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Abstract: Epiphytic orchids comprise 68% of vascular epiphytes globally; nevertheless, many are
endangered. One such epiphytic orchid is Phalaenopsis japonica, which is widely used in the floricul-
tural industry. This study aimed to identify the mycorrhizal fungi of adult P. japonica and their roles
in seed germination and seedling development. Root samples were collected from 32 adults across
4 sites in southern Japan, and mycorrhizal fungi were identified using Sanger and high-throughput
sequencing (HTS). The results show phylogenetically diverse mycobionts, mainly Ceratobasidiaceae
(CE) and Tulasnellaceae (TU), with dominant OTUs designated CE6 and CE22. Sanger sequencing
found 9 OTUs, 4 CE, and 5 TU; HTS detected 22 OTUs, 4 CE, 16 TU, and 2 Serendipitaceae. Seeds
inoculated with CE6 improved germination and protocorm development compared with other strains.
In addition, asymbiotic seedlings inoculated with CE6, CE22, and TU18 displayed varying effects in
growth, with CE6 being the most notable. While TU18 did not promote seed germination, it effectively
promoted leaf development in seedlings. Overall, Ceratobasidiaceae was predominantly associated
with seed germination, seedling growth, and the adult stages, with CE6 and CE22 becoming the
primary partners throughout the life history of P. japonica. Our findings illuminate mycorrhizal
symbiosis in epiphytic habitats, offering conservation and commercial production insights.
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1. Introduction

Orchidaceae is one of the largest and most diverse angiosperm families, with more
than 28,000 species [1]. Epiphytic orchids account for 69% of all orchid species and 68% of
all vascular epiphytes [2]. At present, numerous orchid species face the threat of extinc-
tion due to factors such as overcollection, habitat loss, and environmental changes [3,4].
Consequently, the conservation of these species has emerged as a critical global priority.
The symbiotic relationship between orchids and mycorrhizal fungi is essential for orchids
to thrive in their habitats [5]. Orchids have an unusual reproductive strategy, producing
thousands of dust-like seeds within a single seed capsule. However, these seeds lack
sufficient nutrients for independent germination. Therefore, successful germination and
development of orchid seeds depend heavily on the presence of specific mycorrhizal fungi
that provide carbon resources [6-8]. Colonization by orchid mycorrhizal fungi (OMF)
begins during seed germination and persists throughout the entire orchid life cycle [9].
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While orchids can establish associations with various fungal partners, not all associations
have equal impacts on orchid growth and development [10,11]. Since mycorrhizal fungi
vary significantly among orchid species [12,13], thorough elucidation of the diversity and
function of the OMF associated with each orchid species is vital.

The genus Phalaenopsis, commonly known as the moth orchid, is a prominent and
extensively cultivated group within the family Orchidaceae. This genus includes approx-
imately 80 accepted species [14] that are native to tropical and subtropical regions from
Asia to northeastern Australia [14,15]. This genus also has significant popularity in the
floricultural industry, and numerous hybrid varieties are available on the market [16].
Despite their importance, several species have become endangered or rare in their natural
habitats [17]. Hence, it is crucial to elucidate the mycorrhizal associations of Phalaenopsis
orchids in order to prioritize conservation efforts. Furthermore, orchid mycorrhizal associa-
tions can lead to various beneficial outcomes for orchid cultivars, including improved plant
growth and flower quality, and enhanced disease resistance [18,19]. Two previous studies
identified the primary mycorrhizal associates of Phalaenopsis species, P. cornu-cervi [20]
and P. wilsonii [21]. However, knowledge about the mycorrhizal associations of specific
Phalaenopsis species remains limited. Therefore, gaining better information about the OMF
of Phalaenopsis species is essential to advance both basic research and the conservation and
horticultural industries.

The mycorrhizal fungi of epiphytic orchids are mainly members of the Ceratobasidi-
aceae, Serendipitaceae, Tulasnellaceae, and Atractiellomycetes groups [22-25]. Molecular
identification of OMEF relies primarily on the internal transcribed spacer (ITS) region. Most
OMF families can be identified using universal fungal primers; however, Tulasnellaceae
species are difficult to detect with universal primers due to sequence mismatches [26].
Such mismatches can introduce bias in the descriptions of fungal communities, potentially
affecting the outcomes of analysis. Thus, the use of Tulasnella-specific primers is neces-
sary to avoid the underrepresentation of Tulasnellaceae fungi. According to Rammitsu
et al. (2021) [27], the Tulasnellaceae lineage consists of four distinct groups, known as
Tulasnellaceae groups (TGs) 1-4, which are differentiated based on primer mismatch. In
high-throughput sequencing (HTS), the fungal universal primer pair ITS86F /1TS54 [28,29]
is suitable for fungi within TG4, while the Tulasnella-specific primers 5.85-Tulngs/ITS4-
Tul2 [30,31] can effectively identify the respective TG1 and TG2 Tulasnellaceae fungi
associated with orchids. However, the detection of fungi within TG3 requires an additional
forward primer due to numerous mismatches with both ITS86F and 5.85-Tulngs.

