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Abstract

Cypripedium is an important ornamental plant. However, it is facing increasing endangerment due to habitat destruction and illegal collection.
Therefore, the conservation of Cypripedium is becoming increasingly important. Fungi are involved in the entire life cycle of Cypripedium plants. A
growing number of experiments have shown that the mycorrhizal communities of Cypripedium have also diversified under different growth
environments, and most of such studies have explored the relationship between endophytic fungi in the root and the environment. Fourteen
fungal and 34 bacterial phyla were detected in roots and rhizosphere samples. Ascomycota, Basidiomycota, Mortierellomycota, and
Chytridiomycota content were higher in endophytic fungi. Cadophora was detected in four species of Cypripedium and was dominant among the
endophytic fungi, the content was up to 80.81% + 9.84%. Cadophora had the function of altering the structure of endophytic fungi of
Cypripedium. Endophytic bacteria were mainly detected with high abundance of Pseudomonadaceae, Rhizobiaceae, Streptomycetaceae,
Burkholderiaceae, and Rickettsiacea, which were endophytic in different Cypripedium plants. The diversity of rhizosphere fungi was higher than
the diversity of endophytic fungi, C. shanxiense had the highest fungal community richness within four Cypripedium species and predicted that
endophytic bacteria had reductive citrate cycle, 3-hydroxypropionate bicycle, and other functions. These endophytes comprise unique
Cypripedium plants' microbial community structure in Changbai Mountain (China), providing a direction for further protecting wild Cypripedium
resources. Understanding the structural characteristics of the endophytic fungal community of Cypripedium under the environment of Changbai
Mountain provides a direction for further conservation of Cypripedium in Changbai Mountain, and exploring the functions of different types of
fungi during the growth process of Cypripedium provides a theoretical basis for the subsequent exploration of the species of Cypripedium
endophytes in different habitats as well as the effects on the root and soil endophytes of Cypripedium plants.
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Nowadays, endophytes can be used in the market as plant
growth promoters and growth protection agents. By co-
evolving with their host plants, endophytes can have several
beneficial effects on their host plants directly or indirectly.
Firstly, endophytes can help plants overcome adversity and
increase nutrient uptake directly, such as to protect the host
plants from biotic stresses!®, mitigate abiotic stresses on the

Introduction

Orchidaceae is the second-largest family of angiosperms,
with about 28,000 species in 800 general'l, Almost all orchid
plants benefit from endophytes, mainly through mycorrhizal
fungi forming mycorrhizal symbiosis with host plants to
provide nutrients for host plantsl?. Regardless of the nutri-

tional pattern of orchids, endophytic, and mycorrhizal fungal
nutrition are required for seed germinationt!,

Endophytes are generally defined as microbiota that survive
all or part of the life stage within a host plant and are non-
pathogenic to the host™. Endophytes are found in almost all
vascular plants®l. Microorganisms from the rhizosphere and
phyllosphere enter the host plant through natural openings or
wounds and become endophytes®. Mycorrhizal fungi can
enter the endoderm cells by infecting the surface cells of plant
roots, and then successfully colonize the mycelium cells with
carbon, vitamins, trace elements, and other plant rusts!’}, which
are ultimately ablated. During this process, the fungus conti-
nuously provide requirements to the orchid plant, which
improves the resistance of plants to the adverse external
environment.

© The Author(s)

host plants, also can increase phosphorus, nitrogen, and other
primary and secondary nutrients to support host growth®.
Secondly, growth hormones can be released indirectly to
improve plant growth['%, such as through the release of lytic
enzymes!''l or mediate host plant defense responses against
various pathogens!'2. In addition to providing nutrients, endo-
phytes also have a role in helping host plantsl'3! to adapt to
different environments by increasing photosynthesis, and
relieving plant stress'4'5, Endophytes and host pathogens
occupy the same ecological niche and compete with each
other for space and nutrients.

The mycorrhizal fungi of most orchid plants mainly consist of
ectomycorrhizal fungi and Rhizoctonia. Rhizoctonia is a poly-
phyletic group comprising Tulasnellaceae, Ceratobasidiaceae,
and Serendipitaceael'%'7l, These fungi are orchid mycorrhizal
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fungi. In addition to mycorrhizal fungi, endophytes also encom-
pass non-mycorrhizal endophytic fungi. The Waiting Room
Hypothesis suggests that these non-mycorrhizal endophytes
may transition into mycorrhizal fungi. These non-mycorrhizal
endophytic fungi also have the potential to function as mycor-
rhizal fungi while performing other roles!’”l. Most endophytes
are difficult to isolate from plant tissues by culture, and an
increasing number have discovered the phenomenon in
recent years due to the widespread use of high-throughput
sequencing.

