenetic of
conducted using one Ceratobasidiaceae OTU obtained in

analysis Ceratobasidiaceae ~ was

A
Ceratobasidiaceae 5.5%,

Fusarium 3.6%

FIGURE 3

OTUs.

Tulasnellaceae 43.6%

B
Serendipitaceae 4.8%

Tulasnellaceae 95.2%

TU21

TU27 E\BS%
524% g,
N

Serendipitaceae

47.3%

c 4 4 2
TU12 SE1 TU10 TU22 TU21 SES
CE18 FU1 TU23 TU27
Lithophytic

Comparison of orchid mycorrhizal fungi (OMF) associating with lithophytic and epiphytic Dendrobium officinale individuals. Frequency
distribution of OMF sequences detected from (A) lithophytic and (B) epiphytic individuals. (C) Venn diagrams showing the numbers of OMF
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FIGURE 4

Maximum likelihood tree for Serendipitaceae internal transcribed spacer (ITS) sequences, including those of two OTUs from this study. Symbols
indicate the origin of each sequence. Only bootstrap values > 70% are shown. The tree is drawn to scale, with branch lengths reflecting the
number of substitutions per site. Auricularia auricula-judae was used as an outgroup taxon. The 35 assembled sequences were aligned, and the
final dataset included 382 bp sequences.

this study and 34 sequences obtained from the GenBank
database (Supplementary Figure 2). The CE18 formed
a monophyletic group with other Genbank sequences
divided from mycobionts of epiphytic orchids containing
D. officinale (JX545227), Aranda (AJ318429), Liparis
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(LC278371), terrestrial orchid of Dactylorhiza (EF536969)
and three sequences from plant pathogens, Rhizoctonia
sp. AG-G (JF519837, KC825348), sp.
AG-G (DQ102402), sharing 99.5-100% sequence
similarity, with BS = 96%.

Ceratobasidium
ITS
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@ Mycorrhizal fungi from D. officinale
in this study

O Mycorrhizal fungi from Dendrobium
species in previous studies
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FIGURE 5

Maximum likelihood tree for Tulasnellaceae ITS sequences, including six OTUs from this study. Symbols indicate the origin of each sequence.
Only bootstrap values > 70% are shown. The tree is drawn to scale, with branch lengths reflecting the number of substitutions per site.

Tulasnella alibida and Tulasnella hadrolaeliae were used as outgroup taxa. The 50 assembled sequences were aligned, and the final dataset
included 442 bp sequences.
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Symbiotic culture

Seeds from D. officinale were cultured symbiotically
with six OTU isolates including three Tulasnellaceae, two
Serendipitaceae, and one Ceratobasidiaceae (Table 2). After
3 months of culture, all isolates except for CE18 promoted seed
germination to different degrees (Table 4). Seeds inoculated with
TU22, TU27, SE1, and SE5 developed at stage 5, and TU22 and
SE1 showed higher development rates than the other isolates.
TU10 also promoted seed germination, with seeds developing at
stage 4. Seeds cultured with CE18 became swollen and did not
develop past stage 2. All six isolates formed intracellular hyphal
coils in protocorm cells (Supplementary Figure 3).

Discussion

In this study, 10 OTUs were detected as OMF in D.
officinale samples collected from six sites; eight were included
in Tulasnellaceae and Serendipitaceae, accounting for 73.9%
of all detected fungal sequences (Figures 1, 2). This implies
that these fungal families are the most dominant fungal
partners of D. officinale. Most previous studies of D. officinale
sampled from southern China have also found Tulasnellaceae
and/or Serendipitaceae in roots or protocorms germinated
in situ (Wang et al, 2011; Wu et al, 2012; Shao et al,
2019). These results imply that independent of its distribution
range, D. officinale has mycorrhizal associations mainly
with Tulasnellaceae and Serendipitaceae fungi. Phylogenetic
analysis showed that three of the six Tulasnellaceae OTUs
and two Serendipitaceae OTUs showed greater than 97%
sequence similarity to mycorrhizal fungi associated with D.
officinale from China (Figures 4, 5). These OTUs include
the most frequent OTUs detected in this study, SE1 and
TU27 (Figure 1). Although D. officinale is associated with a
wide range of basidiomycetous mycorrhizal partners, its main
fungal partners may be widely shared among D. officinale
populations. In Dendrobium okinawense, 11 mature plants
from four sites were predominantly associated with a single