Fungal community associations in orchids often change during the orchid’s on-
togeny [32]. Therefore, identification of the mycorrhizal fungi involved in seed germination,
seedling development, and the adult stages of a particular orchid species is essential, as
the most effective fungal partner may vary among developmental stages. For example,
the epiphytic orchid Vanda falcata is predominantly associated with a single Tulasnellaceae
fungus in adulthood, although seed germination is strongly induced by fungi in Cerato-
basidiaceae [33]. Comprehensive elucidation of mycorrhizal associations throughout the
orchid life cycle is crucial to unravel the complexities of orchid mycorrhizal associations
and establish effective strategies for orchid conservation and cultivation.

In this study, we assessed the mycorrhizal community of adult P. japonica using both
Sanger sequencing and HTS methods. For HTS techniques targeting the ITS2 region, we
employed Tulasnellaceae-specific primers to reveal the entire Tulasnellaceae groups. To
understand the fungal impacts at different growth stages, we separately evaluated seed
germination and seedling growth by in vitro symbiotic culture.

2. Materials and Methods
2.1. Study Species and Sampling

Phalaenopsis japonica (Rchb.f.) Kocyan & Schuit. (synonyms: Sedirea japonica, Hy-
grochilus japonicus, Aerides japonica) is a monopodial epiphytic orchid that typically grows
on trees or rocks in open subtropical forests or among scrub on cliffs and valleys at low
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to moderate elevations (Figure 1) [34]. Its distribution range includes central to southern
Japan, China, Taiwan, and Korea [35]. Renowned for its fragrant, light-greenish-white
flowers and attractive foliage, this species has found widespread application in orchid
breeding programs [36].

Figure 1. Blooming mature Phalaenopsis japonica (photograph by NPO Shima-niji of Tokunoshima).

In total, 32 individuals of P. japonica were sampled from 4 sites in their natural habitat
or among cultivated plants in gardens in the southern part of Japan (Table 1). To examine
the effect of host tree species on the mycorrhizal association, samples were collected from
multiple host tree species. Sampling sites 1 to 3 are characterized by warm temperate
climates, whereas site 4 has a subtropical climate. The collected root fragments were
washed with tap water and hand-sliced sections were observed under a microscope to
check for fungal colonization. Then, mycorrhizal root segments were cut into 1-2 cm
fragments and stored in Tris-ethylenediaminetetraacetic acid (TE) buffer at —20 °C for
molecular identification of fungi. Root fragments containing living hyphal coils were used
for fungal isolation.

Table 1. Details of the sampling sites, host tree species, number of individuals, and number of DNA
samples collected at each site.

No. of DNA Samples
Site Locality No. O.f Host Tree Species l\,IO,' of P
Populations Individuals Roots Isolates
S1 Fukuoka Pref. * 1 Quercus glauca 4 5 4
S2 Miyazaki Pref. * 2 Unknown 5 13 9
S3 Yakushima, Kagoshima Pref. 1 Ilex integra 2 3 1
. . Pinus luchuensis 9 17 —
S4 Tokunoshima, Kagoshima Pref. 4 Unknown 1 20 ’
* Cultivated.

2.2. Isolation of Mycorrhizal Fungi

Mycorrhizal fungi were isolated from seven individual orchids (Table 1) using the
method described by Rammitsu et al. (2021) [31] with slight modifications. Root fragments
containing living hyphal coils (pelotons) were washed in sterile distilled water (SDW) and
we released individual pelotons from the cortex cells into fresh SDW. The pelotons were
collected and rinsed with SDW and cultured in 1.5% water agar medium (10 mL) with
50 ppm each of streptomycin and tetracycline. The plates were incubated at 25 &+ 1 °C for
1 week, and fungal colonies that formed from individual pelotons were transferred to fresh
potato dextrose agar (PDA) plates for subculturing. Pure cultures of OMF were obtained
and identified using molecular methods, as described in the following section. Isolates
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were stored at —80 °C until use for in vitro symbiosis experiments and deposited with
the National Institute of Technology and Evaluation (NITE) Biological Resource Center
in Japan.

2.3. Molecular Identification of Mycorrhizal Fungi through Sanger Sequencing

Colonized root fragments were crushed with forceps to disperse the hyphal coils into
the fresh buffer. Pelotons (100-300 per root fragment) were collected using a micropipette,
then rinsed twice in fresh buffer and homogenized with a 20 uL buffer using a BioMasher
I homogenizer (Nippi Inc., Tokyo, Japan). For fungal isolates, hyphae growing on the
culture medium were collected using a sterilized toothpick and suspended in 50 uL. TE
buffer. DNA extraction was conducted as described by Izumitsu et al. (2012) [37]. The
supernatant obtained from the extraction process was used as the template for polymerase
chain reaction (PCR).