There are approximately 50 species of Cypripedium, which
have been widely distributed in the north temperate and
subtropical mountains, with 36 species distributed in Chinal'l.
Changbai Mountain, situated in the southeast of Jilin Province,
is a natural treasure trove of plants and one of the secondary
distribution centers of Cypripedium in East Asial'®). There are
primarily five species and one variant of Cypripedium distri-
buted in Changbai Mountain, all endangered plants in Chinal20,
In recent years, the continuous development of forest
resources has destroyed the original habitat of Cypripedium
plants. Destructive collection practices have caused a sharp
decline in the population of wild Cypripedium, leading to their
endangered status2',

Genetic studies on the interaction between endophytes and
plant hosts are scarce, but it is important to explore the princi-
ples of the interaction between both of them. In this paper, the
endogenous and rhizosphere ITS and 16S sequences of four
Cypripedium species, C. calceolus, C. macranthos, C. shanxiense,
and C. guttatum were analyzed and used to investigate the
structural features and potential functions of these microbial
communities with Cypripedium in Changbai Mountains. In this
paper, the main purpose is to investigate the differences
between the roots and soil microbial communities, to study
which fungi and bacteria play important roles in the growth
process of Cypripedium, and to compare the richness of micro-
bial diversity of four Cypripedium species. Finally, the functions
of the endophytes of the four species, Cypripedium were pre-
dicted. The expression of genes related to plant endophytes
and nutrient cycling can be better understood, and different
genes are involved in plant nitrogen fixation or hormone and
antibiotic production to promote plant growth or alleviate
various stresses and improve agricultural productivity.

In addition, the following hypotheses can be formulated
based on the results of this paper:

1. There is a significant difference in microbial community
structure between endophytic and root environments.

2. Microorganisms can recruit specific flora and thus favor
plant growth.

Materials and methods

Sample collection and treatment

C. calceolus, C. macranthos, C. shanxiense, and C. guttatum
(Fig. 1a—d) four species of Cypripedium were treated as objects
of this experiment. All originated from Changbai Mountain
(altitude 2,500 m, N41°35'-42°25', E127°40'-128°16'), which
have a temperate and cold-temperate continental monsoon
climate. C. calceolus and C. macranthos were located in Yanbian
Korean Autonomous Prefecture, Jilin Province (N42°53'28.28",
E129°30'32.76") and Linjiang City, Jilin Province (N41°48'42.95",
E126°55'4.73"). C. shanxiense and C. guttatum were located in
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Fig. 1 (a) C calceolus, (b) C. macranthos, (c) C. shanxiense, and
(d) C. guttatum.

Baishan City, Jilin Province (N41°56'42.25", E126°25'1.20"). Three
healthy plants of each species were selected from their
habitats. The nutrient roots were cut from the tip of the root
upwards to a length of about 5 cm as root samples, and the soil
within 2 cm from the root surface was used as rhizosphere
samples. No more than 30% of the total roots of the Cypri-
pedium were collected and therefore their growth was not
affected. The collected samples were numbered separately as
(CA, MA, SH, GU) for root samples and (CAS, MAS, SHS, GUS) for
rhizosphere samples, labeled with complete sampling location
time and other information. Root samples need to be preserved
in an appropriate amount of fresh soil and brought them back
to the laboratory in a low-temperature ice box.

Root samples were soaked in 0.1% Tween-20 (0.1%) for 1 h,
followed by rinsing in sterile water to remove surface contami-
nants once, then treated with 2% sodium hypochlorite for
3 min and 75% alcohol for 3 min. The samples were then rinsed
three times with sterile water and dried by wiping them with
sterilized filter paper. Collected the rinse water and used the
plate culture method to verify if the surface disinfection of the
root samples were sufficient. Rhizosphere samples were filtered
through a 2 mm sieve and distributed into 50 mL centrifuge
tubes. After processing, samples were stored at —80 °C for
future use.

