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Abstract 

Mixotrophy, obtaining carbon by mycoheterotrophy and photosynthesis, has been suggested in 

Cephalanthera species (Orchidaceae) by analyses on stable isotopes of carbon. In this study, we 

examined the growth of Cephalanthera falcata in pot cultured tripartite symbioses with 

Thelephoraceae fungi and Quercus serrata. Mycorrhizal fungi were isolated from roots of C. falcata 

in natural habitats. Two fungal isolates identified as Thelephoraceae were cultured and inoculated to 

fine roots of non-mycorrhizal seedlings of Q. serrata (Fagaceae). After the ectomycorrhizal 

formation, non-mycorrhizal seedlings of C. falcata were co-planted. The pots with tripartite 

symbioses were cultured in greenhouse for 30 months, and growth of C. falcata seedlings was 

examined. Fresh weight of C. falcata seedlings was significantly increased by the tripartite 

symbioses even in those with no shoot, thus providing further evidence for the mycoheterotrophic 

nature of this orchid. The achievement of seedling culture in tripartite symbioses would be valuable 

for conserving many forest orchids and for conducting experiments to understand their physiology 

and ecology. . 
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Introduction 

Some orchids species known as mycoheterotrophic are achlorophyllous through of their lives and 

depend on mycorrhizal fungi for their carbon source (Leake 1994). For some chlorophyllous orchids 

in Cephalanthera, Epipactis, Cymbidium, Platanthera, etc., partial mycoheterotrophy was found 

(Bidartondo et al. 2004; Julou et al. 2005; Motomura et al. 2010; Yagame et al. 2012), and the 

nutritional mode is termed mixotrophy. Ectomycorrhiza (ECM) forming fungi are generally 

identified as the mycorrhizal fungi for such mixotrophic orchids (Rasmussen 2002; Dearnaley 2007), 

and the dependencies on fungi for the nutritions can be estimated by analyses on stable isotopes of 

carbon and nitrogen (Gebauer and Meyer 2003). For Cephalanthera species, Abadie et al. (2006) 

found the symbiosis between C. longifolia (L.) Fritsch. and Thelephoraceae fungi, and calculated the 

dependency on fungal carbon and nitrogen as 33% and 86%, respectively. Such dependency on 

ECM forming fungi were also reported in C. damasonium (Mill.) Druce and C. rubra (L.) L.C.M. 

Rich. (Bidartondo et al. 2004; Julou et al. 2005). 

Actual growth of mycoheterotrophic orchids under tripartite symbioses was demonstrated in 

Rhizanthella gardneri R. S. Rogers. Warcup (1985) succeeded in formation of a tripartite symbiosis 

for subterranean mycoheteotrophic orchid, Rhizanthella gardneri R. S. Rogers with Melaleuca 

uncinata R. Br. and ectomycorrhizal Rhizoctonia fungus that was thereafter identified as 

Ceratobasidiaceae by molecular identification (Bougoure et al. 2009), in which a growth to 

flowering was achieved. Furthermore, Bougoure et al. (2010) confirmed carbon and nitrogen supply 

to the orchid in the tripartite symbiosis. Mycoheterotrophic orchid, Corallorhiza trifida Châtel which 
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is distributed in Eurasia and North America was cultivated and confirmed carbon transfer from host 

tree to this orchid via mycobionts by by Mckendick & Read (2000). However, mixotrophic orchids 

have never been cultivated under tripartite symbioses in pot culture conditions as far as we know.  

Cephalanthera falcata (Thunb.) Blume is an orchid species distributed in Japan, Korean Peninsula 

and China (Kitamura et al. 1964). In Japan, it is known as an endangered species listed as vulnerable 

in the red data book by Ministry of the Environment. Yamato and Iwase (2008) planted asymbiotic 

seedlings of C. falcata into a natural habitat, and found the colonization of Thelephoraceae and 

Russulaceae fungi for the survived seedlings after four years. Matsuda et al. (2009) also identified 

Thelephoraceae and Sebacinaceae fungi as mycorrhizal fungi of C. falcata, in some natural habitats. 

In these studies, mixotrophic feature of C. falcata is suggested by the association with 

ectomycorrhizal fungi which are frequently detected from other mixotrophic Cephalanthera species 

(Abadie et al. 2006; Bidartondo et al. 2004). 

