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Abstract

The orchid family (Orchidaceae) is one of the most diverse plant families in the world, but at the same time also contains
one of the largest number of rare and endangered species. While conservation actions such as in situ and ex situ conserva-
tion and prohibition of international trade of wild orchids have achieved positive results to slow down the current decline of
orchids, species with high medicinal or ornamental value may require more advanced measures. Recent pilot studies using
novel cultivation techniques have successfully reintroduced endangered epiphytic orchids and facilitated the commercial
cultivation of medicinal orchids. Because fungal partners play a key role in in situ symbiotic seed germination and indus-
trial cultivation, we advocate for the development of fungus banks in laboratories engaging in orchid research, where fungi
obtained from germinating seeds or seedlings can be studied and used to improve orchid germination under both in vitro and
in situ conditions. Furthermore, these fungi could be shared nationally and internationally, enhancing orchid conservation
efforts across the globe. Similar to seed banks, the development of fungus banks will reduce the possibility of fungi going
extinct and ensure their availability for reintroduction programs and commercial cultivation. With the availability of both a
fungus and seed bank, the conservation of threatened orchid species can be significantly enhanced by improving restoration
programs and commercial cultivation of medicinal orchids and releasing the pressure on wild populations from harvesting.

Keywords In situ symbiotic seed germination - Medicinal orchid - Orchid mycorrhizal technique - Mycoheterotrophy -
Reintroduction

1 Introduction orchids have always been an attractive study object that has

appealed botanists and ecologists worldwide (Alcock 2006).

With their enormous diversity (no less than 28,000 spe-
cies; Christenhusz and Byng 2016), fascinating flowers and
complex interactions with pollinators and mycorrhizal fungi,
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Apart from their scientific, ornamental and aesthetic aspects,
orchids have also been used for medicinal purposes for thou-
sands of years (Bulpitt et al. 2007; Bazzicalupo et al. 2023)
and for the production of beverages and desserts (Arditti
1992). For example, people in Turkey have used salep, a
flour produced by grinding the tubers of bee and butterfly
orchids, to produce drinks, sweets and slow-melting, stretchy
ice cream. At the height of the Ottoman Empire in the nine-
teenth century, the warm, creamy drink made from salep
gained popularity as far away as England and Germany.
Similarly, traditional medicine in China has used orchids
for thousands of years as primary constituents in medicinal
formulations. For example, tubers of Gastrodia have been
used to treat headaches and other illnesses (Shang 2008;
Liu et al. 2017). Similarly, tubers of Gymnadenia have been
widely used in traditional Chinese medicine, especially in
Tibet and Mongolia (Han and Zeng 2010). However, this
historical reliance on orchids has come at a severe cost, with
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millions of orchids being collected and their populations
being severely reduced in size, if not outright threatened.

Currently, the harvesting of medicinal orchids has reached
a point where major populations have disappeared and others
are on the point of collapse (Zhou et al. 2021). To solve this
problem, China took action by releasing the updated List of
National Key Protected Wild Plants in Sept., 2021 (http://
www.forestry.gov.cn/c/www/gkml/11057.jhtml). The most
frequently used medicinal orchids in China have now been
categorized as class I (Critially Endangered: Dendrobium
flexicaule and D. huoshanens) and class II (Endangered/ Vul-
nerable: Dendrobium spp., Gastrodia elata, Anoectochilus
spp., Bletilla striata, Gymnadenia conopsea, Pleione spp.,
Cremastra appendiculata) species in the Chinese National
Key Protected Wild Plants List and are offered legal protec-
tion (Liu 2021). In addition, more anthropic stressors have
recently affected orchid populations: land development and
utilization, habitat fragmentation and degradation, global
warming and nutrient enrichment pose additional challenges
to orchid conservation in the Anthropocene (Wraith et al.
2020; Zhou et al. 2021).

2 Current limitations in orchid
conservation/ restoration

To conserve orchid populations, integrated conservation
measures and in situ conservation have been successfully
applied. For example, 65% of all orchid species in China
now occur in natural reserves, where the protected popula-
tions self-regenerate and persist (Zhou et al. 2021). Orchids
living outside nature reserves are subject to ex sifu conser-
vation in botanic gardens, national parks, and conservation
agencies. However, such initiatives often face challenges
related to genetic drift due to smaller population size (Oost-
erhout 2020), emphasizing the ongoing importance of in situ
preservation of sufficiently large populations. Unfortunately,
the trend towards the extinction of medicinal orchid species
persists, especially under the following three circumstances:
(1) the discovery of a new medicinal value, (2) inability
to meet market demand by commercial plantations, and (3)
the public’s recognition of substantial treatment effects for
a specific disease. Similarly, the market demand for orchids
involved in the production of salep has increased, even out
of Turkey (Charitonidou et al. 2019), meaning that these
orchids are still under high pressure and that effective con-
servation cannot be achieved. As long as people continue
to collect orchids from natural populations, wild resources
face significant threats. Ecological cultivation, i.e. in situ
plantation of orchids, can possibly be gradually accepted as
a valid alternative for wild specimens and thus change tra-
ditional perceptions about the use of wild orchids. If widely
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accepted, a balance between proper conservation of wild
orchid populations and resource utilization can be achieved.

3 Industrial cultivation could alleviate
pressure on natural populations

To release pressure on wild populations, domestic cultiva-
tion is considered beneficial for species conservation if it
can meet the market demand and hence conserve the natu-
ral resources of the target species (Liu et al. 2019). Cur-
rently, the number of cultivated plants has never been so
high (3,227 taxa) and continues to increase (Brinckmann
et al. 2022), as domestication (the control of reproduction
for production purposes) is a permanent and ongoing process
(Murphy 2007). The first orchid cultivated on an industrial
scale is the edible Gastrodia elata (Chen et al. 2019), with a
total production of 100 million kg in China in 2020 (Qiong
Wang, pers. comm.). However, the number of species that
are cultivated in this way is still limited and some studies
have suggested that cultivation of overexploited plants may
not be beneficial and could, in the long term, be counter-
productive because farmers may continue to harvest more
wild resources rather than the opposite (Phelps et al. 2014;
Williams et al. 2014). Nonetheless, improvements in cultiva-
tion techniques and genetic transformation to alter pathways
for the biosynthesis of target metabolites may pave the way
for more efficient use of wild resources (Canter et al. 2005).