DNA extraction and high-throughput sequencing
Roots use the CTAB method to extract DNA, while the
Magnetic Soil and Stool DNA Kit was used to extract DNA from
the rhizosphere soil. The integrity of the DNA samples was eva-
luated using 2% agarose gel electrophoresis. The concentra-
tion and purity of the DNA were determined using the
NanoPhotometer® NP80 (Imlen GmbH, Munich, Germany).
Using the diluted genomic DNA as a template, specific
primers ITS5-1737F (5'-GGAAGTAAAAGT CGTAACAAGG-3') and
ITS1-2043R (5'-GCTGCGTTCT TCATCGATGC-3) were used to
amplify the fungal ITS1 region by PCR. Specific primers 515f (5'-
GTGCCAGCMGCCGCGGTAA-3) and 806r (5-GGACTACHVGGGT
WTCTAAT-3') were used to PCR amplify the V4 region of 165
rRNA. PCR was performed using efficient and high fidelity
enzymes (Phusion® High-Fidelity PCR Master Mix with GC
Buffer from New England Biolabs) to accurate amplification.
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The 30 pL PCR reaction system used contains 15 pL of
20 mmol/L Phusion Master Mix, 3 uL of 2 pmol/L primer, 10 uL of
1 ng/uL g DNA, and 2 plL of ddH,0. The amplification program
is 98 °C pre-denaturation for 1 min; 30 cycles including denatu-
ration at 98 °C for 10 s, annealing at 50 °C for 30 s; extension at
72 °Cfor 30 s; and a final extension at 72 °C for 5 min.

Novogene (Beijing, China) completed library preparation,
homogenization, detection, on machine sequencing, and data
quality control. lllumina MiSeq 6000 (lllumina Inc, San Diego,
CA, USA) performed 150 bp paired-end sequencing. The
obtained raw data was filtered to obtain clean data for bioinfor-
matics analysis. Fastqc initially checks the quality of the raw
data, using Trimmomatic Quality Control, comparing databases
to remove sequences of plant origin, and Fastqc checks the
quality of the sequences after quality control.

Bioinformatics and statistical analysis

Operational taxonomic units (OTUs) clustering analysis of the
clean data was conducted using UPARSE with a 97% similarity
threshold, and homogenization was employed for the subse-
quent studies(?2, QIIME compared OTUs to the Unite and SILVA
databases for species annotation!23l. Based on the OTUs clus-
tering results, the alpha diversity indices, including Chaof,
Shannon, Simpson, and ACE, of the microbial community were
calculated using the 'vegan' package in R to assess the diversity
of the microbial community in all samples, and the dilution
curves were plotted to validate the sequencing results?4l. To
illustrate the community differences between different species,
the VennDiagram of the R package drew Venn diagrams to
determine the species composition of different OTUs[25]. Princi-
pal coordinate analysis (PCoA) and UPGMA hierarchical cluste-
ring based on the UniFrac distance index reveal distinct com-
munity patterns among the samples(2426l, LEfSe analyzed the
differential species in samples between groups?’l. PICRUSt2
and FUNGuild were used to predict the functions of microbial
communities(2829, All heatmaps and histograms were created
using 'ggplot2'BY, Gene sequences were functionally anno-
tated by KEGGB'I,

Results

Microbial community structure in four
Cypripedium species

In this study, lllumina MiSeq sequencing was conducted on
root and rhizosphere samples collected from four species of
Cypripedium. The sequencing results were uploaded to NCBI
under BioProject ID PRIJNA1053683 and PRJNA1053873.
Sequencing results obtained 261,179 fungal and 166,075 bacte-
rial sequences from roots and 249,878 fungal and 170,447
bacterial sequences from the rhizosphere. These sequences
clustered into 2,575 fungal OTUs and 2,251 bacterial OTUs, with
534 fungal OTUs and 1,043 bacterial OTUs were identified in
the root samples. By plotting the rarefaction curves, all samples'
ends tend to be parallel (Fig. 2a, b), indicating that the sequen-
cing data from this study were adequate to encompass most of
the microbial community structure.