In the present study, we examined growth of seedlings of C. falcata in the tripartite symbiosis 

with Thelephoraceae fungi and Q. serrata in pot culture condition to confirm the mycoheterotrophic 

or mixotrophic features of this orchid. 

 

Material and methods 

Isolation of mycobionts from Cephalanthera falcata 

 One individual of C. falcata (S1) was collected from Q. serrata and Pinus densiflora Siebold & 

Zucc forest located at Sayama (35º 49’ 06’’N, 139º 25’ 49’’E) in Saitama Prefecture, and three (K1, 
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K2, and K3) were from Q. serrata forest located at Mizuho (35º 12’ 41’’N, 135º 24’ 05’’E) in Kyoto 

Prefecture, Japan (Table 1). The collected plant roots were kept cool in individual plastic bag until 

processed within one day after sampling. From each individual, two or three brown roots indicating 

fungal colonization were chosen for the fungal coil isolation. The roots were washed with tap water, 

and cut into 5 mm in length. The surface was sterilized by immersion in 70% ethanol for 30 seconds 

and in sodium hypochlorite solution with 1% available chlorine for 30 seconds. The root fragment 

was put into a mortar with 1 ml of sterilized distilled water and crashed by a sterilized pestle to 

disperse the fungal coils. After rinsing the fungal coils in sterilized distilled water for five times, they 

were transferred onto medium plates of a modified Melin Norkrans (glucose 10.0 g, 

(CH(OH)COONH4)2 1.0 g, KH2PO4 0.5 g, MgSO4·7H2O 0.15 g, CaCl2·2H2O 0.05 g, FeCl3 1.2 mg, 

thiamine hydrochloride 0.1 mg, malt extract 3.0 g, yeast extract 2.0 g, vegetable juice (V8) 10 ml, 

agar 15.0 g, distilled water 1,000 ml, pH 6.5) and cultured at 25.0 ± 0.5°C in the dark for 1 week. 

Fungal hyphae growing from the pelotons were picked up and subsequently cultured on the modified 

Melin Norkrans medium plate.  

 

Preparation of ECM host trees 

Because Q. serrata was found in the sampling sites of C. falcata, this woody plant species was used 

as the ECM plant species for the tripartite symbiosis. Q. serrata seeds were sown in pots containing 

granulated volcanic soil mixture of Akadama and Kanuma soils (1:1 v/v) that was autoclaved at 

121°C for 30 min. After one year of cultivation, 45 seedlings, 15-20 cm in height with 25-30 leaves, 
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were selected. Two fungal strains, S1-1 and K1-1, showing better hyphal growth on the medium 

plate were selected as inocula. They were grown in 15 ml of liquid modified Melin Norkrans 

medium at 25.0 ± 0.5°C in the dark for 3 months, and the cultured mycelia were buried on the fine 

roots of Q. serrata. Fifteen Q. serrata seedlings were prepared for each treatment, S1-1, K1-1 and 

non-fungal control. The pot was put on plastic dish, which was wrapped by Saran Wrap (Asahi Kasei, 

Tokyo) to cover the soil surface for avoiding contaminations of other ECM fungi. For watering, 

sterilized water was poured into the plastic dish once a week through a hole made on the wrap. The 

seedlings were cultivated in a green house under eight hours day time with light photon adjusted 

between 600 to 800 mol m
-2

s
-1 

for another 3 months, and the ECM formation was confirmed by 

microscopic observation. 

 

Seedling culture of C. falcata 

In a natural habitat of C. falcata in Mizuho, artificial cross-pollination was conducted for 10 

individuals in the beginning of May 2006. The pollinated inflorescences were covered with 

nonwoven cloth to avoid invasion of insects. After 65 days, one capsule each from randomly 

selected five individuals was collected. The surface of the capsules was sterilized by soaking in 70% 

ethanol and subsequent combustion of the ethanol covering on the surface (Yamato and Iwase 2008). 

After splitting the capsules with a sterilized scalpel, the seeds were dispersed in sterilized 0.05% 

Tween 20 solution. The seeds from five capsules were mixed at this step, and they were sown on 

five medium plates of BM1 (Van Waes and Debergh 1986). One milliliter of suspension containing 
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around 300 seeds was spread onto each plate. The seeds were incubated at 25.0 ± 0.5°C in the dark. 