The attitudes of consumers also play a critical role in
the success of large-scale cultivation of medicinal orchids.
Because consumers generally prefer ‘authentic herbs’ above
cultivated medicinal plants, this may hinder widespread
adoption, despite the misconception that health products
from commercial cultivation have a different medicinal value
as natural products. People often believe that wild plants
are more potent than cultivated substitutes, emphasizing the
importance of authenticity (14 in Chinese) (Hinsley et al.
2018; Liu et al. 2019). In addition, the majority of herbs
are cultivated in greenhouses and pushed to grow fast using
fertilizers and pesticides and therefore cannot be considered
as organic. The common belief that faster-growing plants
contain fewer medicinal ingredients further complicates the
shift towards cultivation. Although speed of growth may
not directly correlate with medicinal value, the level of
stress encountered during growth may influence secondary
metabolite accumulation. As a result, most people are still
collecting wild specimens, and despite efforts such as in situ
and ex sifu conservation, legal prohibitions and commercial
plantations maintaining a balance between the conservation
and utilization of natural species resources remains chal-
lenging and the illegal collection of wild specimens persists
(e.g. http://www.ahhuoshan.jcy.gov.cn/zyaj/202307/t2023
0704_5287580.shtml). Besides, it is not always clear which
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extracts remain marketable (Canter et al. 2005) and farm-
ers may invest in plants that finally fail to be sold. This was
evident in the commercial cultivation of Dendrobium spp.
(mainly D. officinale) in China. Between 1990 and 2012,
commercial cultivation of Dendrobium spp. witnessed an
enormous increase, but market demand suddenly declined
because consumers considered cultivated plants as inor-
ganic products and therefore they continued to seek authen-
tic herbs (Yang et al. 2022; pers. obs. of S-C Shao). This
prompted companies to develop new, more environmental-
friendly cultivation methods, such as fixing seedlings grown
from tissue cultures to the trunks of trees or rock surfaces
(Liu et al. 2013). However, these methods had some serious
drawbacks, including high mortality of seedlings, slower
growth of established plants and higher costs. Moreover,
what was worse, consumers did not recognize this cultiva-
tion method as a natural process and harvest pressure on
wild resources increased again.

4 Novel techniques to (re-)introduce orchid
populations

The “dust-like” seeds of orchids typically lack carbon
reserves, implying that seed germination cannot occur
spontaneously under natural conditions. Consequently, a
substantial number of seeds fail to establish as a seedling
(Rasmussen et al. 2015). No€l Bernard’s pioneering work

Fig. 1 Examples of medici-

nal orchid species that have
declined substantially as a result
of over-collection and have been
successfully used in restoration
and commercial cultivation
programs using mycorrhizae.

a Dendrobium devonianum, b
Dendrobium nobile, ¢ Gastrodia
elata and d Cremastra appen-
diculata

showed that compatible fungi are needed to induce germina-
tion (Selosse et al. 2017) by providing carbon to seedlings,
a nutritional process called mycoheterotrophy. The fungi
subsequently establish a mycorrhizal relationship and form
a symbiosis with the roots where plant carbon is exchanged
for mineral nutrients from the soil (Smith and Read 2008;
Dearnaley et al. 2012), since most orchids become photo-
synthetic at later stages. The symbiotic relationship between
orchids and their mycobionts has been investigated in a large
number of studies during the last hundred years (Rasmussen
1995). The symbiosis significantly increases germination
and decreases the germination period (i.e. the time needed
for a seed to develop into a seedling) compared to asym-
biotic germination, where seeds in sugar-containing media
lack compatible fungi (some species may not germinate
under such conditions; Dearnaley et al. 2016). These results
support that symbiotic germination or the active providing of
suitable fungi increases the chance of seedlings to establish,
especially in natural habitat restoration projects (McKend-
rick et al. 2000; Shao et al. 2017; Jiang et al. 2022).

Recent progress in orchid mycorrhizal research and seed
germination has expanded the possibilities for cultivating
medicinal orchids (Fig. 1) and at the same time alleviating
pressure on wild orchid populations. Successfully reintro-
ducing orchids in their natural environment using natural
seeds and a fungal powder (Shao et al. 2018) and after-
wards obtaining new plants through natural regeneration
(Shao et al. 2022) comes closest to the natural process of

@ Springer



S.-C.Shao et al.

population regeneration. Symbiotic seed germination has
already been instrumental in the reintroduction and artificial
establishment of populations of Dendrobium devonianum
(Fig. 1a; Shao et al. 2022) and Dendrobium nobile (Fig. 1b).
Furthermore, this approach has proven successful in the
commercial cultivation of Gastrodia elata (Fig. 1c) and
Cremastra appendiculata (Fig. 1d). In the case of the latter,
the symbiotic fungus (Coprinellus disseminatus; identified
by professor Bo Xiao from the Research Institute of Medi-
cine Plantation of Chongqing, China) was used to promote
seed germination and plants reached maturity within a single
year. Consequently, this method safeguarded wild specimens
of C. appendiculata from harvest. Similarly, Jiang et al.
(2022) showed that the addition of fungal inoculum to seed

Fig.2 Schematic overview of
all necessary steps to setup suc-
cessful orchid restoration and
cultivation programs aimed at
alleviating harvest pressures on

wild orchid populations Orchids in urgent need of

conservation especially those with
ornamental, medicinal values and
critical endangered ones

Seed Bank

Seed germination-promoting fungi using in vitro
symbiotic seed germination

Verification of fungal efficiency on seed
germination-promoting using in situ
symbiotic seed germination

Commercial cultivation

packages increased seed germination and seedling formation
in the endangered terrestrial orchid Gymnadenia conopsea
in China, while seeds failed to germinate when no inoculum
was added.

However, scaling up commercial orchid cultivation
requires a much better understanding of the germination
process and access to the specific orchid symbiotic fungus
in culture (Zhao et al. 2021) since the association between
an orchid and a fungus is often highly specific (Swarts et al.
2010). Consequently, the fungus becomes integral to set up
large-scale orchid cultivation programs. Two points need
to be emphasized here. First, the efficiency of germination-
promoting fungi needs to be investigated under both in vitro
and in situ conditions (Fig. 2) since not all fungal strains that

Fungi Bank

Population restoration

\ )

v

Agricultural plantation, orchid species reintroduction and fungal resource sharing globally
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enhance seed germination in vitro can replicate the same
effect in the wild (Batty et al. 2006; Rasmussen et al. 2015;
T&Sitelova et al. 2022). One reason for this discrepancy is
that the physiology of the fungi may differ substantially
between natural and laboratory conditions (Rasmussen et al.
2015; Zhao et al. 2021). Secondly, germination-enhancing
fungal taxa most likely differ between terrestrial and epi-
phytic orchids and between orchids with different trophic
modes (McKendrick et al. 2002; Leake et al. 2004; Bidar-
tondo and Read 2008; Martos et al. 2012; Rasmussen et al.
2015; Gao et al. 2022). Generalizing the use of a single fun-
gal strain for several orchid species is impossible, necessi-
tating a case-by-case study for each orchid species (Swarts
et al. 2010; Martos et al. 2012; Xing et al. 2019). Moreover,
different fungi may require different culture media and con-
ditions (Freestone et al. 2022). The most common medium,
potato dextrose agar (PDA), is suitable for typical orchid
mycorrhizal fungal taxa (the rhizoctonias, a polyphyletic
grouping of three Basidiomycota lineages, namely Tulasnel-
laceae, Serendipitaceae, and Ceratobasidiaceae; Dearnaley
et al. 2012), but may not be the most effective medium for
culturing symbiotic fungi associated with partially or fully
mycoheterotrophic orchids (Hynson et al. 2013; Selosse
et al. 2022). Given the challenge of inducing seed germina-
tion using in situ/ ex situ baiting, we strongly recommend
adjusting culturing conditions (medium nutrition, incuba-
tion temperatures) and exploring different pH gradients to
cultivate a broader range of symbiotic fungal strains. For
example, plain oatmeal agar (OMA) is suitable to promote
germination of Cremastra appendiculata with the symbiotic
C. disseminatus under in vitro conditions (Gao et al. 2022).
However, when sowing seeds in the field, rotting wood is
needed to grow this saprophytic fungus and to obtain seed-
ling development (pers. obs. of Bo Xiao).