PCR was performed to amplify the ITS sequence of nuclear ribosomal DNA. For am-
plification, we utilized the universal primer pairs ITS1F/ITS4 [28,38] and ITS1F/ITS4B [38].
We also employed the Tulasnella-specific primer pairs ITS5/1TS4-Tul2 [28] and 5.85-Tulngs/
ITS4-Tul2. Mighty Amp DNA polymerase Ver. 3 (TaKaRa, Shiga, Japan) was used for
PCR amplification as described by Rammitsu et al. (2021) [31]. The resulting PCR ampli-
cons were purified using the Fast Gene Gel/PCR Extraction Kit (Nippon Genetics, Tokyo,
Japan) and subsequently sequenced using the BigDye Terminator v3.1 Cycle Sequencing
Kit (Thermo Fisher Scientific Baltics, Vilnius, Lithuania) and the 3130 Genetic Analyzer (Ap-
plied Biosystems, Tokyo, Japan), following the manufacturer’s instructions. For amplicons
that presented challenges in direct sequencing, the pGEM-T Vector System II (Promega,
Madison, MI, USA) was employed for cloning. All ITS sequences were searched using the
Basic Local Alignment Search Tool (BLAST) with the GenBank database of the National
Center for Biotechnology Information (NCBI). The fungi were assigned to operational
taxonomic units (OTUs) based on 97% sequence similarity, and OTU numbers were allo-
cated based on the OMF database in our laboratory. Subsequently, ITS sequences were
deposited in the DNA Data Bank of Japan (DDB]) under the following accession numbers:
LC746356-LC746365.

2.4. Phylogenetic Analysis

Putative mycorrhizal fungi, Ceratobasidiaceae, were subjected to phylogenetic analysis
utilizing whole ITS sequences obtained from Sanger sequencing. Representative fungal ITS
sequences from GenBank showing sequence similarity > 90% to the OTUs were included
in the analysis. The ITS sequences were aligned using the MAFFT online server [39,40].
Positions with less than 80% site coverage were removed, i.e., fewer than 20% alignment
gaps, missing data, and ambiguous bases were allowed at any position. The GTR + G
was estimated to be the best-fit model in MEGA11. The phylogenetic tree was constructed
employing the maximume-likelihood method in MEGA 11 [41]. To estimate the relative
robustness of branches in the phylogenetic tree, bootstrap analysis was performed with
1000 replicates [42].

2.5. High-Throughput Sequencing

To create simulated communities for Illumina NovaSeq 6000 sequencing, we mixed
2-6 DNA samples (1 uL) from each population that had undergone Sanger sequencing. The
ITS2 region of fungal nuclear ribosomal DNA was amplified using the tailed primer pairs
ITS86F/1TS4, along with two Tulasnellaceae-specific primer pairs: 5.85-Tulngs /ITS4-Tul2
and 5.85-Tulngsg3 (5'-GCTGCGAAATGTGATGTGAA-3') /1TS4-Tul2. The 5.8S-Tulngsg3
primer was newly designed for the study, targeting TG3. PCR was performed in triplicate
using a 1 pL sample of DNA and 5 puL 2 x KAPA HiFi HotStart ReadyMix (Kapa Biosystems,
Wilmington, MA, USA), as described by Rammitsu et al. (2021) [27]. The purified PCR
products were quantified with a Qubit dsSDNA HS Assay kit and equimolar amounts of each
sample were pooled to prepare sequencing libraries. Then, the libraries were sequenced
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using [llumina NovaSeq paired-end sequencing with 2 x 250-bp reads following standard
protocols by Novogene Co., Ltd. (Singapore).

The data quality was first checked using FastQC [43]. Then, the reads were cleaned and
demultiplexed into corresponding samples using barcode labels with the process_shortreads
program of STACKS version 2.61 [44]. The demultiplexed sequences were further processed
using the Qiime?2 (version 2022.11.1) software package [45]. In Qiime2, the q2-cutadapt
plugin [46] was utilized to trim barcodes and primers from the raw sequencing data. Fol-
lowing this process, the q2-dada2 plugin [47] was employed to remove noisy sequences,
singleton sequences, and chimeras. OTU clustering was conducted at a 97% similarity
threshold using the VSEARCH algorithm [48]. To create a comprehensive and customized
reference database, we added fungal reference sequences downloaded from the UNITE
database (version 9.0) [49], as well as OTU sequences obtained through Sanger sequencing.
Subsequently, the pre-trained classifier was employed for the taxonomic classification of
the query OTUs, which in turn was completed using the q2-classify-sklearn plugin [50]. To
ensure accuracy, OTUs with less than 100 total reads were removed before the construc-
tion of the OTU table, as such reads may be due to sequencing errors or contaminants.
Each OTU was annotated to the lowest possible taxonomic rank, reaching the genus and
species levels.