After 60 days from the seed sowing, the germination rate was determined under a dissecting 

microscope. The emergence of swollen embryo from the seed coat was defined as seed germination. 

After 5 months from the seed sowing, rooting rate was determined. The seedling with root 

elongation was transferred into a culture bottle (6 cm in diameter and 10 cm) containing 100 ml of 

the Hyponex agar medium (Kano 1968) with slight modification ( 2 g of Hyponex (N–P–K: 6.5–6–

19), 25 g of sucrose, 1 g of peptone, 10 g of agar, 1,000 ml of distilled water, pH 5.8), and incubated 

at 25.0 ± 0.5°C in the dark.  

 

Tripartite symbiotic cultivation  

Eight months after the transfer to the culture bottles, 45 C. falcata seedlings were selected to have 

the similar levels of fresh weights and root lengths. Fresh weight, total root length and roots number 

of the selected seedlings were 0.79±0.03 g , 24.5±1.46 cm, and 9.67 ± 0.25 (means±SE), 

respectively. Fifteen C. falcata seedlings each were applied for 3 treatments, S1-1, K1-1 and 

non-fungal control, in which no significant differences were found in the fresh weight, the total root 

length and root numbers among the treatments. Cephalanthera falcata seedlings (Fig. 4a) and Q. 

serrata seedlings were co-planted in sterilized polystyrene pot with 30 cm in diameter and 40 cm in 

depth containing ca. 3500 ml of soil medium described above in September 2006. The pots were 

cultured under the same condition for that of ECM seedling preparation. During the cultivation, 

seedlings of C. falcata were excavated for three times to measure the survival rate, fresh weights and 
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total root length. In order to maintain mycoheterotrophic orchid growth for 30 months, we excavated 

the seedlings on beginning of spring, March in 2007, 2008 and 2009. Host leafless tree has no ability 

to provide carbon for orchid via mycobionts in winter, from October to March, and the fungal 

network should be reestablished in spring with beginning of host tree growth. The shoot height was 

measured after 20 months (in May in 2008) from the co-planting. One-way ANOVA was applied to 

evaluate the differences of seedling fresh weight and root length among the sampling time for each 

fungal treatment, and mean values were then compared by Tukey’ test.  

Molecular identification of the mycorrhizal fungi 

From cultured fungi, DNA was extracted by PrepMan Ultra Reagent (Applied Biosystems, Tokyo, 

Japan). The reagent was also applied for DNA extraction from three ectomycorrhizal root tips 

formed on each Q. serrata seedlings after 3 months from the fungal inoculation, and ca. 20 fungal 

coils isolated from roots of the cultivated C. falcata seedlings after 30 months from the co-planting. 

The fungal DNA of internal transcribed spacer region of the nuclear ribosomal RNA gene (ITS 

rDNA) was amplified from the extracted DNA with a primer pair ITS1F/ITS4 (Gardes and Bruns 

1993) by polymerase chain reactions (PCR). The reaction mixture contained 1 μl of the extracted 

DNA solution, 0.75 units of Taq polymerase, 0.25 μM of each primer, 200 μM of each 

deoxynucleotide triphosphate, and 3 μl of the supplied PCR buffer in 30 μl of the total amount. The 

PCR program performed on the Program Temp Control System PC-818S (Astec, Fukuoka, Japan) 

was as follows: initial denaturation step at 94°C for 2 min, followed by a step of 35 cycles at 94°C 

for 20 s, 55°C for 30 s, 72°C for 1 min, and a final elongation step at 72°C for 10 min. All PCR 



 

10 
 

 

products were cloned using pGEM-T Easy Vector System I (Promega, Tokyo, Japan), and plasmid 

DNAs were extracted from the cloned products using MagExtractor Plasmid (TOYOBO). The 

plasmid inserts were sequenced using the dideoxysequencing method with BigDye Terminator v3.1 

Cycle Sequencing Kit (Applied Biosystems, Tokyo, Japan) by Genetic Analyser 3130 (Applied 

Biosystems, Tokyo, Japan). The obtained DNA sequence data were subjected to BLAST searches 