In the microbial communities of the roots and rhizosphere
samples of four species, 48 species, 127 classes, 308 orders, 487
families and 852 genera have been found. These include 14
fungal phyla and 34 bacterial phyla. Ascomycota, Basidiomy-
cota, Mortierellomycota, and Chytridiomycota were the
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predominant fungal species at the phylum level. This can be
visualized by plotting in Fig. 3, Ascomycota was generally
highly enriched in the root samples compared to the rhizo-
sphere samples. In contrast, basidiomycetes increased in all
three samples outside MA, but the degree of increase was
much lower than in the rhizosphere samples (Fig. 3a). Within
the endophytic Ascomycota, the genus Cadophora holds an
overwhelmingly dominant position (Fig. 3b). The genus
Cadophora was highly enriched in four species of Cypripedium,
comprising 80.81% + 9.84% of all endophytic fungi. Other
dominant genera were present in each sample, with Russula
and Llyonectria prevalent in CA, Titaea in MA, and Orbilia in GU.
Pseudomonadaceae was commonly found in the roots and soil
of four Cypripedium, but was less abundant in CAS and GUS,
and the Rhizobiaceae was present in both roots and soil within
four Cypripedium (Fig. 3d). All rhizosphere samples were clus-
tered under a single branch, and four root samples of fungi
were similarly located in a separate branch (Fig. 3a & ¢).

Mapping LEfSe (LDA score > 4) based on endophyte and
rhizobial community structure to analyze differences in their
respective community. On the fungal level, Basidiamycota was
the differential species with the highest level of root impact
and Hypocreaceae was the differential species with the lowest
level of roots impact; Cadophora was the differential species
with the highest level of soil impact and Ascomycota was the
differential species with the lowest level of soil impact (Fig. 4a).
On the bacterial level, except for unidentified bacteria.
Acidobacteriota was the differential species with the highest
degree of root influence and 67_14 was the differential species
with the lowest degree of roots influence; Proteobacteria was
the differential species with the highest degree of soil
influence and Agrobacterium was the differential species with
the lowest degree of soil influence (Fig. 4b).

The species with significant differences in fungi were Helo-
tiales and Leotiomycetes (Fig. 5a). In contrast, the significantly
different species of bacteria were mainly Pseudomonas, Rhizo-
biaceae, and Rickettsia (Fig. 5b), and all of these diverse taxa
could be considered potential biomarkers.

Diversity analysis of fungi and bacteria in roots
and rhizosphere

For fungal communities, SH exhibited the highest endo-
phytic fungal community richness in terms of ACE and Chao1
indices, and SH and GU had higher richness than MA and CA.
Regarding Shannon and Simpson diversity indices, CA had the
highest diversity of endophytic fungal communities, while SH
and GU showed lower diversity than MA and CA. In the bacte-
rial community, the alpha diversity of CA was the highest
among four samples. In contrast, its corresponding rhizosphere
sample, indicators for MAS, SHS and GUS are close, CAS, had
the lowest alpha diversity among four rhizosphere samples.
MA, SH, and GU exhibited similar richness indices, with MA
having a lower diversity index than the other samples, SH and
GU, as indicated by the Shannon and Simpson diversity indices.
The calculated alpha diversity of microbial communities
suggested that the diversity of fungal communities within the
same species was lower than that of bacterial communities. In
comparison, the diversity of root samples was lower than that
of rhizosphere samples (Table 1).

To reflect the differences in microbial community structure
between samples, PCoA used two distance algorithms:
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weighted UniFrac distance and unweighted UniFrac distance
(Fig. 6). In the weighted PCoA, the individual root samples were
relatively clustered and the rhizosphere samples were discrete
(Fig. 6a). On the contrary, in the unweighted PCoA (Fig. 6b), the
rhizosphere samples were all relatively clustered, and the root
samples were discrete.

The endophytic fungal communities differed significantly
from the rhizosphere fungal communities. In terms of commu-
nity composition alone, the endophytic fungal communities
still exhibited interspecies differences, while the rhizosphere
fungal communities were rich in species and displayed a more
similar structure. When abundance information was incorpo-
rated into the analysis, it was found that the root samples of
four Cypripedium species had more similar fungal community
structures. In contrast, the dominant fungi differed among the
rhizosphere samples. In both PCoA of endophytic bacterial
communities (Fig. 6b & d), rhizosphere samples were relatively
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clustered, while the root sample CA was dispersed separately in
both analyses.