2.6. Symbiotic Culture
2.6.1. In Vitro Symbiotic Germination

Six fungal isolates were used for the in vitro symbiotic germination experiment
(Table 2). All fungal isolate OTUs, except for TU27, were detected from adult P. japon-
ica. Four Ceratobasidiaceae isolates were obtained from P. japonica roots. To assess the
effect of Tulasnellaceae fungi, we utilized two Tulasnellaceae isolates, TU18 and TU27. Be-
cause the isolation of Tulasnellaceae fungi from P. japonica proved unsuccessful, we utilized
TU18 isolates obtained from another epiphytic orchid. Seeds from five mature capsules
collected from three individual orchids were mixed and used for the symbiotic culture. Seed
viability was evaluated using the 2,3,5-triphenyl tetrazolium chloride (TTC) test to ensure
high viability (>80%). Then, the seeds were sterilized with 1% sodium hypochlorite solution
for 1 min, sowed on water agar medium (agar, 15 g/L), and maintained at 25 °C for 1 week
to check for contamination. After 1 week of contamination-free culturing, 1 cm x 1 cm
discs (5-10 seeds per disc) were removed and transferred to oatmeal agar (OMA) medium.
On each plate containing fresh medium, four discs containing about 20-40 seeds were
placed. Each treatment contained six replicates with a total of 120-240 seeds. A 6 mm plug
of pre-cultured fungal isolates was inoculated onto the OMA medium, and the plates were
cultured under a 12 h/12 h light/dark photoperiod at 25 + 1 °C. As a control, plates with no
fungal inoculum were also prepared. After 4 months of culturing, the seeds were counted
under a stereomicroscope, and seed germination and protocorm development were scored
on a scale of 0-6 as follows: stage 0, no germination; stage 1, seed with swollen embryo;
stage 2, enlarged embryo with ruptured seed coat; stage 3, appearance of the rhizoid;
stage 4, appearance of the proto-meristem; stage 5, emergence of the first leaf; and stage 6,
emergence of the first root and further development (Supplementary Figure S1) [11]. Seed
germination (%) per stage was calculated using the following formula: percentage seed
germination = (number of seeds per germination stage/total number of viable seeds) x 100.
The germination stage corresponded to stages 2 and above for this calculation. The data
were analyzed using one-way analysis of variance (ANOVA), followed by Tukey’s test
using the R statistical package (version 4.2.1) [51].



Diversity 2024, 16, 218

6 of 16

Table 2. Fungal isolates of Phalaenopsis japonica and other epiphytic orchids used for symbiotic culturing.

. . DDBJ NBRC
Family Fungal OTU Host Orchid Accession No. Accession No.
CE6-1 P. japonica LC746361 NBRC 116432

Coratobasidi CE6-2 P. japonica LC746362 NBRC 116431
eratobasidiaceae CE12 P. japonica LC746363 NBRC 116433
CE22 P. japonica LC597348 NBRC 114917

Tul 1 TU18 Staurochilus lutchuensis LC597353 NBRC 114910
washellaceae TU27 Dendrobium officinale LC683202 NBRC 115262

Abbreviations: OTU, operational taxonomic unit; DDBJ, DNA Data Bank of Japan; NBRC, National Institute of
Technology and Evaluation (NITE) Biological Resource Center.

2.6.2. In Vitro Symbiotic Culture of Seedlings

Four fungal isolates (CE6-2, CE22, TU18, and TU27) were cultured with seedlings
obtained through asymbiotic culturing for the in vitro seedling growth experiment. Seeds
were sterilized with 1% sodium hypochlorite solution for 1 min and sown in New Do-
gashima Medium [52]. The fungal isolates were pre-cultured on PDA in the dark at
25 + 10 °C for 7 days. When the seedlings reached the 1-2 leaf stage, 4 seedlings per bottle
were transplanted into transparent bottles containing modified oatmeal agar medium (ONY;
0.38 g/L NH4NOg, 0.2 g/L KH2POy, 0.1 g/L MgSO4-7H>0, 0.1 g/L KCl, 0.1 g/L yeast
extract, 2.5 g/L oatmeal, and 15 g/L agar). Each glass bottle (450 mL) contained 50 mL ONY
medium, and five bottles were used per treatment. Colonized agar plugs (diameter = 6 mm)
were transferred to the OMA medium. As a control, bottles with no fungal inoculum were
prepared. The cultures were grown at 25 £ 1 °C under a 12 h/12 h light/dark photoperiod.
After 4.5 months, the fresh weight, dry weight, number of leaves, and number of roots were
calculated. The seedlings were dried at 50 °C for 48 h for dry weight measurement [53].
The resulting data were subjected to one-way ANOVA followed by Tukey’s test (p < 0.05)
for pairwise comparisons using the R statistical package (version 4.2.1) [51].

