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ABSTRACT

Mycorrhizal fungi are essential for the growth and development of both epiphytic (growing on trees) and
lithophytic (growing on rocks) orchids. Previous studies indicate that in lowland tropical areas, orchid
mycorrhizal fungal compositions are correlated with the life form (i.e., epiphytic, lithophytic, or terres-
trial) of their host plants. We therefore tested if a similar correlation exists in an orchid distributed at
higher elevations. Coelogyne corymbosa is an endangered ornamental orchid species that can be found as
a lithophyte and epiphyte in subtropical to subalpine areas. Based on high-throughput sequencing of the
fungal internal transcribed spacer 2 (ITS2)-rDNA region of mycorrhizae of C. corymbosa, we detected 73
putative mycorrhizal fungal Operational Taxonomic Units (OTUs). The OTUs of two dominant lineages
(Cantharellales and Sebacinales) detected from C. corymbosa are phylogenetically different from those of
other species within the genus Coelogyne, indicating that different orchid species prefer specific
mycorrhizal fungi. We also found that the Non-metric multidimensional scaling (NMDS) plots of orchid
mycorrhizal fungi were not clustered with life form, the variations among orchid mycorrhizal fungal
communities of different life forms were not significant, and most of the OTUs detected from epiphytic
individuals were shared by the lithophytic plants, suggesting that orchid mycorrhizal associations of
C. corymbosa were not affected by life form. These findings provide novel insights into mycorrhizal as-

sociations with endangered ornamental orchids.
Copyright © 2020 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

throughput sequencing produces a great deal of data and has
significantly enhanced the efficiency of identifying OMF and

More than 70% of orchids are epiphytic or lithophytic, having
evolved from their terrestrial ancestors to adapt to environments
that differ in terms of solar radiation, as well as nutrient and water
supply (Gravendeel et al., 2004). Orchids with different life forms
are characterized by different adaptive structures and functional
traits (Zhang et al., 2018), but all have mycorrhizal fungal associa-
tions that are very important for their growth, from germination to
adulthood (Yukawa et al., 2009; Dearnaley et al., 2012). Identifying
the community composition of orchid mycorrhizal fungi (OMF) is
essential to understanding their biotic mutualisms with orchid
species, and the factors influencing OMF composition. High-
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comparing different OMF communities (Waud et al, 2014;
Jacquemyn et al., 2017). A previous study has reported OMF have
highly modular architecture, reflecting an ecological barrier be-
tween epiphytic and terrestrial subnetworks on a paleotropic is-
land (Martos et al., 2012). Other studies have also reported OMF
specificities (mostly Sebacinales and Tulasnellaceae), differing be-
tween terrestrial, epiphytic, and lithophytic habitats (Oja et al.,
2015; Tésitelova et al., 2015; Xing et al., 2015, 2019). Because
studies on the relationships among OMF compositions and orchid
life forms were all conducted in tropical areas, it remains unclear if
individual epiphytic and lithophytic orchids harbor different OMF
at higher elevations.

Coelogyne Lindl. (Epidendroideae, Orchidaceae) contains ca. 200
species that are distributed throughout tropical and subtropical
parts of Asia to Oceania, with 31 species occurring in China
(Gravendeel et al., 2001; Chen et al., 2009). Species within this
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genus retain only one or two leaves and cannot produce new leaves
during the growing season. Coelogyne orchids can be both epiphytic
and lithophytic at the same site and are always colonized by
mycorrhizal fungi. Some Coelogyne species have therefore been
studied to assess correlations of OMF composition and life form
(Xing et al., 2015, 2019). Many Coelogyne species are also of high
ornamental value, and wild populations of this genus have been
threatened by over-collection and habitat destruction. Under-
standing their OMF would therefore be useful to support seedling
propagation and artificial cultivation of these sought-after flower
resources.