10.3389/fevo.2022.994641

Tulasnellaceae OTU (Rammitsu et al, 2021). Such high
specificity is also found in Dendrobium fimbriatum, which
was associated with only two OTUs in 15 root samples
from two sites (Xing et al, 2013). Mycorrhizal specificity
may vary among Dendrobium species (Xing et al, 2017),
and D. officinale appears to have lower specificity than its
congeners.

Orchid mycorrhizal communities of D. officinale varied
among sites in this study (Figure 2). Xing et al. (2013) also
found that D. officinale from two sites had distinct OMF
communities in Guangxi Province, China. Such community
differences among sites have also been recorded in terrestrial
orchids (Jacquemyn et al., 2012; Kohout et al.,, 2013; Oja et al,,
2015). There is some evidence that soil chemical characteristics
such as phosphorus, zinc, and organic matter (Kaur et al,
2021) and nitrogen, phosphorus, and water content (Han
et al,, 2016), impact OMF communities in orchid roots and
soils. These differences in substrate chemical and physical
characteristics may vary among sites, resulting in corresponding
OMF community differences.

Mycorrhizal community composition differed between
lithophytic and epiphytic individuals in this study (Figure 3).
The dominant mycorrhizal fungus among lithophytes was
a Serendipitaceae OTU, SEI, whereas that of epiphytes was
a Tulasnellaceae OTU, TU27. Distinct OMF communities
between lithophytic and epiphytic individuals were also
recorded for the orchid Coelogyne viscosa (Xing et al.,, 2015).
Among lithophytic and epiphytic individuals of Coelogyne
corymbosa, Serendipitaceae fungi contributed a relatively large
portion of the OTU communities specific to lithophytic orchids
(Qin et al, 2020). Yokoya et al. (2021) surveyed 11 growing
Cynorkis orchid species within lithophytic and terrestrial
habitats and found that Serendipitaceae OTUs were frequently
found in species inhabiting granite/rock, whereas Tulasnellaceae
OTUs were found in both habitat types; they also reported
that most Serendipitaceae OTUs were found in the habitat
with higher phosphorus and nitrogen content, which may
indicate that Serendipitaceae prefers soil conditions with high
phosphorus and nitrogen levels. These differences in nutrient

TABLE 4 Effects of fungal isolates on Dendrobium officinale seed germination and protocorm development after 3 months of culture.

Treatment Ratio of seed germination and protocorm development (%)*
Stage 0 Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Control® 13.72 + 1.67a 10.40 + 1.42b 75.71 + 2.40d 0.17 £0.17a 0.00 = 0.00a 0.00 = 0.00a
TU10 10.19 4 3.352 1.54 + 1.54a 13.11 % 1.45b 54.76 £ 5.25¢ 20.40 + 4.83b 0.00 = 0.00a
TU22 1330 & 1.90a 0.00 £ 0.00a 0.69 £ 0.46a 0.00 = 0.00a 8.77 £ 8.77ab 77.25 £ 7.93¢
TU27 1314+ 1.71a 347 £ 1.67a 9.92 & 3.86ab 9.77 £ 2.88ab 16.83 £ 3.66ab 46.87 £ 9.22b
SE1 12.45 £ 2.20a 021£021a 1.74 % 0.74ab 3.48 £ 1.10ab 10.18 £ 1.65ab 71.94 = 3.46bc
SES5 1320 + 1.92a 0.99 & 0.74a 5.94 & 2.09ab 11.28 + 3.41b 22.84+3.32b 45.75 £ 6.79b
CE18 10.60 + 2.21a 27.36 £ 2.52¢ 62.04 = 2.63¢ 0.00 £ 0.00a 0.00 = 0.00a 0.00 = 0.00a

?Germination percentage (mean £ SE, n = 5-15) within columns marked by different letters are significantly different at P < 0.05 (Tukey Kramer).

bSeeds without fungal inoculation.
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conditions may contribute to OMF community differences
between lithophytic and epiphytic individuals in D. officinale.