5 The importance of fungal origin for in situ
symbiotic seed germination and industrial
application

The relationship between orchids and their fungi is complex
and requires detailed investigations (Swarts et al. 2010). A
few successful applications of symbiotic fungi in commer-
cial plantations have used fungi that were isolated from ger-
minated seeds or young seedlings (Huang et al. 2018; Shao
et al. 2020b), suggesting that these have the largest potential
for in situ symbiotic seed germination and industrial applica-
tions. The mycorrhizal symbioses between orchids and fungi
may be influenced by inherent differences among closely
related fungi. While the exact mechanisms are still unclear,
they may involve fungal effector and plant receptor genes
similar to other mycorrhizas or plant-pathogen interactions
(Fuji et al. 2020). Therefore, obtaining efficient ecological/

habitat-specific fungi for seed germination is crucial in
conservation practices for orchids (Masuhara and Katsuya
1994).

At present, there is no conclusive evidence that mycor-
rhizal fungi isolated from adult roots consistently contribute
to in situ symbiotic seed germination (Meng et al. 2019) and
commercial applications. However, there is evidence that
germination-enhancing fungi are present and retained in the
roots of mature individuals (McCormick et al. 2021). We
therefore recommend a more systematic investigation into
the efficiency of fungi isolated from roots in promoting seed
germination, both under in vitro and in situ conditions, with
comparison to fungi isolated from germinating seeds. The
latter can be obtained by in and ex situ seed baiting (Meng
et al. 2019), where seeds are put in their natural habitats
using seed bags and subsequently fungi are isolated from
developing seeds (Rasmussen and Whigham 1993; Brundrett
et al. 2003). Subsequently, the effectiveness of these fungi to
initiate germination can be tested under in vitro and in situ
conditions. Seed baiting typically takes one month (for epi-
phytic orchids) to two months (for terrestrial orchid) (Swarts
and Dixon 2017) or even longer. Furthermore, seed bait-
ing does not guarantee consistent success and may require
repeated experimentation.

6 Importance of a seed and fungus bank

To safeguard rare orchid mycorrhizal resources for future
cultivation programs, the concept of a fungus bank has been
proposed and, to some extent, implemented (Krupnick et al.
2013; Liu et al. 2015; Swarts and Dixon 2017; Mujica et al.
2018; Zettler and Dvorak 2021). Given the large advance-
ments in fungal applications for orchid population restora-
tion and commercial cultivation, we advocate for the fur-
ther development of fungal banks in laboratories engaged in
orchid research. This would contribute to improving orchid
germination under in vitro and in situ conditions (Fig. 2) and
facilitate sharing of resources at a national and international
level. Despite the perceived challenges, evidence suggests
that harvesting of orchid germinating seeds is easier than it
looks (Kuga et al. 2014; Zhou and Gao 2016; Swarts and
Dixon 2017; Shao et al. 2020a, 2020b) (Fig. 2). Therefore,
we strongly recommend prioritizing fungal isolation once
seedlings are obtained. While most orchids have a mycor-
rhizal relationship with rhizoctonias, some associate with
ectomycorrhizal fungi (e.g. Russulaceae, Tuberaceae) and
purely saprotrophic fungi (Dearnaley et al. 2012; Selosse
et al. 2022). In vitro preservation of rhizoctonia strains is
easy and feasible (Freestone et al. 2022). Currently, Index
Fungorum, an international program that aims at indexing
all recognized names in the fungal kingdom (http://www.
indexfungorum.org/names/Names.asp), lists at least 363
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rhizoctonia-like fungal strains (119 strains in the genus
Tulasnella, 47 in Ceratobasidium, 175 in Sebacina and 22 in
Serendipita, respectively). However, it is highly unlikely that
these 363 species would induce seed germination in each of
the > 28,000 orchid species described so far (Christenhusz
and Byng 2016). Therefore, the development of a fungus
bank focusing on germination-promoting fungal strains
represents a crucial step towards achieving the goals of the
Millennium Seed Bank partnership for Orchidaceae (Swarts
and Dixon 2009). With two complementary banks — one for
orchid seeds and one for their symbiotic fungal partners — we
possess all the tools to enhance the conservation and propa-
gation of many threatened orchid species and populations.

7 Fungal turnover deserves more attention

All orchid species are mycoheterotrophic during seed ger-
mination. Once seeds have germinated and developed into
seedlings, about 98.6% species gradually form chlorophyll
and start to perform photosynthesis (Merckx et al. 2009).
Therefore, the dependency on fungal partners decreases over
time. However, some adult orchids, including achlorophyl-
lous orchids and chlorophyllous orchids that do not use it for
photosynthesis (e.g. Neottia nidus-avis), still rely on symbi-
otic fungi (Fig. 3). There is increasing evidence that in some
species the fungi that promote germination differ from those
required by adult mycoheterotrophic plants. For example,
seed germination of Gastrodia elata is initiated by fungi of
the genus Mycena, while the fungus Armillaria mellea is
needed to initiate growth into adult plants (Chen et al. 2019)
(Fig. 3). Similarly, seed germination and subsequent growth
to an adult stage in Gastrodia confusoides require a distinct
switch in mycorrhizal partners: seedlings associate with a

fungal strain from the genus Mycena, while adults mainly
associate with a Gymnopus strain (Li et al. 2022). In these
cases, fungal turnover is a crucial step during seedling prop-
agation and the cultivation of adult achlorophyllous orchids,
and a similar phenomenon has been observed in some chlo-
rophyllous orchids (Rammitsu et al. 2023). However, further
research is needed to identify which orchids undergo a part-
ner switch during their development (Ventre Lespiaucq et al.
2021). In such cases, fungi need to be isolated from both
germinating seeds and the roots of adult plants, and their
ecological functions, including effects on growth, rooting
and survival need to be thoroughly assessed. Furthermore,
it is crucial to investigate the dynamics of microbial com-
munities at different developmental stages of orchid species
propagated in situ using fungal inoculum. This could help
discovering interesting patterns of interactions, as some
root-associated fungi may only be exerting indirect effects
(Almario et al. 2017; Selosse et al. 2022; Pyles 2023).