Studies on the OMF of Coelogyne orchids have been mainly
conducted on two tropical species—Coelogyne viscosa Rchb. f. and
Coelogyne ovalis Lindl., and have been based on Sanger sequencing
of randomly picked clones from amplicon libraries of the ITS-rDNA
region (Xing et al.,, 2015, 2019). The OMF Operational Taxonomic
Units (OTUs) have been mostly identified as fungi of Sebacinales
and Tulasnellaceae, with only a few OTUs designated as Ceratoba-
sidiaceae. Mycorrhizal fungal community composition is signifi-
cantly different between epiphytic and lithophytic individuals of
C. viscosa (Xing et al., 2015). The habitat distribution of C. viscosa is
restricted between 1000 m and 2000 m above sea level. In contrast,
another species, C. corymbosa Lindl., can be found at an elevation of
3500 m. This is almost the highest elevation at which epiphytic
orchids are found. C. corymbosa is also the species with the
northern-most distribution within the genus. Given that mycor-
rhizal fungal species compositions can be affected by the
geographic distribution of plant hosts (Gai et al., 2012; Gorzelak
et al., 2012; Looney et al., 2016; Duffy et al., 2019), we speculated
that there are differences in the OMF composition between
C. corymbosa and its tropical relatives, and between epiphytic and
lithophytic individuals of the species.

In an investigation of the plants of western Yunnan Province in
China, four populations of C. corymbosa were found growing in
habitats within subtropical monsoon or subalpine regions. We
sampled the species’ mycorrhizal fragments to detect its OMF di-
versity using high-throughput sequencing and to compare the OMF
communities from the different plant populations. Our objectives
were twofold: (i) Do the sampled C. corymbosa orchids have the
same OMF as their tropical relatives? (ii) Do OMF communities
differ between litho- and epiphytic orchids of a certain site, or differ
between samples of each collecting site?

2. Materials and methods
2.1. Sampling

Mycorrhizae of wild plant individuals of C. corymbosa (Fig. 1)
were collected from three sites in western Yunnan Province,
southwestern China, in May 2017. Both epiphytic and lithophytic
plants were sampled from Longling County (LL, elev. 2500 m,
24°32'N, 98°53’E), while only lithophytic plants were found and
sampled from Baoshan (BS, elev. 2500 m, 25°11’N, 98°59’E) and Dali
(DL, elev. 2600 m, 25°38'N, 100°08’E). We sampled 6 individuals
each (at least 3 root fragments for each individual) from BS and DL,
6 from rock surface and 6 from tree stems in LL. In total 72 root
fragments from 24 individuals were obtained, and then merged
into 12 samples (by mixing every two individuals) for high-
throughput sequencing.

Fresh orchid roots were rinsed with tap water and gently
brushed to remove soil particles adhering to the surface of the root.
Mycorrhizal colonization was confirmed by checking for the exis-
tence of fungal pelotons under a light microscope (Fig. 1). These
root fragments were then surface-sterilized with NaClO/ethanol
and rinsed three times in sterile water. Afterwards, they were

frozen in liquid nitrogen and stored at —80 °C prior to molecular
analyses.

2.2. Molecular sequencing

The frozen roots were ground to powder and total DNA was
extracted with a Plant DNA Rapid Extraction Kit (BioTeke Beijing,
China) according to the manufacturer's instructions. Amplicon li-
braries of ITS2-rDNA sequences were created using two primer
pairs, ITS3/ITS40F and ITS86F/ITS4 (Gardes et al., 1991; Turenne
et al., 2000; Taylor and McCormick, 2008), which were recom-
mended by previous studies (Waud et al., 2014, 2016) because of
their good performance in OMF community identification. Poly-
merase chain reaction (PCR) amplification, purification, quantifi-
cation, library construction, and sequencing (Illumina MiSeq PE-
250) were conducted by Personalbio Tec. Co., Ltd. (Shanghai, China).

2.3. Data analyses

Sequences obtained were assigned to the appropriate sample
based on both barcode and primer sequences, allowing zero dis-
crepancies, and were subsequently trimmed from the barcodes and
primers using CUTADAPT 1.0 (Martin, 2011). Sequences were
trimmed based on a minimum Phred score of 30 (base call accuracy
of 99.9%) averaged over a 50 bp moving window; short reads,
chimeras, and singletons were then excluded in Usearch11 (Edgar
and Flyvbjerg, 2015). After that, the ITS2 subregion of the se-
quences was extracted with ITSx v1.1 (Bengtsson-Palme et al., 2013)
before being clustered into OTUs at 97% identity threshold using
UPARSE-OTU algorithm (Edgar, 2013). The Blast (20171201) and
UNITE databases were used for taxonomic assignments of the OTUs
(Koljalg et al., 2005).