(Altschul et al. 1997), and similar sequences were downloaded. Multiple sequence alignments of the 

sequence data were carried out using CLUSTAL W version 1.83 (Thompson et al. 1994), in which 

gaps were treated as missing data. Phylogenetic analyses were conducted by the maximum 

likelihood (ML) method with additional Neighbor-joining (NJ) method (Saitou and Nei 1987) using 

MEGA 5 (Tamura et al. 2011). The best-fit ML trees were inferred under GTR+GAMMA model 

which was estimated with MrModeltest 2.2 (Nylander 2004) in PAUP* 4.0b10 (Swofford 2002). To 

check statistical support for the tree topology obtained, the bootstrap option was used under the 

automatically assigned, GTA+CAT model, setting the number of replications to 1,000. 

 

Results 

Isolation and identification of the mycorrhizal fungi of C. falcata 

Eight fungal isolates were obtained from root samples of C. falcata (Table 1). The colonies of the 

fungal isolates is colored with dark brown, and clamp connections were observed at the septa of the 

hyphae. Full-length sequences of ITS1, 5.8S and ITS2 were obtained for all fungal isolates. The 

DNA sequences were deposited to the DDBJ database with accession numbers of 
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AB697128-AB697135 (Table. 1). The ML analysis showed that the obtained fungi were divided into 

three phylotypes (CT1-3) in the Thelephoraceae (Fig. 1). Five isolates in CT1 clade supported by 

statistical value of ML analysis (MLBS) and NJ analysis (NJBS), 95/99, showed high sequence 

similarity, 99.7-99.2%, one another and formed the same clade with Tomentella sp. (JF273546) 

collected in China and ectomycorrhizal fungus of Castanopsis fagesii Franch (GQ240904) detected 

in China. One isolate K1-2 formed a CT2 clade supported by MLBS and NJBS, 100/99, with a 

mycorrhizal fungus of C. falcata (AB259135) detected in the same habitat in Mizuho by Yamato and 

Iwase (2008). Two isolates in CT3 clade supported by MLBS and NJBS, 99/93, were close to the 

mycorrhizal fungi of C. austinae obtained by Taylor and Bruns (1997).  

 

Ectomycorrhiza formation 

Among the eight isolates, two isolates K1-1 and S1-1 grew well on the medium, and were used as 

inoculums for the tripartite symbiosis. Three months after the fungal inoculation, ectomycorrhizas 

with fungal sheath and Hartig net were formed on roots of Q. serrata (Fig. 2a, b). Morphological 

differences of the formed ectomycorrhizas were not confirmed between two isolates. For some 

randomly selected ectomycorrhizal root tips, fungal identities with inoculated fungi were confirmed 

based on their ITS rDNA sequences (data not shown).  

 

Growth of C. falcata under the tripartite symbiosis 

  After 60 days from the seed sowing, the germination rate was 51.1±8.7% (mean±SE). After five 
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month from the seed sowing, the rooting rate was 5.6±2.3%. Eight months after the transfer to the 

culture bottles, seedlings with root elongation (Fig. 3a, e) were applied for co-planting with ECM 

seedlins of Q. serrata.  

  Survivals of C. falcata seedlings were checked 6, 18, and 30 months after the co-planting (Table 

2). Though 80% seedlings were survived after 6 months even in control (without ECM seedlings), it 

was decreased to 20% after 18 month, and no seedlings were survived after 30 month. Meanwhile, 

73.3 and 86.7% of the seedlings were still survived after 30 months for those with ECM seedlings by 

K1-1 and S1-1, respectively.  

  No shoots were found in non-fungal control, while shoot growth was found in four individuals 

with K1-1 inoculation and in two with S1-1 (Table 3,4) (Fig. 3d). One shoot growth from each 

shooting seedling was found twice during the 30 months cultivation. The mean height of the second 

shoot in K1-1 and S1-1 measured after 20 month from the co-planting were 7.7 and 6.4 cm, 

respectively. The seedlings were divided into two groups, with and without shoot, for each fungal 

inoculation, and the fresh weight and total root length were evaluated, respectively. Though the fresh 

weight and the total root length were much decreased in non-fungal control, significant increases 

were found for those with ECM seedlings even in those without shoots (Table 3, 4).  