8 Challenge of orchid conservation using
mycorrhizal fungi

The development of mycorrhizal technology based on
symbiotic biology holds promising prospects for orchid
conservation in natural habitats. Our previous successful
experiences in reintroduction practices with three Dendro-
bium species (Shao et al. 2018, 2022) and the commercial
cultivation of Cremastra appendiculata and Gymnadenia
conopsea (unpublished data) are clear examples showing
how mycorrhizal fungi can effectively contribute to the
restoration of orchid populations in the wild or the large-
scale cultivation of orchids in an industrial setting. However,

[ Seeds ]—)[ Protocorm Seedling Adulthood Seeds ]—)[ Population restoration ]
4
Germination-promoting fungi Tuber buds '

Growth-enhancing fungi

Fig.3 Various stages in the life cycle of orchids that are important for
the development of successful restoration and cultivation programs.
Light green boxes represent different life cycle stages of orchid spe-
cies that develop to adults with a single fungal partner, while the red
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caution is needed when applying mycorrhizal fungal strains
in the long run.

Firstly, the availability of new cultivation techniques
and the mass production of orchids could divert attention
and resources away from other pressing biodiversity issues,
such as the conservation of endangered species. There is a
risk that people may become less concerned about orchid
conservation, assuming that the cultivation of endangered
species alone satisfies their needs. Furthermore, the sig-
nificance of wild populations remains paramount as they
contain the genetic diversity and microbiota resources
(endophytic fungi, bacteria) that are needed for sustaining
successful cultivation programs and potential future appli-
cations. Even with new breakthroughs in orchid cultivation,
the conservation of wild populations is essential, because
the individuals that are cultivated in commercial plantations
typically originate from a narrow range of source popula-
tions, even for regionally widespread species, contributing
to concerns about genetic bottlenecks (Ramsay and Dixon
2003). Therefore, it is imperative to strike a balance between
cultivation and conservation, creating a win—win situation
for both partners.

Second, some fungi (e.g. species from the genus Cerato-
basidium) may exhibit different ecological roles and can act
as typical orchid mycorrhizal mycobionts or as pathogens
(Veldre et al. 2013). In fact, most rhizoctonias are likely to
function as endophytic, biotrophic colonizers of non-orchids
roots (Selosse and Martos 2014; Selosse et al. 2022). Intro-
ducing these fungi into new environments may pose poten-
tial ecological risks. Recent studies in Australia have shown
that both orchid-associating and pathogenic fungi within
Ceratobasidium are phylogenetically closely related and do
not form distinct clusters in a phylogenetic tree (Freestone
et al. 2021). Veldre et al. (2013) further showed that orchids
can associate with both weakly pathogenic and aggressive
Ceratobasidium spp. although they tend to associate more
with soil-dwelling, likely saprobic, species. Mosquera-Espi-
nosa et al. (2013) even found Ceratobasidium as biocontrol
agents of Rhizoctonia solani sheath blight of rice. Therefore,
the ecological roles (endophytes, orchid symbionts, patho-
gens, saprotrophs and ectomycorrhiza) of rhizoctonia spp.
should be verified in detail in future studies. Similarly, some
strains of Armillaria can cause large damage and are con-
sidered as forest pathogens (Coetzee et al. 2003). However,
observations suggest that after interacting with seedlings of
G. elata, the fungus causes little harm and is mainly ben-
eficial for its orchid host (pers. obs. of S-C Shao). So far,
commercial cultivation of G. elata or the medicinal Polypo-
rus umbellatus inoculated with Armillaria spp. (Xing et al.
2022) at least fifty years ago have not caused any ecological
problem.

Given the large diversity of orchid species and their com-
plex interactions with mycorrhizal fungi, priority should be

given to the collection and preservation of seeds and fungi
of rare and threatened species, including orchid species
used for nutritional purposes (such as salep) and medicinal
applications (e.g. Dendrobium spp., Gastrodia spp., Bletilla
spp., Cremastra spp., Pleione spp.,), ornamental herbs (e.g.
slipper orchids and Cattleya spp.), and early-diverged taxa
(Apostasia spp.). Besides, emphasis should be placed on pre-
serving rhizoctonias that have been shown to promote seed
germination of a large diversity of orchids, especially those
validated through in situ symbiotic seed germination and/
or plantation practices (Gao et al. 2022; Harzli and Kompe
2023, Shao et al. 2022; Yu et al. 2022). While endophytic
fungi have shown potential to promote seed germination in
vitro (Jiang et al. 2019), their effectiveness needs to be vali-
dated under realistic in situ conditions.

9 Conclusion

We have highlighted the potential of orchid mycorrhizal
fungi to improve the conservation and industrial cultivation
of endangered orchids. Obtaining compatible fungi that pro-
mote germination both in vitro and in situ is a prerequisite
to propagate seedlings under both field and laboratory con-
ditions and in some cases involves more than one fungus.
Establishment of a fungus bank that comprises germination-
enhancing fungi and that is accessible to orchid conserva-
tionists around the world will undoubtedly contribute to
species conservation. Unfortunately, up till now there are
very few fungal strains whose seed germination enhancing
capabilities have been tested under in situ conditions. Future
studies should further investigate whether naturally restored
orchid populations can regenerate and build up viable popu-
lations over the long term. Additionally, assessing whether
propagated orchids produce extracts of medicinal ingredients
similar to those of wild specimens is crucial to convince peo-
ple that cultivated orchids are as valuable as wild specimens.
Fortunately, commercial cultivation using mycorrhiza col-
lected from natural populations comes closest to the natural
process of population dynamics (Fig. 1d). If confirmed that
there are no significant differences in medicinal ingredients
between cultivated and wild orchids, the technique has the
potential to substantially, if not entirely, alleviate the harvest
pressures on wild medicinal orchid resources.

Acknowledgements The authors sincerely thank Dr. Juan Chen, Dr.
Dossa Gbadamassi, and Dr. Ahimsa Campos-Arceiz for their valuable
suggestions on this manuscript.

Author contributions S-C.S and H.J. conceived, designed and wrote
the first version of the article; M-A.S. edited the final versions. All
authors read and approved the final manuscript.

Funding This study was supported by the National Natural Science
Foundation of China (Grant No. 32171655), West Light Talent Program

@ Springer



S.-C.Shao et al.

of the Chinese Academy of Sciences (Grant No. E1XB011B01) and
the 14th Five-Year Plan of Xishuangbanna Tropical Botanical Garden,
Chinese Academy of Sciences (Grant No. E3ZKFF8B).

Declarations

Competing interests The authors declare that they have no compet-
ing interests that may otherwise influence the research presented in
this study.