The OTUs of Ceratobasidiaceae, Sebacinales, Tulasnellaceae, and
Thelephoraceae were designated as putative OMF based on previ-
ously published definitions of orchid mycorrhizae (Dearnaley et al.,
2012). Representative sequences for the putative OMF OTUs were
deposited in GenBank (MT548941 through MT549013, see
Supplementary Table 1). The OTUs of Cantharellales (including
Ceratobasidiaceae and Tulasnellaceae) and Sebacinales (Serendip-
itaceae) were the most abundant. To understand relationships
among the mycobionts detected from C. corymbosa and other
congeneric species, phylogenetic analyses of the above mentioned
two fungal lineages were conducted. Sequences were aligned using
Mafft (Katoh and Standley, 2013) and manually checked with Bio-
Edit 7.0.9 (Hall, 1999). Maximum Likelihood (ML) algorithm was
then employed by using RAXML 7.2.6 (Stamatakis, 2006).
GTR + I + G was selected as the best substitution model suite for
the two data sets when applying the Akaike Information Criterion
implemented in Mrmodeltest 2.3 (Nylander, 2004). All parameters
in the ML analysis were kept at their default levels, and statistical
support was obtained using a rapid nonparametric bootstrapping
with 1000 replicates.

Operational Taxonomic Unit (OTU) abundance data were
generated from all the merged sequences and OTUs. This was then
homogenized using rarefaction.py in Qiime 2 (Caporaso et al., 2010)
according to the lowest sequence abundance (19493) of all OTUs for
each sample. The homogenized OTU abundance data and the
relevant binary data were used for Non-metric multidimensional
scaling (NMDS) based on Bray-Curtis and Jaccard dissimilarity
matrices in R package vegan (Oksanen et al., 2013). To test whether
fungal composition differs between collection sites and life forms
(i.e., epiphytic or lithophytic), a distance-based multivariate anal-
ysis of variance (Permanova) (Anderson et al., 2008) was also per-
formed using the Adonis function in vegan. Afterwards, Venn
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Fig. 1. Wild plants of Coelogyne corymbosa and transection features of their mycorrhizae.

mycorrhizae are indicated by blue arrows.

diagrams were used to visualize the OMF composition of each plant
population.

3. Results

3.1. Orchid mycorrhizal fungal OTUs and their phylogenetic
relationships

From the mycorrhizae of C. corymbosa, fungal sequences of the
ITS region were clustered as 670 and 1984 OTUs for ITS3 and ITS86F
sequencing, respectively. Among these OTUs, 559 for ITS3
sequencing and 1861 for ITS86F were included in the homogenized
sequence abundance table, 58 for ITS3 and 46 for ITS86F were then
designated as putative OMF and eventually merged into 73 OTUs
(including 27 OTUs specific to ITS3, 15 specific to ITS86F, and 31
shared by both). To show the phylogenetic affiliations of the OMF,
the OTUs summarized from two primer pairs were relabeled as
Cel-15, Se1-45, Th1-8, and Tul-5, representing OMF belonging to
Ceratobasidiaceae (15), Serendipitaceae (45), Thelephoraceae (8),
and Tulasnellaceae (5), respectively (Supplementary Table 1). The
OTUs of Tulasnellaceae and Ceratobasidiaceae from C. corymbosa
were clustered into several phylogenetic clades, which showed
divergence from those of C. viscosa (Fig. 2). The OTUs of Sebacinales
from species of Coelogyne were mostly clustered into Serendip-
itaceae, except that one fungal sequence of C. viscosa was grouped
in Sebacinaceae (Fig. 3).