3. Results
3.1. Molecular Identification of Mycorrhizal Fungi through Sanger Sequencing

In total, 58 root samples and 16 fungal isolates collected from 32 individuals at 4 sites
were analyzed (Table 1). All fungal isolates belonged to the Ceratobasidiaceae family.
Specifically, 13, 2, and 1 OTUs were identified as CE6, CE22, and CE12, respectively. In all,
78 fungal sequences were obtained from these samples, of which 82% were OME, including
68% Ceratobasidiaceae and 14% Tulasnellaceae. The OMF was assigned to nine OTUs,
including four Ceratobasidiaceae (CE) and five Tulasnellaceae (TU) (Figure 2). Mycorrhizal
fungi were compared among sites. The dominant mycorrhizal fungi varied among sites,
with CE6 being the most frequently detected OTU in 26 root samples from 3 sites (S1, S2,
and S3), accounting for 41% of all OMF sequences. CE22 was the second-most frequently
detected OTU, found in 25 root samples from 2 sites (S2 and S54) and accounting for 39% of
fungal sequences. Tulasnellaceae was detected in 11 root samples from 2 sites (51 and S4),
accounting for 17% of total fungal sequences.

3.2. Phylogenetic Analysis

Phylogenetic analysis of putative mycorrhizal fungi in the family Ceratobasidiaceae
was conducted using four OTUs identified in this study (Figure 3). One of the dominant
mycorrhizal fungus, CE6, has 2 ITS types, designated CE6-1 and CE6-2, which differ in 15
of 600 bp. This OTU formed a monophyletic clade with Ceratobasidiaceae sequences from
the epiphytic orchids Thrixspermum japonicum (Japan, LC511144) and Vanda falcata (Japan,
LC600232), sharing 96.0-98.2% ITS sequence similarity. The CE12 sequence was closely
related to two mycorrhizal fungal sequences from the epiphytic orchid T. japonicum (Japan,
LC511156) and Sarcochilus weinthalii (Australia, GU391993), sharing 95.1-99.8% similarity.
CE22 and CE35 were more distantly related, forming a separate group that clustered with
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fungi detected from the epiphytic orchid Ornithochilus difformis (China, MH005852). Aside
from this sequence, no other sequences were found with >90% similarity during the BLAST
search. These results provide insights into the evolutionary relationships among these
fungi and their potential ecological roles.

Figure 2. Relationship between the sampling sites and the abundance of detected OTUs obtained
through Sanger sequencing. The width of each strip in the diagram represents the number of OTU
taxa detected in different sites. Identical sequences derived from a single sample using different
primer pairs or cloning were discarded. CE; Ceratobasidiaceae, TU: Tulasnellaceae.

3.3. High-Throughput Sequencing

Three different primer combinations were employed to detect the potential OMF of
P. japonica, yielding a total of 31,142,712 raw sequence reads. After filtering out ambiguous
and low-quality reads, a total of 2,580,818 high-quality reads were retained. Clustering of
those sequences based on a 97% similarity threshold produced 645 OTUs. After removing
contaminants, non-fungal OTUs, and OTUs with fewer than 100 sequences, a final count of
135 fungal OTUs (comprising 886,543 sequences) was obtained as our working dataset. The
ITS86F /ITS4 primer pair detected a total of 120 OTUs, while the 5.85-Tulngs/1TS4-Tul2
and 5.85-Tulngsg3/ITS4-Tul2 primer pairs detected 15 and 10 OTUs, respectively.

Of all OTU sequences analyzed, 22 (826,325 sequences) were classified into families
of OMF, specifically Ceratobasidiaceae and Tulasnellaceae in the order Cantharellales
and Serendipitaceae in the order Sebacinales (Table 3). Other putative OMFs, such as
Atractiellales (represented by one OTU), Fusarium (represented by one OTU), and Peziza
(represented by one OTU) were identified in the sample, but their low frequency precluded
their inclusion as key OMFs in our analysis. All OTUs detected through Sanger sequencing,
except CE12 (which was an isolate), were also detected with HTS. In addition, HTS revealed
the presence of additional OTUs belonging to both Ceratobasidiaceae and Tulasnellaceae,
as well as fungi in Serendipitaceae considered OMF species. Tulasnellaceae (16 OTUs),
Ceratobasidiaceae (4 OTUs), and Serendipitaceae (2 OTUs) were the fungal groups with
the highest numbers of putative OMF OTUs (Table 3 and Figure 4). Among these, Cerato-
basidiaceae was the most prevalent fungal group, representing 79.7% (658,332 reads) of the
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total OMF reads obtained. The variations in the relative abundances of OTUs across three
different primer combinations were compared (Supplementary Figure S2).
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Figure 3. Maximum-likelihood tree of Ceratobasidiaceae for the ITS1, 5.8S, and ITS2 regions, including
the four OTUs identified in this study. The tree is drawn to scale, with branch lengths reflecting the
number of substitutions per site. Only bootstrap values greater than 70% are shown. ITS sequences
of Botryobasidium were used as the outgroup. The final dataset was 575 bp.
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Table 3. OMF OTUs detected through Sanger sequencing and high-throughput sequencing (HTS).
Frequently detected OTUs are indicated in bold.