  Pictures of an excavated seedling with no shoot in symbiosis with K1-1 were shown after 6 and 18 

months from the co-planting, in which root growth was confirmed (Fig. 3b, c). Brownish root 

pigmentations on the roots suggested the fungal colonization. The seedling with shoot in symbiosis 

with K1-1 was also shown after 6 and 18 month from co-planting in Fig. 3f, g.  
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After 30 months from the co-planting, the mycobionts were isolated form five C. falcata seedlings 

in each inoculated condition. The isolated fungal coil is shown in Fig. 3h. The fungal ITS sequences 

obtained from the isolated fungal coils were 100% identical to that of the inoculated fungi. (data not 

shown). 

 

Discussion 

All the mycorrhizal fungi isolated from roots of C. falcata were close to Tomentella or Thelephora in 

Thelephoraceae in the phylogenetic analysis. Though fungal cultures have been obtained by 

monosporous culture or from ectomycorrhizal root tips for Thelephoraceae fungi (Biggs 1938; Marx 

et al. 1970; Finlay et al. 1992), isolation from orchid roots can be another useful method to obtain 

cultures of this fungal group. Not only the Thelephoraceae, but also Russula and Sebacinaceae fungi 

have been detected in roots of C. falcata (Yamato and Iwase 2008; Matsuda et al, 2009), but no 

fungi in these groups were not isolated in this study. The low number of the isolated fungi can be the 

reason for the bias on Thelephoraceae, while the difficulties of fungal isolations depending on fungal 

taxa may also be the reason. Bidartondo and Read (2008) identified diverse ECM fungi in 

Thelephoraceae, Cortinariaceae, and Sebacinaceae from adult plants of C. damasonium and C. 

longifolia, while only some Thelephoraceae fungi were detected from seedlings of these species. 

Functional significance of the symbioses with diverse fungi may be revealed by the tripartite 

symbiotic culture method developed for C. falcata in this study. 

Two fungal isolate, S1-1 and K1-1 formed ectomycorrhiza on Q. serrata. To our knowledge, this 
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is the first study to achieve the ECM formation by inoculation of Thelephoraceae fungi isolated from 

orchid in pot culture condition. Co-plantation of the ECM seedling of Q. serrata and the aseptic 

seedlings of C. falcata induced the growth of C. falcata, even in those with no shoot. This result 

clearly showed actual mycoheterotrophic growth of this orchid in the condition, which suggested 

that the photosynthates of Q. serrata were supplied to C. falcata through the mycorrhizal fungi. 

Yamato and Iwase (2008) planted aseptic seedlings of C. falcata into a natural habitat, in which the 

growth to flowering was found after 4 years. Meanwhile, no flowering was found for the C. falcata 

with 30 months cultivation in this study. Because the growth was continued during the cultivation, 

longer cultivation may lead to a growth to flowering in the pot culture condition. 

Because the number of seedlings with shoot growth was low, effect of shoot on the plant growth 

was not statistically evaluated. Further study is therefore required to evaluate the contribution of 

photosynthesis on the seedling growth, which could confirm the mixotrophy from the viewpoint of 

actual growth. 

Many mixotrophic orchids are known as endangered species. This kind of tripartite symbiosis in 

pot culture condition can be applied for cultivation of excavated orchids, which would be useful for 

conservation of orchid individuals obtained from wild habitats.  
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Figure legends 

Fig. 1: The ML tree (In L= -6,848.01) based on the sequences of ITS rDNA of Tomentella and 

Thelephora fungi in Thelephoraceae obtained from roots of Cephalanthera falcata and Genbank 

database. The tree is rooted to Tomentellopsis submollis (Thelephoraceae). The black triangles and 

circles indicate fungal isolates of Cephalanthera falcata and mycobionts of Cephalanthera 

species, respectively. Allows show fungal isolates used for tripartite symbiotic culture. Bootstrap 

values with 1,000 replication in ML analysis (MLBS) and NJ analysis (NJBS) are indicating as 

MLBS/NJBS at branches of nodes. For BS values, those over 70％ are only shown. A scale is 

shown to infer evolutionary distances.  