3.2. Composition of OMF communities

The OMF OTU abundance and presence data of ITS3 and ITS86F
sequencing were merged and those of 61 OTUs (including 20 OTUs
specific to ITS3 sequencing, 10 specific to ITS86F, and 31 shared)
were eventually used in the NMDS and Permanova analyses,
whereas data of the OTUs with less than five sequences
(Supplementary Table 1) were excluded, as recommended by pre-
vious studies (Lindahl et al., 2013; Wang et al., 2019). The NMDS
plots of the OMF communities detected from the lithophytes were
not concentrated but intermixed by the plots of epiphytes in Fig. 4.

A. Plants growing in lithophytic habitat. B-D. Brownish fungal pelotons colonized in

The results of Permanova analyses showed that the variations
among fungal communities of different life forms and sites were
mostly not significant (Table 1).

The OMF OTUs with less than five sequences were also not
included in Venn diagrams. For the merged data of ITS3 and ITS86F
sequencing, 17 OTUs were shared by epiphytic and lithophytic
samples, which was up to 90% of the OTUs of epiphytic samples
(Fig. 5A). Forty-two OTUs were specific to lithophytic orchids, of
which 30 were identified as fungi of Serendipitaceae, six were from
Ceratobasidiaceae, two were from Tulasnellaceae, and two were
from Thelephoraceae (Fig. 5A). Fungi of Serendipitaceae also
contributed a relatively large portion of the OTU communities
specific to lithophytic orchids of two sites (15/19 for LL, and 8/8 for
DL, respectively). Two other diagrams based on data of ITS3 and
ITS86F sequencing were also provided (Fig. 5B—C), which showed
that 16 and seven OTUs were shared by epiphytic and lithophytic
individuals of C. corymbosa. Fourteen OTUs were shared by
epiphytic and lithophytic samples of Longling (LL), based on ITS3
sequencing, while seven were shared based on ITS86F sequencing.
This accounts for 78% (14/18) and 100% (7/7) of all OMF OTUs of the
epiphytes (Fig. 5B—C).

4. Discussion

4.1. The OMF of Coelogyne corymbosa were phylogenetically
different from those of other congeneric species

Only two OTUs of Ceratobasidiaceae were reported from
C. viscosa (Xing et al, 2015), and 15 were detected from
C. corymbosa (Fig. 2; Supplementary Table 1). A similar situation
was found in Serendipitaceae, which contributed the greatest
number of OTUs for C. corymbosa. Seven sequences (KF574233-
KF574237, and KF574239-KF574240) generated from C. viscosa
(Xing et al., 2015) were grouped in four terminal nodes in our
phylogeny of Serendipitaceae (Fig. 3). However, the OTUs of
C. corymbosa grouped in 45 terminal nodes of Serendipitaceae,
consisting of 12 specific to ITS3, 11 specific to ITS86F, and 22 shared
by both (Fig. 3; Supplementary Table 1). This might be caused by
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99r MT548945 Ce5 lithophytic
MT548948 Ce8 lithophytic

MT548955 Cel5 lithophytic

MT548954 Cel4 epiphytic and lithophytic
MT548943 Ce3 epiphytic and lithophytic
LC405936 OMF of Taeniophyllum sp.
DQ278942 Ceratobasidium AG-Bb
AJ427403 Ceratobasidium angustisporum