References

Alcock J (2006) An enthusiasm for orchids: sex and deception in plant
evolution. Oxford University Press, Oxford. https://doi.org/10.
1093/acprof:0s0/9780195182743.001.0001

Almario J, Jeena G, Wunder J, Langen G, Zuccaro A, Coupland G,
Bucher M (2017) Root-associated fungal microbiota of nonmycor-
rhizal Arabis alpina and its contribution to plant phosphorus nutri-
tion. Proc Natl Acad Sci U.S.A. 114(44):E9403-E9412. https://
doi.org/10.1073/pnas.1710455114

Arditti J (1992) Fundamentals of orchid biology. John Wiley & Sons,
New York

Batty AL, Brundrett MC, Dixon KW, Sivasithamparam K (2006)
In situ symbiotic seed germination and propagation of terres-
trial orchid seedlings for establishment at field sites. Aust J Bot
54(4):375-381. https://doi.org/10.1071/BT04024

Bazzicalupo M, Calevo J, Smeriglio A, Cornara L (2023) Traditional,
therapeutic uses and phytochemistry of terrestrial European
orchids and implications for conservation. Plants-Basel 12(2):257.
https://doi.org/10.3390/plants 12020257

Bidartondo MI, Read DJ (2008) Fungal specificity bottlenecks during
orchid germination and development. Mol Ecol 17:3707-3716.
https://doi.org/10.1111/j.1365-294X.2008.03848.x

Brinckmann JA, Kathe W, Berkhoudt K, Harter DEV, Schippmann
U (2022) A new global estimation of medicinal and aromatic
plant species in commercial cultivation and their conserva-
tion status. Econ Bot 76:319-333. https://doi.org/10.1007/
s12231-022-09554-7

Brundrett MC, Scade A, Batty AL, Dixon KW, Sivasithamparam K
(2003) Development of in situ and ex situ seed baiting techniques
to detect mycorrhizal fungi from terrestrial orchid habitats. Mycol
Res 107:1210-1220. https://doi.org/10.1017/S09537562030008
463

Bulpitt CJ, Li Y, Bulpitt PF, Wang J (2007) The use of orchids in
Chinese medicine. J R Soc Med 100:558-563. https://doi.org/10.
1258/jrsm.100.12.558

Canter PH, Thomas H, Ernst E (2005) Bringing medicinal plants
into cultivation: opportunities and challenges for biotechnology.
Trends Biotechnol 23:180-185. https://doi.org/10.1016/j.tibtech.
2005.02.002

Charitonidou M, Stara K, Kougioumoutzis K, Halley JM (2019)
Implications of salep collection for the conservation of the
Elder-flowered orchid (Dactylorhiza sambucina) in Epirus.
Greece J Biol Res-Thessaloniki 26:18. https://doi.org/10.1186/
s40709-019-0110-1

Chen L, Wang YC, Qin LY, He HY, Yu XL, Yang MZ, Zhang HB
(2019) Dynamics of fungal communities during Gastrodia
elata growth. Bmc Microbiol 19:158. https://doi.org/10.1186/
$12866-019-1501-z

Christenhusz MIM, Byng JW (2016) The number of known plants spe-
cies in the world and its annual increase. Phytotaxa 261:201-217.
https://doi.org/10.11646/phytotaxa.261.3.1

@ Springer

Coetzee MPA, Wingfield BD, Bloomer P, Ridley GS, Wingfield MJ
(2003) Molecular identification and phylogeny of Armillaria iso-
lates from South America and Indo-Malaysia. Mycologia 95:285—
293. https://doi.org/10.2307/3762039

Dearnaley JDW, Martos F, Selosse M-A (2012) Orchid mycorrhi-
zas: molecular ecology, physiology, evolution and conservation
aspects, pp 207-230. Fungal associations, Berlin, Heidelberg

Dearnaley JDW, Perotto S, Selosse M-A (2016) Structure and develop-
ment of orchid mycorrhizas. In: Martin F (ed) Molecular Myc-
orrhizal Symbiosis, pp 63—86. Wiley-Blackwell, Hoboken New
Jersey

Ramsay MM, Dixon KW (2003) Propagation science, recovery and
translocation of orchids. In: Dixon KW, Kell SP, Barrett RL, Cribb
PJ (eds) Orchid Conservation. Propagation science, recovery and
translocation of terrestrial orchids. Natural History Publications
(Borneo), Kota Kinabulu, Sabah, Malasia, pp 259-288

Freestone M, Swarts ND, Reiter N, Tomlinson S, Sussmilch FC,
Wright MM, Holmes GD, Phillips RD, Linde CC (2021) Conti-
nental scale distribution and diversity of Ceratobasidium orchid
mycorrhizal fungi in Australia. Ann Bot 128(3):329-343. https://
doi.org/10.1093/aob/mcab067

Freestone M, Linde C, Swarts N, Reiter N (2022) Ceratobasidium
orchid mycorrhizal fungi reveal intraspecific variation and inter-
action with different nutrient media in symbiotic germination of
Prasophyllum (Orchidaceae). Symbiosis 87:255-268. https://doi.
org/10.1007/s13199-022-00874-9

Fuji M, Miura C, Yamamoto T, Komiyama S, Suetsugu K, Yagame T,
Yamato M, Kaminaka H (2020) Relative effectiveness of Tulas-
nella fungal strains in orchid mycorrhizal symbioses between ger-
mination and subsequent seedling growth. Symbiosis 81:53-63.
https://doi.org/10.1007/s13199-020-00681-0

Gao Y, Peng S, Hang Y, Xie G, Ji N, Zhang M (2022) Mycorrhizal
fungus Coprinellus disseminatus influences seed germination of
the terrestrial orchid Cremastra appendiculata (D. Don) Makino.
Sci Hortic 293(5):e110724. https://doi.org/10.1016/j.scienta.2021.
110724

Han H, Zeng Y (2010) Research advances on traditional Chinese med-
cine, Gymnadenia conpsea. Qinghai Sci Technol 1:40-43

Harzli I, Kompe YO (2023) Assessing the effectiveness of in vitro and
in situ symbiotic seed germination: case of Anacamptis papil-
ionacea (L.) R.M.Bateman. Pridgeon MW Chase Symbiosis
91:91-100. https://doi.org/10.1007/s13199-023-00950-8

Hinsley A, Boer HID, Fay MF, Gale SW, Gardiner LM, Gunasekara
RS, Kumar P, Masters S, Metusala D, Roberts DL, Veldman S,
Wong S, Phelps J (2018) A review of the trade in orchids and its
implications for conservation. Bot J Linnean Soc 186:435-455.
https://doi.org/10.1093/botlinnean/box083

Huang H, Zi X-M, Lin H, Gao J-Y (2018) Host-specificity of symbi-
otic mycorrhizal fungi for enhancing seed germination, protocorm
formation and seedling development of over-collected medicinal
orchid, Dendrobium devonianum. J Microbiol 56:42-48. https://
doi.org/10.1007/s12275-018-7225-1

Hynson NA, Madsen TP, Selosse M-A, Adam IKU, Ogura-Tsujita Y,
Roy M, Gebauer G (2013) The physiological ecology of mycohet-
erotrophy. In V. Merckx (Ed.), Mycoheterotrophy: The biology of
plants living on fungi. Springer, New York, pp 297-342. https://
doi.org/10.1007/978-1-4614-5209-6_8

Jiang J, Zhang K, Cheng S, Nie Q, Zhou SX, Chen Q, Zhou J, Zhen
X, Li XT, Zhen TW, Xu M, Hsiang T, Sun Z, Zhou Y (2019)
Fusarium oxysporum KB-3 from Bletilla striata: an orchid mycor-
rhizal fungus. Mycorrhiza 29:531-540. https://doi.org/10.1007/
$00572-019-00904-3