Analysis of similarities and differences of
microbial communities in roots

With Venn diagrams, it is clear that 534 fungal OTUs gene-
rated from root samples, 12 (2.23%) have been found in all four
species. While 409 (76.16%) OTUs were unique to each sample
(Fig. 7a). No unique fungi were detected that were only
contained in CA and MA and not present in GU and SH. Of the
1,043 bacterial OTUs, 108 (11.56%) OTUs were familiar to four
species, and 573 (61.34%) were unique to each sample (Fig. 7b).
Fungal communities exhibited higher specificity compared to
bacterial communities.

Functional prediction of bacterial communities
A comparison of the data to predict the function found three
main functions of the bacterial community in the results were

Shan et al. Ornamental Plant Research 2024, 4: €028
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membrane transport, carbohydrate metabolism, and amino
acid metabolism. These functions may be associated with the
energy exchange between the bacteria and the host.
A total of 7,533 KOs were identified across all bacterial
communities. Among these KOs, 37 KOs related to nitrogen
metabolism and 63 KOs related to carbon fixation were
screened. The exclusion of low abundance results for these KOs
yielded 30 KOs on nitrogen metabolism and 38 KOs on carbon
fixation. The concentration of these substances were different
from types of Cypripedium according to plotted heat maps. In
KOs of nitrogen metabolism (Fig. 8a), the predominant
enriched KOs in CA included K00459, which is related to the
metabolism of nitroalkane to nitrite, as well as K00266, K00284,
and K00262 associated with the metabolism between ammo-
nia and L-glutamate. In MA, KOs on the transport of extracellu-
lar nitrate were more abundant, with K15578, K15577, and
K15576. SH and GU were enriched in pathways such as assimila-
tory nitrate reduction (M00531), dissimilatory nitrate reduction
(M00530), denitrification (M00529), and complete nitrification
(M00804). Among the KOs related to carbon fixation (Fig. 7b),
four endophytic samples were mainly concentrated in the
reductive citrate cycle (M00173), 3-hydroxypropionate bicycle

-
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(M00376), hydroxypropionate-hydroxybutyrate cycle (M00375),
dicarboxylate-hydroxybutyrate cycle (M00374), and the incom-
plete reductive citrate cycle (M00620).

FUNGuild classified fungi based on their ecological functions
and the content of published articles. FUNGuild was used for all
samples in annotated mode. In the annotation results of
trophic mode, the highest average proportion of symbiotroph
enrichment in root samples was 81.86% + 7.27%, significantly
higher than in the corresponding rhizosphere samples.
Followed by saprotroph, which accounted for 4.90% + 2.21%.
However, except for symbiotrophs, the abundance proportions
of other modes were smaller than those of their rhizosphere
samples (Fig. 8c).

Endogenic bacteria were predominant in the root samples
(Fig. 8d), corresponding to symbiotroph. Compared to
different root samples, CA also showed enrichment with ecto-
mycorrhizal, and the abundance of ectomycorrhizal in its rhizo-
sphere sample was much higher than in other rhizosphere
samples, at 38.20%. The predominant type in rhizosphere

samples was undefined saprotroph, which was 23.75% =+
16.84%, the proportion of each guild varies greatly between
rhizosphere samples. MAS and SHS had similar structures and
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Fig. 5 Used LEfSe analysis of differential microorganisms between roots and rhizosphere. (a) LEfSe analysis of fungal communities. (b) LEfSe

analysis of bacterial communities.

were significantly enriched compared to other rhizosphere
samples, undefined saprotroph-undefined biotroph, plant
pathogen, and soil saprotroph. MAS and GUS were enriched in
plant pathogen-soil saprotroph-wood saprotroph; undefined
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saprotroph of GU accounted for the highest proportion of
51.35%; unique animal pathogen-dung saprotroph-endophyte-
plant saprotroph-soil saprotroph-wood saprotroph accounted
for 4.80%.
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Table 1. Alpha diversity of the endophytic and rhizosphere communities
of four Cypripedium species.