EU810056 Ceratobasidium noxium
MF471701 Ceratobasidium cereale
AJ427402 Ceratobasidium anceps
KJ789945 OMF of Anacamptis sp.
GQ223450 Ceratobasidium Gymnadenia
MT548953 Cel3 lithophytic
AJ427401 Ceratobasidium papillatum
MT548950 Cel0 cpiphytic and lithophytic
AB196641 Ceratobasidium AG-Ba
AF354095 CeratobasidiumAG-Q
MT548944 Ce4 epiphytic and lithophytic
AB290022 Ceratobasidium AG-1
EF100192 OMF of Dactylorhiza sambucina
MT548946 Ce6 epiphytic
AJ242901 Rhizoctonia sp. AG-1
DQ520098 Ceratobasidium sp.
T548951 Cell lithophytic
MT548942 Ce2 lithophytic
MT548949 Ce9 epiphytic
DQ279062 Ceratobasidium AG-11C
DQ278937 Ceratobasidium cornigerum
MT548941 Cel lithophytic
97L MT548952 Cel2 lithophytic
98 MH172614 Ceratobasidium AG-K
94 KP171640 Rhizoctonia endophytica
G DQ279052 Ceratobasidium AG-A
AJ427399 Ceratobasidium albasitensis
96r MG707439 OMF of Pleione sp
98 1| AB605640 OMF of Platanthera sp.
98I'L MT548947 Ce7 lithophytic
HQ667792 OMF of Hexalectris sp.
KP171635 Thanatephorus cucumeris AG22 IV
DQ278932 Ceratobasidium AG-U
DQ279038 Thanatephorus AG-11B
KP171634 Thanatephorus pendulus
DQ278947 Thanatephorus AG-10
KF574231 Coelogyne viscosa lithophytic
KP171637 Thanatephorus AG-5
AF354096 Thanatephorus cucumeris AG-T
Q278994 Thanaiephorus AG-3
Q279008 Thanatephorus AG-8
AY270003 Thanatephorus cucumeris AG-4
AF153779 Thanatephorus AG-6
DQ279015 Ceratobasidium AG-P
DQ278934 Ceratobasidium AG-E
DQ279014 CeratobasidiumAG-F
97DQ278933 Cerarobasidium AG-R
DQ278936 Ceratobasidium AG-S
EUS10049 Ceratobasidium chavesanum
EU810037 Ceratobasidium niltonsouzanum

e
2

160
73 AF354094 Ceratobasidium AG-O
64 KF574232 Coelogyne viscosa epiphytic
AF354093 Ceratobasidium AG-L
AB196646Ceratobasidium AG-G
643 Ceratobasidium theobromae

KY0’
AF200514 Ceratobasidium bicorne

Ceratobasdiaceae

MG707353 OMF of Pleione sp
JF691367 OMF of Cynorkis squamosa
HM230653 OMF of Cymbidium kanran
MT548957 Tu2 lithophytic

MT548958 Tu3 epiphytic and lithophytic
MT548956 Tul epiphytic and lithophytic
MT548959 Tu4 epiphytic and lithophytic
74 AY373302 OMF of Tipularia discolor

90[l AB506844 OMF of Cymbidium goeringii
MG707371 OMF of Pleione sp.

AY373310 OMF of Tipularia discolor

L 1Q994441 OMF of Piperia yadonii
1001 KES74228 | OMF of Coclogyne viscosa epiphytic
MHO005899 OMF of Oberonia sp.
KC152338 Tulasnella ECUA
GUI166427 Tilasnella sp.
KC152348 Tulasnella asymmetrica
AY373295 Tulasnella pruinosa
KC152363 Tulasnella cf. pinicola
AY373294 Tulasnella albida
KC152398 Tidlasnella ECUS
KC152402 Tulasnella ECUS

AY373292 Tulasnella eichleriana
98 MT548960 Tu$ lithophytic
KC152411 Tulasnella violea

53

KC152380 Tulasnella tomaculum
98 — HMI96790 Tulasnella prima
KY445929 Tulasnella sphagneti
KF476601 Tulasnella warcupii
KF476573 Tulasnella secunda
MH005846 OMF of Coelogyne ovalis and C. viscosa
KF574225 OMF of C. viscosa
MG707342 OMF of Pleione sp.
KF574226 OMF of C. viscosa lithophytic
100 ¢ DQ520097 Tulas:
L MHO005918 OMF of Coelogyne ovalis and C. viscosa
KF574227 OMF of Coelogyne viscosa epiphytic lithophytic
79r GU166421 Tulasnella calospora
AY373290 Tulasnella bifrons
GU732344 Tulasnella ECU2
-y LC175313 Tulasnella ellipsoidea
MH005844 OMF of Coelogyne viscosa lithophytic
JF499918 OMF of Coelogyne nervosa (seed germination stage)
LC175322 Tulasnella cumulopuntioides
KF574229 OMF of C: viscosa lithophytic
LC175307 Tulasnella dendritica
AY373291 Tulasnella deliquesce