Fungal Family OTUs from Sanger Sequencing OTUs from HTS
Ceratobasidiaceae CEe, CE12, CE22, CE35 CE1, CE6, CE22, CE35
TU1, TU3, TU10, TU11, TU12, TU18, TU22, TU23, TU37,
Tulasnellaceae TU11, TU12, TU18, TU53, TU54 TU46, TU53, TU54, TUSS, TU62, TU68, TU73
Serendipitaceae - SE9, SE10
Total OTUs 9 22
100% m SE10
b2
§ m SE9
90% = mTU73
<
ki mTU68
=
80% [ = mTU1
mTU3
70% TU54
9 TU37
§ 60% TU10
,‘é’ mTU62
= v mTU11
2 50% g
v & mTU22
= 5
= 'z mTU58
U 40%
P e mTU12
<
g mTU23
30% ©
° mTU18
mTU53
20% m TU46
CE1
10% m CE35
m CE6
0% m CE22

OMEF OTUs

Figure 4. Relative abundances of OMF OTUs obtained from P. japonica using fungal universal
(ITS86F /ITS4) and Tulasnellaceae-specific (5.85-Tulngs/ITS4-Tul2 and 5.85-Tulngsg3/1TS4-Tul2)
primer pairs. OTUs with fewer than 100 total reads were excluded. TU: Tulasnellaceae, CE: Ceratoba-
sidiaceae, SE: Serendipitaceae. Sequences were assigned to OTUs at 97% sequence similarity. In total,
826,325 reads were obtained for OMF fungi.

3.4. Symbiotic Culture
3.4.1. Effects of Fungal Strains on Symbiotic Seed Germination

Seeds of P. japonica were cultured with six fungal isolates (five OTUs), four of which
belonged to Ceratobasidiaceae and two to Tulasnellaceae (Table 2). After four months of
culture, all isolates except TU27 promoted seed germination to varying degrees relative
to the control (Figure 5; Supplementary Figure S1). CE6 significantly enhanced seed
germination up to stage 6, which was the highest stage among all of the OTUs tested.
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CEé6-1

CE6-2

CE12

CE22

TU18

TU27

Control

Significant differences were observed between the two ITS types of CE6 (CE6-1 and CE6-2),
with CE6-2 reaching stage 6 earlier than CE6-1 (Supplementary Table S1). In addition,
CE12 and CE22 stimulated seed germination through stages 5 and 4, respectively. Over
the same period, seeds cultured with TU18 slowly reached the rhizoid formation stage
(stage 3). By contrast, TU27 and the un-inoculated control led to swollen seeds that failed
to progress beyond stage 2 of germination.

10 20 30 40 50 60 70 80 90 100
O Stage 0 O Stage 1 O Stage 2 O Stage 3 O Stage 4 O Stage 5 B Stage 6 %
No germinaiton Early germinaiton Seedling establishment

Figure 5. Effects of fungal isolates on P. japonica seed germination and protocorm development after
four months of culturing. Seed development was assigned to six stages. Control indicates seeds that
were not inoculated with fungi.

3.4.2. Effects of Fungal Strains on Seedling Growth

The growth of P. japonica seedlings significantly varied among fungal inoculation
treatments (Figure 6). In all of the treatments except TU27, the seedlings were alive after
4.5 months of cultivation. Seedlings inoculated with CE6 displayed the highest fresh and
dry matter yields, which were significantly higher than the yields of other treatments. Fresh
and dry matter yields of seedlings inoculated with CE22 and TU18 were also relatively
high, although not significantly different from each other or the control. In terms of leaf
number, all three treatments (excluding TU27) showed significant increases relative to the
control, with CE6 and CE22 having the highest leaf numbers. Similarly, the number of roots
also significantly differed among treatments, with CE6 producing the highest root number,
followed by CE22 and TU18. Overall, CE6 showed the strongest seedling growth, while
CE22 and TU18 had significantly higher leaf and root numbers despite relatively little fresh
and dry matter accumulation. By contrast, seedlings inoculated with TU27 did not survive
beyond 2-3 weeks after inoculation.
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Figure 6. Effect of fungal isolates on the growth of asymbiotic P. japonica seedlings at 4.5 months after
symbiotic culturing. Fresh weight (a), dry weight (b), leaf number (c), and root number (d). Seedlings
inoculated with TU27 did not survive and were excluded from the figure. Bars show standard errors
(n =20 plants per treatment). Mean values with different letters are significantly different at p < 0.05
(Tukey test).

4. Discussion
4.1. Mycorrhizal Fungal Composition of Phalaenopsis japonica

Both Sanger and HTS results reveal that the epiphytic orchid P. japonica is associated
with diverse mycobionts belonging to mainly two families of Basidiomycota, Ceratobasidi-
aceae and Tulasnellaceae. Two Ceratobasidiaceae OTUs, CE6 and CE22 were dominant
sequences in the adult stage. Thus, P. japonica exhibits diversity in its mycobiont associa-
tions within the Ceratobasidiaceae and Tulasnellaceae and tends to establish particularly
strong symbioses with these two fungal groups. Previous studies have shown that several
Phalaenopsis species, such as P. cornu-cervi and P. wilsonii, have shared associations with
various mycorrhizal fungi, including members of the Ceratobasidiaceae, Serendipitaceae,
and Tulasnellaceae, but are mainly associated with Ceratobasidiaceae [20,21]. Furthermore,
some studies have reported the isolation of Ceratobasidiaceae fungi from Phalaenopsis
species, including P. mannii [54], P. pulcherrima [55], and P. amabilis [56,57]. These findings
imply that Ceratobasidiaceae is an important fungal partner of the genus Phalaenopsis.