,(S;F?:encmg Sample Shannon Simpson Chaol Ace cg\?grg;e
ITS CA 1.78 0.51 113.53 114.78 1
MA 1.46 0.46 8439 87.77 1
SH 1.43 0.31 26294 267.19 1
GU 1.36 0.35 22547 228.23 1
CAS 5.69 0.93 99548 1006.9 0.99
MAS 7.06 0.98 1,296.84 1,311.9 0.99
SHS 4.21 0.82 686.92 699.65 0.99
GUS 6.01 0.94 961.21 976.04 0.99
16S CA 5.57 0.93 566.56 579.49 0.99
MA 4.66 093 267.52 280.3 1
SH 3.94 0.8 367.05 383.46 0.99
GU 5.13 0.9 362.89 367.69 1
CAS 7.86 0.98 1,049.65 1,073.5  0.99
MAS 8.75 0.99 1,352 1,387.24 0.98
SHS 8.64 0.99 1,295.02 1,31497 0.98
GUS 8.9 1 1,378.62 1,397.67 0.98
Discussion

Structure and diversity of endophytic and
rhizosphere fungi of Cypripedium

Orchids live in symbiosis with mycorrhizal fungi throughout
their growth stages. Mycorrhizal symbiotic structures are
usually influenced by habitat, with differences in endophytic
fungal species detected in Cypripedium from different
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habitatsB2., In this study, the structure of endophytic and rhizo-
sphere total detected 14 fungal phyla, of which Ascomycota,
Basidiomycota, Mortierellomycota, and Chytridiomycota are
the dominant phyla, and among the most enriched Ascomy-
cota, Cadophora was found to be dominant in C. calceolus, C.
macranthos, C. shanxiense, and C. guttatum. Additionally,
Russula, Llyonectria, Titaea, and Orbilia are slightly enriched in
C. calceolus, C. macranthos, and C. guttatum. These low abun-
dance mycorrhizal fungal species also varied, this indicated that
Cypripedium has more symbiotic fungi than other orchids3],
Previous studies have concluded that Tulasnellaceae may be
the ancestor of the orchid fungus mycorrhiza, the three main
categories that have been most reported are Sebacinales, Cera-
tobasidiaceae, and Tulasnellaceael>4-36], However, the experi-
mental results are different from the above conclusions, these
three endophytic fungi were in low abundance in Cypripedium
and are not a dominant species. As mentioned above, the
dominant fungi detected in the four species of Cypripedium in
Changbai Mountain, which do not belong to the same clades as
these three types of dominant fungi commonly found in Cypri-
pedium. Shefferson et al.l39 found the great majority of Cypri-
pedium mycorrhizal fungi were poorly associated with Tulasnel-
laceae, and there are very few Sebacinaceae, Ceratobasidia-
ceae, and the ascomycetous genus in Cypripedium. Additio-
nally, in a study of the diversity of mycorrhizal fungi in C
guttatuml37], that was also associated with another important
mycobiont group, the order Sebacinales. The reason for this
difference in test results can be attributed to the fact that

a b o4
0.4 .
0.2
_ ) o N = C. calceolus
§ 0.0 oy & § 0.0 4 “%us |s C. shanxiense
A S a C. macranthos
S A C. guttatum
= 8
-0.4 & -0.2
A
08 u o4
-0.5 0.0 0.5 -04 -0.2 0.0 0.2
PC1 (62.85%) PC1 (32.15%)
c B d -
0.2
04
0.1 -
< T S = C. calceolus
o 0.0 :‘?‘, 0.2 *C. macranthos
; . R AC. shanxiense
N
S -01 N C. guttatum
a a 0.0 e
A
-0.2 "
-0.2
-04 -0.2 0.0 0.2 -04 -0.2 0.0 0.2

PC1 (47.52%)

PC1(36.68%)

Fig. 6 Reflecting differences in community structure through PCoA analysis based on two distances. (a) PCoA on fungal communities based
on weighted UniFrac distance. (b) PCoA on fungal communities based on unweighted UniFrac distance. (c) PCoA on bacterial communities
based on weighted UniFrac distance. (d) PCoA on bacterial communities based on unweighted UniFrac distance.
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Fig. 7 Venn diagrams showing OTU distribution of (a) fungal,
and (b) bacterial communities in each root sample.

different combinations of selected primers can lead to differ-
ences in fungal community detection resultsi38l. Therefore, the
absence of Tulasnellaceae cannot be regarded as a characteris-
tic of the endophytic community of Cypripedium in the Chang-
bai Mountains.