EU218888 Tulasnella calospora
MH005841 OMF of Coelogyne viscosa epiphytic

MH005917 OMF of Coelogyne viscosa lithophytic
100 — AY373297 Tulasnella danica
L KT164598 Epulorhiza anaticula

HM451585 Tulasnella andina

lla violea

Tulasnellaceae

o
~ 100

DQ200924 Botryobasidium subcoronatum
KP171641 Botryobasidium simile 06
Fig. 2. Phylogenetic tree of Cantharellales fungi inferred from sequences of ITS2 region. Bootstrap values (>50) are shown along nodes. Mycobionts detected from Coelogyne

corymbosa and other species are indicated by red and blue, respectively. Detailed information on the fungal OTUs detected in this study is shown in Supplementary Table 1.
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MT548980 Se20 lithophytic
MT549001 Se41 lithophytic
MT549002 Se42 lithophytic
MT548997 Se37 lithophytic
FJ788824 OMF of Pterygodium sp.
MG707411 OMF of Pleione sp.
MG707383 OMF of Pleione sp.
— MT548979 Sel9 epiphytic and lithophytic
85, MT548962 Se2 epiphytic and lithophytic
MT548999 Se39 epiphytic and lithophytic
MG707422 OMF of Pleione sp.
MT548961 Sel epiphytic
1% ]li]];;jgig OMF of Coelogyne viscosa epiphytic
KF574233 OMF of Coelogyne viscosa
MT548995 Se35 lithophytic
MT548963 Se3 epiphytic and lithophytic
MT548994 Se34 lithophytic
MT548982 Se22 epiphytic and lithophytic
MT548974 Sel4 lithophytic
MT549004 Se44 lithophytic
MT548996 Se36 lithophytic
MT548965 Se5 lithophytic
MT548981 Se21 lithophytic
AB831797 OMF of Neottia nipponica
MT548989 Se29 lithophytic
MG707385 OMF of Pleione sp.
MG707399 OMF of Pleione sp.
MT548990 Se30 lithophytic
EU625986 symbiont of Ceratostema sp.
MT548973 Sel3 lithophytic
MT548972 Sel2 lithophytic
KF574234 OMF of Coelogyne viscosa epiphytic
EU909227 symbiont of Riccardia palmata
MG707386 OMF of Pleione sp.
KF574236 OMF of Coelogyne viscosa lithophytic
_”lKF574237 OMF of Coelogyne viscosa lithophytic
KF574235 OMF of Coelogyne viscosa epiphytic and lithophytic
MT548971 Sell lithophytic
MT548978 Sel8 lithophytic
MG707398 OMF of Pleione sp.
MT548986 Se26 lithophytic
5{\/1'1'548967 Se7 lithophytic
MT549005 Se45 lithophytic
HF947895 Calluna vulgaris
AB831799 OMF of Neottia sp.
100 MG707416 OMF of Pleione sp.
MT548968 Se8 lithophytic
MT549000 Se40 lithophytic
MT548970 Sel0 lithophytic
MT549003 Se43 lithophytic
MT548966 Seb6 lithophytic
MT548987 Se27 lithophytic
HQ850111 symbiont of Rhododendron sp.
MT548985 Se25 lithophytic
MG707404 OMF of Pleione sp.
MT548969 Se9 lithophytic
MT548984 Se24 lithophytic
87] MT548964 Se4 lithophytic
MG707430 OMF of Pleione sp.
MT548992 Se32 lithophytic
AB831800 OMF of Neottia sp.
100 KY687616 soil fungus
MT548988 Se28 lithophytic
1Q420992 symbiont of ZTrichophorum sp.
MT548975 SelS5 epiphytic and lithophytic
MT548976 Sel6 epiphytic and lithophytic
GU256978 symbiont of Rhododendron sp.
MT548977 Sel7 lithophytic
100 | MG707390 OMF of Neottia sp.
MT548991 Se31 lithophytic
JQ711843 “Sebacina vermifera”
MT548993 Se33 lithophytic
AB669676 symbiont of Pyrola sp.
100— MT548998 Se38 lithophytic
FJ788844 OMF of Pterygodium catholicum
92 KY524378 OMF of Caladenia sp.
JX138554 Sebacinaceae
AY 643802 OMF of Caladenia sp.
KY774276 “Sebacina dimitica”
89 1 DQ278945 Serendipita sp
1001 KF061288 Serendipita sp.
DQ983815 “Sebacina vermifera”
99 ~AB831793 OMF of Neottia sp.
—{ MT548983 Se23 lithophytic
95 AF490393 Sebacina aff. epigaca
NR 138387 Sebacina flagelliformis
HQ154330 Sebacina selaginella
AY296258 Seb:
KF773779 Sebacin
AF490395 Sebacina incrustans
KT339265 Sebacina ocreata
KF061273 Sebacina dimitica
GQ166897 Tremellodendron pallidum
EU819442 Sebacina incrustans