All OMF OTUs identified through Sanger sequencing, except CE12 isolated from
P. japonica roots, were also successfully identified via HTS. The dominant presence of CE6
and CE22 in Sanger sequencing was further supported by their relatively high abundances
in HTS (68%), confirming that they are the main fungal partners of P. japonica (Figure 4).
A greater number of OMF OTUs was identified through HTS (22) than Sanger sequenc-
ing (9). While Sanger sequencing identified only two OMF families (Ceratobasidiaceae
and Tulasnellaceae), HTS detected three families, including Serendipitaceae, which in-
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cludes commonly found OMFs. The HTS approach revealed additional OTUs, and greater
phylogenetic divergence compared with those detected through Sanger sequencing.

In HTS, while the universal primer pair successfully detected all Ceratobasidiaceae,
Serendipitaceae, and one OTU of Tulasnellaceae, the remaining Tulasnellaceae OTUs were
detected only with Tulasnella-specific primer pairs (Supplementary Figure S2). All Sanger-
sequenced OMF OTUs from the root samples were also detected using the three primer sets,
confirming the effective evaluation of the OMF community without primer bias in HTS.
Although the universal primer pair was able to detect some Tulasnellaceae OTUs, Tulasnella-
specific primer pairs demonstrated greater capacity for the detection of Tulasnellaceae.
This finding emphasizes the importance of incorporating Tulasnella-specific primers for a
comprehensive assessment of OMF diversity. TU46, the only OTU belonging to lineage
TG3, was exclusively detected with the TG3 primer. This OTU was not detected through
Sanger sequencing. Other Tulasnella OTUs detected with the TG3 primer were also detected
with the primer pair 5.85-Tulngs/ITS4-Tul2. Epiphytic orchids are mainly associated with
TG1 and TG2 [27], implying that TG3 has a rare association with P. japonica.

The OMF communities of P. japonica varied among sites and host tree species (Figure 2
and Table 1). The dominant OTU, CE6, was frequently detected at sites 1-3, implying that
P. japonica shares a common fungal partner of CE6 at all of these sites. Moreover, the same
OTU was previously observed in P. japonica [58]. At site 4, CE22 was more prevalent, and
orchids exhibited fungal associations with multiple Tulasnellaceae fungi, which was not
observed at other sites. Environmental conditions and host tree differences may explain
this variation. For example, sites 1-3 are characterized by warm temperate climates, while
site 4 has a subtropical climate. Furthermore, the host tree at site 4, Pinus luchuensis,
differed from those at other sites. A previous study on the epiphytic orchid Dendrobium
sinense indicated that host tree species influence the OMF community of orchids [59], and
this pattern was also apparent in P. japonica in the present study. However, we cannot
definitively identify the host tree effect since each site has distinct hosts. Further analysis is
necessary to elucidate this aspect.

The results of the phylogenetic analysis indicate that the Ceratobasidiaceae OTUs iden-
tified in this study are phylogenetically diverse and distributed across multiple clades. This
finding implies that P. japonica has a wide range of mycobiont partners within the family
Ceratobasidiaceae, including established orchid mycobionts. CE6 shares a sequence iden-
tity > 96% with mycobionts associated with two other epiphytic orchids collected in Japan,
Thrixspermum japonicum and Vanda falcata (Figure 3), implying that it is a common fungal
partner of epiphytic orchids. Moreover, OTU CE12 formed a monophyletic clade with
fungi associated with two epiphytic orchids, T. japonicum (Japan) and Sarcochilus weinthalii
(Australia), with sequence similarities of 99.8% and 95.0%, respectively. These findings
imply that CE12 is a common OMF of epiphytic orchids, with a global distribution. OTUs
CE22 and CE35 shared high sequence similarities, 96.0%, and 93.4%, respectively, with an
OTU from the epiphytic orchid Ornithochilus difformis in China, and no other sequences
were identified in the BLAST search with a similarity greater than 90%. These two OTUs
were found to be distantly related to other members of the family Ceratobasidiaceae in the
phylogenetic tree. This unusual genetic distance may be attributed to the rarity of these
OTUs compared with CE6 and CE12 and their unique relationships with epiphytic orchids.