Orchids live in symbiosis with mycorrhizae throughout their
growth stages, and mycorrhizae are important for the growth
of orchids, mycorrhizal infection is essential for the germina-
tion of all wild orchid seedsB9. Orchids and mycorrhizae
formed a symbiosis and evolved together, and various orchids
have evolved different mycorrhizal fungi to supply their respec-
tive growth requirementsi%l, Therefore, different species of
orchids showed mycorrhizal diversity. Differences in both endo-
phytic and rhizosphere fungi were also found in the detection
of endophytic fungi of four species. The diversity of rhizo-
sphere fungi was significantly higher than endophytic fungi
and it was found that C. macranthos had the highest fungal
diversity in the rhizosphere with the richest rhizosphere fungal
community, whereas C. shanxiense had the lowest fungal diver-
sity and it's rhizosphere community of fungi was simple. In
addition, the same endophytic fungus was found to be present
among all four species of Cypripedium. However, no specific
bacteria were detected in C. calceolus, and C. macranthos. This
difference may be due to the local environment, this issue
needs to be further explored.

Functions of the dominant fungi of Cypripedium
Endophytic fungi interact with orchids, and orchid popula-
tions are dependent on the distribution of orchid fungal mycor-
rhizae. Similarly, the presence of certain mycorrhizal fungi alters
the structure of the entire orchid endophytic fungal commu-
nity. In this paper, Cadopharo was highly enriched in four Cypri-
pedium, containing up to 80.81% + 9.84%. In the study by Cho
et al.l*l it was indicated that Cypripedium japonicum may also
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contain Cadophora. Therefore, Cadopharo may have caused
four endophyte community structures to exhibit similarities.
Consequently, it is also essential to explore the function of
Cadopharo for follow-up exploration.

Cadophora is commonly found in cold, high latitudes and is
associated with wood degradation2. From FUNGuild analysis,
Cadophora was classified as an endophyte. Cadophora is a dark
septate endophyte and can alleviate the impact of abiotic
stress on plants, to promote plant nutrient absorption, and
exhibit inhibitory effects on some pathogenic bacteria3-431,
Based on the abundance detected by the Cadopharo, it can be
concluded that the endophytic fungus Cadopharo contribute
to Cypripedium to adapt to the climate of Changbai Mountain.

Characteristics of endophytic and rhizosphere
bacterial of Cypripedium

Bacteria exist in different tissues of a variety of orchids and
have important biological functions for the growth and deve-
lopment of orchids, such as promoting the germination of
orchid seeds, accelerating plant growth and enhancing resis-
tance. This study detected a total of 34 bacterial phyla.
Proteobacteria, Actinobacteria, Acidobacteriota, Firmicute,
Myxococcota, Bacteroidota, Gemmatimonadetes, and Verru-
comicrobiota were dominant species in the bacterial commu-
nity. Actinobacteria, are further propagated by spores and
have antiparasitic, antiherd-sensing, antiviral and integrative
activitiest*?l. Four species of Cypripedium root endophytes were
detected. Protebacteria and Actinobacteria were prevalent, CA,
MA, and SH, showed enrichment of Protebacteria, but the
species of Protebacteria were different, only GU was mainly
enriched with Actinobacteria. The dominant bacterium in GU
was Streptomyces, which enhances crop resistance to drought
and other abiotic stresses by secreting a secondary metabolite
called predic aids!“6l.

Research has shown that both C. macranthos and C. shan-
xiense showed significant enrichment of Rhizobiaceae and
Pseudomonas, and their bacterial community structures were
relatively similar. The results show that most of the dominant
bacteria among four Cypripedium species are shared, and the
differences in the endophytic communities are mainly affected
by abundance. Among the predominant bacteria in all samples,
Pseudomonas, Rhizobiaceae, and Burkholderiaceae have the
potential to form Rhizoctonial47-49,

The predictive function of 16S regarding nitrogen meta-
bolism and carbon fixation also reflected some differences
between samples. In analyzing the endophytic bacterial func-
tion of Cypripedium, it was found that there are also differences
in the functions of the endophytic bacteria of four Cypripedium.
The endophytic bacterial function of C. calceolus were mainly
related to the metabolism of nitroalkane to nitrite. Whereas the
functions of the endophytic fungi of C. macranthos were mainly
focused on the transport of extracellular nitrate. The endo-
phytic fungal functions of C. shanxiense and C. guttatum were
mainly focused on assimilating nitrate reduction, reducing
nitrate solubility, denitrification, and nitrification completely.
However, these differences were insufficient to fully illustrate
the variations in specific pathways among different Cypri-
pedium bacterial communities. On the one hand, it was limited
by the inability to truly reflect the expression at the DNA level,
on the other hand, it suffered from the insufficient coverage
length of 16S rRNA, this issue still needs further research.
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Bidirectional selection of Cypripedium and
endophytic microorganisms