Jiang X, Zhao Z, Jacquemyn H, Ding G, Ding W, Xing X (2022) Addi-
tion of fungal inoculum increases seed germination and protocorm
formation in a terrestrial orchid. Glob Ecol Conserv 38:€02235.
https://doi.org/10.1016/j.gecco.2022.e02235


https://doi.org/10.1093/acprof:oso/9780195182743.001.0001
https://doi.org/10.1093/acprof:oso/9780195182743.001.0001
https://doi.org/10.1073/pnas.1710455114
https://doi.org/10.1073/pnas.1710455114
https://doi.org/10.1071/BT04024
https://doi.org/10.3390/plants12020257
https://doi.org/10.1111/j.1365-294X.2008.03848.x
https://doi.org/10.1007/s12231-022-09554-7
https://doi.org/10.1007/s12231-022-09554-7
https://doi.org/10.1017/S09537562030008463
https://doi.org/10.1017/S09537562030008463
https://doi.org/10.1258/jrsm.100.12.558
https://doi.org/10.1258/jrsm.100.12.558
https://doi.org/10.1016/j.tibtech.2005.02.002
https://doi.org/10.1016/j.tibtech.2005.02.002
https://doi.org/10.1186/s40709-019-0110-1
https://doi.org/10.1186/s40709-019-0110-1
https://doi.org/10.1186/s12866-019-1501-z
https://doi.org/10.1186/s12866-019-1501-z
https://doi.org/10.11646/phytotaxa.261.3.1
https://doi.org/10.2307/3762039
https://doi.org/10.1093/aob/mcab067
https://doi.org/10.1093/aob/mcab067
https://doi.org/10.1007/s13199-022-00874-9
https://doi.org/10.1007/s13199-022-00874-9
https://doi.org/10.1007/s13199-020-00681-0
https://doi.org/10.1016/j.scienta.2021.110724
https://doi.org/10.1016/j.scienta.2021.110724
https://doi.org/10.1007/s13199-023-00950-8
https://doi.org/10.1093/botlinnean/box083
https://doi.org/10.1007/s12275-018-7225-1
https://doi.org/10.1007/s12275-018-7225-1
https://doi.org/10.1007/978-1-4614-5209-6_8
https://doi.org/10.1007/978-1-4614-5209-6_8
https://doi.org/10.1007/s00572-019-00904-3
https://doi.org/10.1007/s00572-019-00904-3
https://doi.org/10.1016/j.gecco.2022.e02235

Improved use of mycorrhizal fungi for upscaling of orchid cultivation and population restoration...

Krupnick GA, McCormick MK, Mirenda T, Whigham DF (2013)
The status and future of orchid conservation in north America.
Ann Mo Bot Gard 99:180-198. https://doi.org/10.3417/2011108

Kuga Y, Sakamoto N, Yurimoto H (2014) Stable isotope cellular
imaging reveals that both live and degenerating fungal pelotons
transfer carbon and nitrogen to orchid protocorms. New Phytol
202:594-605. https://doi.org/10.1111/nph.12700

Leake JR, McKendrick SL, Bidartondo M, Read DJ (2004) Sym-
biotic germination and development of the myco-heterotroph
Monotropa hypopitys in nature and its requirement for locally
distributed Tricholoma spp. New Phytol 163:405-423. https://
doi.org/10.1111/j.1469-8137.2004.01115.x

Li Y-Y, Boeraeve M, Cho Y-H, Jacquemyn H, Lee Y-I (2022) Myc-
orrhizal switching and the role of fungal abundance in seed
germination in a fully mycoheterotrophic orchid. Gastrodia
Confusoides Front Plant Sci 12:775290. https://doi.org/10.3389/
fpls.2021.775290

Liu H (2021) A large number of wild orchid species are offered legal
protection in China. Orchid Conserv News 3:1-13. https://doi.
org/10.1016/j.biocon.2020.108484

Liu H, Luo Y, Liu Z (2013) Using guided commercialized cultiva-
tion models to promote species conservation and sustainable
utilization: an example from the Chinese medicinal orchids.
Shengwu Duoyangxing 21:132-135. https://doi.org/10.3724/
$p.j.1003.2013.04139

Liu Q, Chen J, Corlett RT, Fan XL, Yu DL, Yang HP, Gao JY (2015)
Orchid conservation in the biodiversity hotspot of southwest-
ern China. Conserv Biol 29:1563-1572. https://doi.org/10.1111/
cobi.12584

Liu D-H, Gong W-L, Zhan Z, Chen K, Huang B, Peng H-S, Guo
L-P (2017) Study on formation and changes of Dao-di herbs
production origin of Gastrodia elata. China J Chin Materia Med
42:3639-3644

Liu H, Gale SW, Cheuk ML, Fischer GA (2019) Conservation
impacts of commercial cultivation of endangered and overhar-
vested plants. Conserv Biol 33:288-299. https://doi.org/10.
1111/cobi.13216

Martos F, Munoz F, Pailler T, Kottke I, Gonneau C, Selosse M-A
(2012) The role of epiphytism in architecture and evolution-
ary constraint within mycorrhizal networks of tropical orchids.
Mol Ecol 21:5098-5109. https://doi.org/10.1111/j.1365.294X.
2012.05692.x

Masuhara G, Katsuya K (1994) In situ and in vitro specificity
between Rhizoctonia spp. and Spiranthes sinensis (Persoon)
Ames. var. amoena (M. bieberstein) Hara (Orchidaceae). New
Phytol 127:711-718. https://doi.org/10.1111/j.1469-8137.1994.
tb02974.x

McCormick M, Burnett R, Whigham D (2021) Protocorm-supporting
fungi are retained in roots of mature Tipularia discolor orchids
as mycorrhizal fungal diversity increases. Plants-Basel 10:1251.
https://doi.org/10.3390/plants 10061251

McKendrick SL, Leake JR, Taylor DL, Read DJ (2000) Symbiotic
germination and development of myco-heterotrophic plants in
nature: ontogeny of Corallorhiza trifida and characterization of
its mycorrhizal fungi. New Phytol 145:523-537. https://doi.org/
10.1046/j.1469-8137.2000.00603.x

McKendrick SL, Leake JR, Taylor DL, Read DJ (2002) Symbiotic
germination and development of the myco-heterotrophic orchid
Neottia nidus-avis in nature and its requirement for locally dis-
tributed Sebacina spp. New Phytol 154:233-247. https://doi.
org/10.1046/j.1469-8137.2002.00372.x

Meng Y-Y, Zhang W-L, Selosse M-A, Gao J-Y (2019) Are fungi
from adult orchid roots the best symbionts at germination? A
case study. Mycorrhiza 29:541-547. https://doi.org/10.1007/
$00572-019-00907-0

Merckx V, Bidartondo MI, Hynson NA (2009) Myco-heterotrophy:
when fungi host plants. Ann Bot 104:1255-1261. https://doi.org/
10.1093/aob/mcp235

Mosquera-Espinosa AT, Bayman P, Prado GA, Gomez-Carabali A,
Otero JT (2013) The double life of Ceratobasidium: orchid myc-
orrhizal fungi and their potential for biocontrol of Rhizoctonia
solani sheath blight of rice. Mycologia 105:141-150. https://doi.
org/10.3852/12-079