90

61

89

Serendipitaceae

96

Sebacinaceae

59

60 | MH836326 Ditangium cerasi
_|— MH836338 Ditangium altaicum
50 - NR 126146 Chaetospermum chaetosporum
70 ['VKF574238 OMF of Coelogyne viscosa epiphytic
AF384860 Efibulobasidium albescens
KF516967 Chaetospermum artocarpi
KF516965 Chaetospermum camelliae 02

Fig. 3. Phylogenetic tree of Sebacinales fungi inferred from sequences of ITS2 region. Bootstrap values (>50) are shown along nodes. Mycobionts detected from Coelogyne corymbosa
and other species are indicated by red and blue, respectively. Detailed information on the fungal OTUs detected in this study is shown in Supplementary Table 1.
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Fig. 4. Results of the NMDS analyses for OMF communities of each sample. A were
generated based on the merged OTU abundance data of two primer pairs, B were based
on binary data. Plots for mycobionts of lithophytic and epiphytic plants are indicated
by blue diamonds and red triangles. LL, Longling; BS, Baoshan; and DL, Dali.

OMF differences of each orchid species, but also might be due to the
small data volume of Sanger sequencing on C. viscosa, as well as the
primer pairs chosen. In previous fungal studies of C. ovalis and
Coelogyne nervosa, no member of Ceratobasidiaceae or Sebacinales
was found (Sathiyadash et al., 2014; Xing et al., 2019). In Tulas-
nellaceae, nine fungal OTUs of C. viscosa and two of C. ovalis were
detected as OMF, and one was reported in a germination experi-
ment of C. nervosa (Sathiyadash et al., 2014; Xing et al., 2015, 2019).
In our study, five OTUs of Tulasnellaceae were detected from the
mycorrhizae of C. corymbosa (Fig. 2; Supplementary Table 1).

Table 1
Results of Permanova analyses of OMF communities of Coelogyne corymbosa.

Data source*distance  Factors Mean squares ~ Variation (R?)  Pr (>F)

abundance*bray site 0.55 0.28 0.11
life form  0.20 0.05 0.80

presence*jaccard site 0.43 0.47 0.001
life form  0.18 0.10 0.34

Regardless of the number of OTUs detected, no fungal OTU from
Cantharellales and Sebacinales was shared by C. corymbosa and the
other three species of Coelogyne (viz., C. viscosa, C. nervosa, and
C. ovalis) (Figs. 2 and 3). At the fungal family level, although Tulas-
nellaceae, Ceratobasidiaceae, and Serendipitaceae, were all detected
from the mycorrhizae of C. corymbosa and C. viscosa, fungi of Seba-
cinaceae were only found for the latter species (Figs. 2 and 3; Xing
et al,, 2015). These findings strongly support the notion that orchid
species prefer specific fungi. Alternatively, the absence of Sebacina-
ceae fungi for C. viscosa in our study may be explained by primer
choice. We noticed that C. ovalis and C. viscosa shared two OTUs of
Tulasnellaceae (MH005846 and MH005918 in Fig. 2, also see Xing
et al,, 2019). The fungal similarity between the two tropical orchids
and the unique OMF OTUs of the subalpine C. corymbosa may be
partially explained by geographical differences, although sampling of
more species from a wider geographic distribution is still needed. In
previous studies, arbuscular mycorrhizal, ectomycorrhizal, and
ericoid mycorrhizal fungal communities have been found to be
shaped by elevational gradients (Gai et al., 2012; Gorzelak et al.,
2012; Looney et al, 2016). Mycorrhizal fungi of one terrestrial
orchid species also change with latitudinal variation (Duffy et al.,
2019), and further comparisons of the mycobionts of epiphytic or-
chids along elevational and latitudinal gradients will be meaningful.