Roots endophytic microbial communities were usually
influenced by environmental factors, especially the rhizo-
sphere environment, which can directly affect the structure of
endophytic communitiesi®?l. However, this effect is still regu-
lated by plant selection>52. In this study, the composition and
abundance structure of rhizosphere bacterial communities
were relatively similar, while the fungal communities showed
significant differentiation between the rhizospheres of each
species. Ectomycorrhiza often forms mycorrhizal structures
with trees, therefore, it is widespread in forest ecosystems>'l.
The growth of Russula within the rhizosphere of C. calceolus
was facilitated by an ectomycorrhizal fungus that was also
abundant in C. calceolus roots. Differences mainly influenced
this abundance in the rhizosphere community. Titaea was

Shan et al. Ornamental Plant Research 2024, 4: €028

present in all samples except C. calceolus. Russula and Titaea
were recruited from the soil into endophytic communities and
acted as dominant genera.

These results indicate that the rhizosphere community effec-
tively influences the endophytic community of Cypripedium
and recruits different fungi. Plant exudates influence the rhizo-
phere to form different microbial communities. Orchids can
select symbiotic fungi from the rhizosphere, and this bidirec-
tional selection contributes to the specificity of endophytic and
rhizosphere communitiesi>2. However, Cadophora was not
dominant in the rhizosphere community, while Mortierella,
which exists in the rhizosphere, was similarly not dominant in
the endophytic community. The rhizosphere community does
not accurately represent the endophytic community in real
time. Orchids continuously recruit endophytic fungi that are
beneficial to them as they grow, and the rhizosphere fungal

Page9of 11



Ornamental
Plant Research

community is constantly changing with plant growth and envi-
ronmental changes. In contrast, fungi surviving in endophytic
environments remain homeostatic compared to the rhizo-
sphere community, although they are equally affected by plant
selectionl>253], This interaction between different root exudates
and rhizosphere microbial communities has also been demon-
strated in poplarst#. Therefore, further research on the effects
of plant rhizosphere exudates on plant-specific endophytic
communities is also crucial, which can provide a theoretical
basis for promoting plant growth.

Conclusions

This study conducted a high-throughput sequencing investi-
gation of endophytic and rhizosphere microbial communities
in C. calceolus, C. macranthos, C. shanxiense, and C. guttatum in
Changbai Mountains. There were 14 fungal phyla detected in
the endophytic fungal community of four Cypripedium species,
of which the predominant fungal species included Ascomycota,
Basidiomycota, Mortierellomycota, and Chytridiomycota.
Within the endophytic Ascomycota, the genus Cadophora was
highly enriched within four Cypripedium, containing up to
80.81% =+ 9.84%. Cadophora affected the endophyte communi-
ties of four Cypripedium species and contributed to the adapta-
tion of four Cypripedium species to the climate of Changbai
Mountains during their growth. The endophytic fungal commu-
nity structure of roots and rhizosphere also varied considerably.
The diversity of the rhizosphere fungi community was more
abundant than that of the endogenous fungi community. The
fungal community richness of four Cypripedium, in descending
order, was C. shanxiense, C. guttatum, C. calceolus, and C.
macranthos. The bacterial community composition formed a
diverse core flora in different Cypripedium species. A total of 34
bacterial phyla, mainly composed of Pseudomonadaceae,
Rhizobiaceae, Streptomycetaceae, Burkholderiaceae, and Rick-
ettsiaceae. Similarities in endophyte communities of bacteria
were over similarities in the endophytic communities of fungi.
The functions of endophytic bacteria are mainly concentrated
on the reductive citrate cycle, 3-hydroxypropionate bicycle,
hydroxypropionate-hydroxybutyrate  cycle, dicarboxylate-
hydroxybutyrate cycle, and the incomplete reductive citrate
cycle. In this study, Cypripedium may have a unique microbial
community structure in the Changbai Mountains, follow-up
studies on the effects of environmental differences in the struc-
tural composition of endophytic bacteria in Cypripedium need
to be intensified and the role of these dominant endophytes in
the growth and development of Cypripedium.
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