Mujica EB, Mably JJ, Skarha SM, Corey LL, Richardson LW, Danaher
MW, Gonzalez EH, Zettler LW (2018) A comparision of ghost
orchid (Dendrophylax lindenii) habitats in Florida and Cuba,
with particular reference to seedling recruitment and mycorrhizal
fungi. Bot J Linnean Soc 186:572-586. https://doi.org/10.1093/
botlinnean/box106

Murphy DJ (2007) People, Plants and Genes: the Story of Crops and
Humanity. Oxford University Press. https://doi.org/10.1093/
acprof:0s0/9780199207145.001.0001

Oosterhout CV (2020) Mutation load is the spectre of species con-
servation. Nat Ecol Evol 4:1004-1006. https://doi.org/10.1038/
s41559-020-1204-8

Phelps J, Carrasco LR, Webb EL (2014) A framework for assessing
supply-side wildlife conservation. Conserv Biol 28:244-257.
https://doi.org/10.1111/cobi.12160

Pyles N (2023) Root microbial communities in Illinois Spiranthes
orchids. Dissertation, Southern Illinois University

Rammitsu K, Yamamoto N, Chamara RMSR, Minobe M, Kinoshita
A, Kotaka N, Ogura-Tsujita Y (2023) The epiphytic orchid Vanda
falcata is predominantly associated with a single Tulasnellaceae
fungus in adulthood, and Ceratobasidiaceae fungi strongly induce
its seed germination in vitro. Plant Spec Biol 38:306-318. https://
doi.org/10.1111/1442-1984.12432

Rasmussen HN (1995) Terrestrial orchids, from seed to mycotrophic
plant. Cambridge University, Cambridge. https://doi.org/10.1017/
CBO9780511525452

Rasmussen HN, Whigham DF (1993) Seed ecology of dust seeds
in situ: a new study technique and its application in terrestrial
orchids. Am J Bot 80:1374—-1378. https://doi.org/10.2307/24456
65

Rasmussen HN, Dixon KW, Jersakova J, Tesitelova T (2015) Ger-
mination and seedling establishment in orchids: a complex of
requirements. Ann Bot 116:391-402. https://doi.org/10.1093/
aob/mcv087

Selosse M-A, Martos F (2014) Do chlorophyllous orchids heterotrophi-
cally use mycorrhizal fungal carbon? Trends Plant Sci 19:683—
685. https://doi.org/10.1016/j.tplants.2014.09.005

Selosse M-A, Minasiewicz J, Boullard B (2017) An annotated transla-
tion of Noel Bernard’s 1899 article “On the germination of Neot-
tia nidus-avis.” Mycorrhiza 27:611-618. https://doi.org/10.1007/
s00572-017-0774-z

Selosse M-A, Petrolli R, Mujica MI, Laurent L, Perez-L B, Figura T,
Bourceret A, Jacquemyn H, Li T, Gao J, Minasiewicz J, Martos
F (2022) The waiting room hypothesis revisited by orchids: were
orchid mycorrhizal fungi recruited among root endophytes? Ann
Bot 129:259-270. https://doi.org/10.1093/aob/mcab134

Shang J (2008) Shen Nong’s classic of materia medica. Xueyuan Pub-
lishing House, Beijing

Shao S-C, Burgess KS, Cruse-Sanders JM, Liu Q, Fan X-L, Huang
H, Gao J-Y (2017) Using in situ symbiotic seed germination to
restore over-collected medicinal orchids in southwest China. Front
Plant Sci 8:888. https://doi.org/10.3389/fpls.2017.00888

Shao S-C, Luo Y, Jacquemyn H (2020a) Co-cultures of mycorrhizal
fungi do not increase germination and seedling development in the
epiphytic orchid Dendrobium nobile. Front Plant Sci 11:571426.
https://doi.org/10.3389/fpls.2020.571426

Shao S-C, Wang Q-X, Beng KC, Zhao D-K, Jacquemyn H (2020b)
Fungi isolated from host protocorms accelerate symbiotic seed

@ Springer


https://doi.org/10.3417/2011108
https://doi.org/10.1111/nph.12700
https://doi.org/10.1111/j.1469-8137.2004.01115.x
https://doi.org/10.1111/j.1469-8137.2004.01115.x
https://doi.org/10.3389/fpls.2021.775290
https://doi.org/10.3389/fpls.2021.775290
https://doi.org/10.1016/j.biocon.2020.108484
https://doi.org/10.1016/j.biocon.2020.108484
https://doi.org/10.3724/sp.j.1003.2013.04139
https://doi.org/10.3724/sp.j.1003.2013.04139
https://doi.org/10.1111/cobi.12584
https://doi.org/10.1111/cobi.12584
https://doi.org/10.1111/cobi.13216
https://doi.org/10.1111/cobi.13216
https://doi.org/10.1111/j.1365.294X.2012.05692.x
https://doi.org/10.1111/j.1365.294X.2012.05692.x
https://doi.org/10.1111/j.1469-8137.1994.tb02974.x
https://doi.org/10.1111/j.1469-8137.1994.tb02974.x
https://doi.org/10.3390/plants10061251
https://doi.org/10.1046/j.1469-8137.2000.00603.x
https://doi.org/10.1046/j.1469-8137.2000.00603.x
https://doi.org/10.1046/j.1469-8137.2002.00372.x
https://doi.org/10.1046/j.1469-8137.2002.00372.x
https://doi.org/10.1007/s00572-019-00907-0
https://doi.org/10.1007/s00572-019-00907-0
https://doi.org/10.1093/aob/mcp235
https://doi.org/10.1093/aob/mcp235
https://doi.org/10.3852/12-079
https://doi.org/10.3852/12-079
https://doi.org/10.1093/botlinnean/box106
https://doi.org/10.1093/botlinnean/box106
https://doi.org/10.1093/acprof:oso/9780199207145.001.0001
https://doi.org/10.1093/acprof:oso/9780199207145.001.0001
https://doi.org/10.1038/s41559-020-1204-8
https://doi.org/10.1038/s41559-020-1204-8
https://doi.org/10.1111/cobi.12160
https://doi.org/10.1111/1442-1984.12432
https://doi.org/10.1111/1442-1984.12432
https://doi.org/10.1017/CBO9780511525452
https://doi.org/10.1017/CBO9780511525452
https://doi.org/10.2307/2445665
https://doi.org/10.2307/2445665
https://doi.org/10.1093/aob/mcv087
https://doi.org/10.1093/aob/mcv087
https://doi.org/10.1016/j.tplants.2014.09.005
https://doi.org/10.1007/s00572-017-0774-z
https://doi.org/10.1007/s00572-017-0774-z
https://doi.org/10.1093/aob/mcab134
https://doi.org/10.3389/fpls.2017.00888
https://doi.org/10.3389/fpls.2020.571426

S.-C.Shao et al.

germination in an endangered orchid species (Dendrobium chry-
sotoxum) from southern China. Mycorrhiza 30:529-539. https://
doi.org/10.1007/500572-020-00964-w