Germination of D. officinale seeds was promoted by five
of the six OMF used in this study (Table 4). Although all
six OMF formed coiled fungal hyphae within the protocorm
cells according to histological observation (Supplementary
Figure 3), the ability to promote seed germination varied
greatly among OMF (Table 4). All OME, except CE18, exhibited
germination-promoting effects, and seedlings with TU22, TU27,
SE1, and SE5 were able to reach stage 5. Phylogenetic analysis
showed that the sequences of these four OTUs shared > 97%
sequence similarity with fungal isolates obtained in previous
studies of D. officinale (Figures 4, 5). Tulasnellaceae sp. SSCDO-
7, which is closely related to TU27 (Figure 5), strongly
promotes seed germination in D. officinale (Shao et al., 2019).
Tulasnellaceae sp. TPYD1, TPYD2, and TPYD3, which share
97-98% sequence similarity with TU22, promote the growth
of D. officinale seedlings produced in vitro (Chen et al., 2021).
Serendipitaceae isolates SSCDO-8 and SSCDO-6, which are
closely related to SE1 and SE5, respectively, also induce D.
officinale seed germination and seedling growth (Shao et al,
2019). Our molecular analysis showed that SE1, TU27, and
TU22 were the most frequent fungal OTUs in adult individuals
(Figure 1), and these fungi promoted seed germination and
protocorm development (Table 4). These results suggest that
the main fungal partners at the adult stage can induce seed
germination and support seedling development in D. officinale.

Seedlings with TU10 developed at stage 4 after 3 months
of culture (Table 4) and continued growth, reaching stage
5 after 6 months (data not shown). This fungus induced
seed germination, but with slower seedling growth than other
effective fungal isolates. By contrast, seedlings with CEI8
reached stage 2 after 2 months and showed no further growth,
despite our detection of coiled fungal hyphae in protocorm
cells (Supplementary Figure 3). Hence, this fungal strain
appears not to contribute to seed germination in D. officinale.
Ceratobasidiaceae fungi are considered important partners
of other orchid genera such as Goodyera (Shefferson et al,
2010), Tolumnia (Otero et al,, 2004), and Pterostylis (Bougoure
et al,, 2005; Bonnardeaux et al., 2007). Phylogenetic analysis
showed that CE18 was closely related to OMF from epiphytic
and terrestrial orchids (Supplementary Figure 2). However,
it has rarely been sampled from D. officinale roots. Because
all root samples bearing the Ceratobasidiaceae sequence were
accompanied by Tulasnellaceae or Serendipitaceae sequences in
this study, Ceratobasidiaceae may not a main fungal partner for
D. officinale.

Conclusion

In conclusion, our results demonstrate that D. officinale
mainly forms OMF with Tulasnellaceae and Serendipitaceae
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as its main fungal partners, such as SE1 and TU27. These
fungal partners induced D. officinale seed germination and
seedling development in vitro, suggesting that they are
its main fungal partners throughout its life cycle. The
in situ seed baiting technique, which was proposed as an
effective and simple technique for obtaining seed germination-
enhancing fungi in situ (Rasmussen and Whigham, 1993),
will contribute to a more comprehensive understanding of
the mycorrhizal associations of D. officinale throughout its life
cycle. Our results show that the OMF community differed
between lithophytic and epiphytic individuals, suggesting that
mycorrhizal specificity may vary by habitat type. Our findings
contribute to understanding of mycorrhizal associations among
wild Dendrobium species, the conservation of endangered
Dendrobium species, and the industrial production of medicinal
Dendrobium species.
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