 

Fig. 2: Ectomycorrhizas on Quercus serrata formed by K1-1, a fungal isolate from Cephalanthera 

falcata. (a) External appearance of the ectomycorrhizas. Bar= 1 mm, (b) A cross-section of the 

ectomycorrhizas showing the Hartig net (arrows) and sheath (arrowhead). Bar= 20m. 

 

Fig. 3: Cephalanthera falcata seedlings with no shoot growth (a-c) and with shoot growth (d-g) in 

symbiosis with K1-1 excavated from pot culture, and extracted fungal coil from cultured seedling. 

(a) The aseptic seedling. Bar= 1 cm (b) The seedling after 6 months showing brownish pigmentation 

(arrowheads). Bar= 1 cm (c) The seedling after 18 month. Bar= 1 cm (d) Shoot growth of 

Cepalanthera falcata seedling after 7 month under tripartite symbiotic condition. Shoot (arrow). 

Bar= 5 cm (e) The aseptic seedling. Bar= 1 cm (f) The seedling after 6 months showing brownish 
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pigmentation (arrowheads). Bar= 1 cm (g) The seedling with shoot after 18 month. Bar= 1 cm (h) 

Fungal coil extracted from root of Cepalanthera falcata seedling cultured tripartite symbiosis. Bar= 

50 m 

 









Sampling date Sampling site DDBJ accession No.
b

13-Jul-04 Sayama AB697128

13-Jul-04 Sayama AB697129

15-May-05 Mizuho AB697130

15-May-05 Mizuho AB697131

15-May-05 Mizuho AB697132

15-May-05 Mizuho AB697133

15-May-05 Mizuho AB697134

15-May-05 Mizuho AB697135

b
DNA sequences of ITS rDNA

a
Isolate numbers consist of plant numbers and isolate numbers

K1-1

K1-2

K2-1

K2-2

Table 1. Fungal isolates of Cephalanthera falcata.

Fungal isolates
a

S1-1

S1-2

K2-3

K3-1



Control K1-1 S1-1

6 80 100 100

18 20 86.7 93.3

30 0 73.3 86.7

Table 2. Survival rates (%) of Cephalanthera falcata  seedlings in

tripartite symbioses with Thelephoraceae fungi (K1-1, S1-1) and

Quercus serrata.

Months
a Fungal treatments

a
Cultivation period of 13 month old aseptic seedlings under

tripartite symbiotic condition.



Months
a Control

N (15) N (11) S (4) N (13) S (2)

0 0.82
a

0.73
a

0.78
a

0.78
a 0.73

6 0.43
b

0.94
a

1.01
a

0.80
a 0.82

18 0.02
c

1.64
ab

2.08
ab

1.20
ab 1.91

30 0.00
c

2.21
b

2.54
b

1.51
b 2.11

Table 3. Fresh weights (g) of seedlings of Cephalanthera falcata  in  tripartite

symbioses with Thelephoraceae fungi (K1-1, S1-1) and Quercus serrata.

Fungal treatments

K1-1 S1-1

a
Cultivation period of 13 month old aseptic seedlings under tripartite symbiotic condition.

N, C. falcata  seedlings with no shoot

S, C. falcata  seedlings with shoot

The seedling numbers examined are shown in parentheses.

Means with the same letter in each fungal treatment with division by shoot

existence are not significantly different among the observation times (P <0.05).



Months
a Control

N (15) N (11) S (4) N (13) S (2)

0 26.1
a

22.1
a

20.5
a

25.3
a 28.5

6 11.2
b

27.1
a

27.4
a

25.9
a 27.2

18 0.91
c

68.5
ab

73.7
ab

29.9
ab 36.4

30 0.00
c

82.9
b

96.0
b

55.0
b 60.1

a
Cultivation period of 13 month old aseptic seedlings under tripartite symbiotic condition.

K1-1

Table 4. Total root lengths (cm) of seedlings of Cephalanthera falcata  in

tripartite symbioses with Thelephoraceae fungi (K1-1, S1-1) and Quercus serrata .

S1-1

Fungal treatments

N, C. falcata  seedlings with no shoot

S, C. falcata  seedlings with shoot

The seedling numbers examined are shown in parentheses.

Means with the same letter in each fungal treatment with division by shoot

existence are not significantly different among the observation times (P <0.05).