4.2. The OMF communities of C. corymbosa were not affected by life
form (lithophytic vs. epiphytic)

No significant correlation between the OMF composition, the
life form, and the collecting site was found, according to the results
of the NMDS and Permanova analyses based on the merged data of
two primer pairs. In the Venn diagrams and phylogenetic trees, the
OMF OTUs of epiphytes were mostly shared by lithophytes, despite
lithophytes harboring many specific OTUs. The mycorrhizae of the
epiphytes and lithophytes of C. corymbosa were both covered by
thick bryophytes, which might provide similar water and nutrient
supplies, and partially explain the common fungal OTUs in
mycorrhizae from both the arboreal and adjacent rocky
environments.

A previous study found that the OMFs of C. viscosa are affected
by life form; specifically, more OTUs were detected in epiphytic
than in lithophytic plants (Xing et al., 2015). Aside from geographic
distribution and species-specific differences, this variation may be
partially explained by the relatively extreme environments of
C. viscosa lithophytes, which live on rocky surfaces without bryo-
phytes (Fig. 1b of Xing et al., 2015).

Pleione albiflora Cribb & C. Z. Tang were sampled at the same sites
as those of C. corymbosa. Although OMF detection was based on
sequencing and less data were generated for this species, the OMF
OTUs of epiphytes in P. albiflora were also mostly shared by litho-
phytes (Supplementary Fig. 1; Qin et al,, 2019). The mycobionts of
lithophytic plants were more diverse on the whole but less diverse in
the Longling population of P. albiflora, while the OTUs of lithophytes
in all the sites were more diverse than those of epiphytes in
C. corymbosa. The different OMF composition characters of the two
orchids might also be related to their ecophysiological differences.
C. corymbosa has evergreen leaves and persistent roots that are
covered with a velamen consisting of four layers of dead cells.
However, P. albiflora are characterized by annually renewed leaves
and roots, and the absence of a velamen radicum (Zhang et al., 2016).

On the other hand, the unique fungal OTUs of lithophytes and
epiphytes of C. viscosa and P. albiflora largely belong to Serendip-
itaceae, not Tulasnellaceae (Xing et al., 2015; Qin et al., 2019). This is
consistent with the results of C. corymbosa in our study (Fig. 5 and
Supplementary Fig. 1), although the fungal data for C. viscosa and
P. albiflora were generated by using other primers in Sanger
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Fig. 5. Venn diagrams of OMF OTUs shared by different populations. A. Summarized from the combined data. B. Detected from ITS3 sequences. C. From ITS86F sequences. LL,
Longling; BS, Baoshan; DL, Dali; Se, OTUs of Serendipitaceae; Ce, Ceratobasidiaceae; Tu, Tulasnellaceae; and Th, Thelephoraceae.

sequencing. In C. corymbosa, the OTUs specific to lithophytes mostly
belonged to Serendipitaceae, and most fungi of this lineage were also
specific to each lithophytic population (from Longling and Dali;
Fig. 5A). Why were the Sebacinales fungal communities significantly
different in the two growth habitats, but the Tulasnellaceae fungi
not? According to report of Weif3 et al. (2011), the Sebacinales are not
only extremely versatile in mycorrhizal associations but also present
as universal symptomless endophytes. Given that most members of
this fungal lineage are still un-culturable, it is still hard to answer if
the differences among lithophytic and epiphytic habitats are caused
by the endophytic habit of Sebacinales. To further corroborate OMF
composition of epiphytic and lithophytic orchids in different eleva-
tional distributions, molecular data based on more extensive sam-
pling are still needed. Overall, these findings improve our
understandings of the OMF of different orchid life forms and provide
novel insights for future research into the cultivation of Coelogyne.
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