4.2. Fungal Effects on Seed Germination and Seedling Growth

All tested OMFs except TU27 had the potential to promote seed germination but the
effectiveness varied significantly among OTUs. CE6, CE12, and CE22 induced seed germi-
nation through stages 6, 5, and 4, respectively, while TU18 reached only stage 3 (Figure 5).
Therefore, the in vitro symbiotic germination test revealed that the primary inducers of
seed germination and early development in P. japonica were fungi in the family Cera-
tobasidiaceae. Three Ceratobasidiaceae OTUs used in our in vitro study were dispersed
throughout the phylogenetic tree, implying that phylogenetically diverse Ceratobasidiaceae
play roles in seed germination. Both Ceratobasidiaceae and Tulasnellaceae were associated
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with orchids during the adult stage but only Ceratobasidiaceae was found to promote seed
germination; TU18 and TU27 did not effectively promote seed germination. A similar study
conducted by Qin et al. (2021) [21] found that seed germination in P. wilsonii was success-
fully induced by Ceratobasidiaceae fungi (2 OTUs), while Tulasnellaceae fungi (3 OTUs)
failed to do so. This implies that the fungi of Ceratobasidiaceae more effectively promote
germination in Phalaenopsis compared with Tulasnellaceae. In that study, Tulasnellaceae
fungi were isolated from other epiphytic orchids. Future investigations using Tulasnella
isolated directly from the host plant may provide more conclusive evidence.

Symbiotic culturing of asymbiotic seedlings demonstrated that both Ceratobasidiaceae
and Tulasnellaceae had significant positive impacts on seedling growth. The OTU CE6
showed the most promising results, as it increased the yields of fresh and dry matter and
greater numbers of leaves and roots were formed compared with the other treatments
(Figure 6). CE22 and TU18 also significantly contributed to increases in the numbers of roots
and leaves. Moreover, seedlings inoculated with these exhibited greater fresh weight and
dry weights compared with the control seedlings, although this difference was not statisti-
cally significant. CE6 and CE22 played crucial roles in both seed germination and seedling
growth, indicating that they are highly important fungi for P. japonica. Two previous
studies found that inoculating Phalaenopsis cultivars with mycorrhizal fungi of Rhizocto-
nia sp., including Ceratobasidium AG-A (R02) and Rhizoctonia solani AG-6 (R04), promoted
vegetative and reproductive growth [18,19]. This indicates that Ceratobasidiaceae fungi
more effectively promote the growth and development of Phalaenopsis species. TU18 did
not effectively promote seed germination but did improve seedling growth. The primary
inducers of seed germination and early development in P. japonica were CE6, with CE22 and
TU18 also significantly contributing to increased root and leaf numbers. Therefore, OMF
bottlenecks in seed germination might be prevalent for P. japonica. Orchid seed germination
relies on mycorrhizal fungi for carbon resources. However, once leaves have developed,
the plants obtain carbon through photosynthesis. As the physiological requirements of
plants vary after leafing, the fungi necessary for their development may also change [60].
This type of divergence in mycorrhizal fungi among early developmental stages, including
seed germination, protocorm growth, and seedling development, has been reported in
other epiphytic orchid species, such as Dendrobium okinawense [11]. By contrast, TU27 did
not exhibit any significant positive impact on seedling growth. Seedlings inoculated with
TU27 did not survive beyond 2-3 weeks, implying that this strain may act as a parasite or
opportunist and not be suitable for symbiotic culturing with P. japonica.

5. Conclusions

Two OTUs of Ceratobasidiaceae, CE6, and CE22, were the most prevalent fungal OTUs
associated with adult P. japonica individuals, and additional OTUs of Tulasnellaceae were
also detected. The findings were consistent across both Sanger and HTS analyses. Our
results indicate that Ceratobasidiaceae fungal partners, specifically CE6 and CE22, play cru-
cial roles in inducing seed germination and promoting seedling growth and development.
These fungal partners are associated with orchids in the adult stage and maintain their
association throughout the life cycle of P. japonica. Furthermore, TU18, a minor partner, also
promoted seedling growth, implying that minor fungal partners associate with P. japonica
after leafing. The primary fungal partners are mainly responsible for producing seedlings,
while minor partners contribute significantly to seedling growth. As a result, these fungi
may significantly contribute to the establishment and survival of P. japonica populations
in their natural habitat and may support mass propagation in the conservation field and
horticultural industry. In addition, P. japonica adults were associated with both Cerato-
basidiaceae and Tulasnellaceae simultaneously, indicating the potential for a synergistic
effect of double association, which could be more effective than a single association. Thus,
future research regarding P. japonica should prioritize the evaluation of the combined effect
of Ceratobasidiaceae and Tulasnellaceae. Through this comprehensive approach, greater
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elucidation of the interactions between OMF partners can be achieved for all stages of their
symbiosis under natural conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d16040218/s1, Figure S1: the six developmental stages of seed
germination and protocorm development in P. japonica seeds; Figure S2: Relative abundances of OMF
OTUs obtained from P. japonica using fungal universal (ITS86F/ITS4) and Tulasnellaceae-specific
(5.85-Tulngs /1TS4-Tul2 and 5.85-Tulngsg3/1TS4-Tul2) primer pairs; Table S1: Effects of fungal isolates
on P. japonica seed germination and protocorm development after four months of culturing.
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