Shao S-C, Luo Y, Jacquemyn H (2022) Successful reintroduction
releases pressure on China’s orchid species. Trends Plant Sci
27:211-213. https://doi.org/10.1016/j.tplants.2021.11.018

Shao S-C, Mohandass D, Gao J-Y (2018) In situ symbiotic seed ger-
mination in Dendrobium spp. (Orchidaceae): implications for
orchid restoration. Cahiers de la Société Frangaise d'Orchidophilie
9:36—46

Smith SE, Read DJ (2008) Mycorrhizal Symbiosis (3rd end). Academic
Press, London, pp 347-376

Swarts ND, Dixon KW (2009) Perspectives on orchid conservation in
botanic gardens. Trends Plant Sci 14:590-598. https://doi.org/10.
1016/j.tplants.2009.07.008

Swarts ND, Dixon KW (2017) Conservation methods for terrestrial
orchids. J Ross Publishing, Plantation, Florida, United States of
America

Swarts ND, Sinclair EA, Francis A, Dixon KW (2010) Ecological spe-
cialization in mycorrhizal symbiosis leads to rarity in an endan-
gered orchid. Mol Ecol 19:3226-3242. https://doi.org/10.1111/j.
1365-294X.2010.04736.x

Tésitelova T, Klimesova L, Vogt-Schilb H, Kotilinek M, Jersdkova
J (2022) Addition of fungal inoculum increases germination of
orchid seeds in restored grasslands. Basic Appl Ecol 63:71-82.
https://doi.org/10.1016/j.baae.2022.04.001

Veldre V, Abarenkov K, Bahram M, Martos F, Selosse M-A, Tamm
H, Koljalg U, Tedersoo L (2013) Evolution of nutritional modes
of Ceratobasidiaceae (Cantharellales, Basidiomycota) as revealed
from publicly available ITS sequences. Fungal Ecol 6:256-268.
https://doi.org/10.1016/j.funeco.2013.03.004

Ventre Lespiaucq AV, Jacquemyn H, Rasmussen HN, Mendez M
(2021) Temporal turnover in mycorrhizal interactions: a proof of
concept with orchids. New Phytol 230(5):1690-1699. https://doi.
org/10.1111/nph.17291

Williams SJ, Jones JPG, Annewandter R, Gibbons JM (2014) Culti-
vation can increase harvesting pressure on overexploited plant
populations. Ecol Appl 24:2050-2062. https://doi.org/10.1890/
13-2264.1

Wraith J, Norman P, Pickering C (2020) Orchid conservation and
research: An analysis of gaps and priorities for globally Red
Listed species. Ambio 49:1601-1611. https://doi.org/10.1007/
$13280-019-01306-7

@ Springer

Xing X, Jacquemyn H, Gai X, Gao Y, Liu Q, Zhao Z, Guo S (2019)
The impact of life form on the architecture of orchid mycorrhizal
networks in tropical forest. Oikos 128:1254—1264. https://doi.org/
10.1111/0ik.06363

Xing Y-M, Li B, Liu L, Li Y, Yin SX, Yin S-C, Chen J, Guo S-X
(2022) Armillaria mellea symbiosis drives metabolomic and
transcriptomic changes in Polyporus umbellatus sclerotia. Front
Microbiol 12:792530. https://doi.org/10.3389/fmicb.2021.792530

Yang M-Z, Shan Y-Y, Chen X-M, Zhang C-F, Li Z-J (2022) Current
development situation of Dendrobium industry in China. Modern
Chin Med 24:1395-1402. https://doi.org/10.13313/j.issn.1673-
4890.20220303001

Yu E, Gao Y, Li Y, Zang P, Zhao Y, He Z (2022) An exploration
of mechanism of high quality and yield of Gastrodia elata Bl.
f. glauca by the isolation, identification and evaluation of
Armillaria. BMC Plant Biol 22:621. https://doi.org/10.1186/
$12870-022-04007-8

Zettler LW, Dvorak CJ (2021) Tulasnella calospora (UAMH 9824)
retains its effectiveness at facilitating orchid symbiotic germina-
tion in vitro after two decades of subculturing. Bot Stud 62:14.
https://doi.org/10.1186/s40529-021-00321-w

Zhao D-K, Selosse M-A, Wu L, Luo Y, Shao S-C, Ruan Y-L (2021)
Orchid reintroduction based on seed germination-promoting myc-
orrhizal fungi derived from protocorms or seedlings. Front Plant
Sci 12:701152. https://doi.org/10.3389/tpls.2021.701152

Zhou X, Gao J (2016) Highly compatible Epa-01 strain promotes seed
germination and protocorm development of Papilionanthe teres
(Orchidaceae). Plant Cell Tissue Organ Cult 125:479-493. https://
doi.org/10.1007/s11240-016-0964-y

Zhou Z, Shi R, Zhang Y, Xing X, Jin X (2021) Orchid conservation in
China from 2000 to 2020: Achievements and perspectives. Plant
Diversity 43:343-349. https://doi.org/10.1016/j.pld.2021.06.003

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1007/s00572-020-00964-w
https://doi.org/10.1007/s00572-020-00964-w
https://doi.org/10.1016/j.tplants.2021.11.018
https://doi.org/10.1016/j.tplants.2009.07.008
https://doi.org/10.1016/j.tplants.2009.07.008
https://doi.org/10.1111/j.1365-294X.2010.04736.x
https://doi.org/10.1111/j.1365-294X.2010.04736.x
https://doi.org/10.1016/j.baae.2022.04.001
https://doi.org/10.1016/j.funeco.2013.03.004
https://doi.org/10.1111/nph.17291
https://doi.org/10.1111/nph.17291
https://doi.org/10.1890/13-2264.1
https://doi.org/10.1890/13-2264.1
https://doi.org/10.1007/s13280-019-01306-7
https://doi.org/10.1007/s13280-019-01306-7
https://doi.org/10.1111/oik.06363
https://doi.org/10.1111/oik.06363
https://doi.org/10.3389/fmicb.2021.792530
https://doi.org/10.13313/j.issn.1673-4890.20220303001
https://doi.org/10.13313/j.issn.1673-4890.20220303001
https://doi.org/10.1186/s12870-022-04007-8
https://doi.org/10.1186/s12870-022-04007-8
https://doi.org/10.1186/s40529-021-00321-w
https://doi.org/10.3389/fpls.2021.701152
https://doi.org/10.1007/s11240-016-0964-y
https://doi.org/10.1007/s11240-016-0964-y
https://doi.org/10.1016/j.pld.2021.06.003

	Improved use of mycorrhizal fungi for upscaling of orchid cultivation and population restoration of endangered orchids in China
	Abstract
	1 Introduction
	2 Current limitations in orchid conservation restoration
	3 Industrial cultivation could alleviate pressure on natural populations
	4 Novel techniques to (re-)introduce orchid populations
	5 The importance of fungal origin for in situ symbiotic seed germination and industrial application
	6 Importance of a seed and fungus bank
	7 Fungal turnover deserves more attention
	8 Challenge of orchid conservation using mycorrhizal fungi
	9 Conclusion
	Acknowledgements 
	References


