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ABSTRACT Dendrobium ovatum is a tropical epiphytic orchid endemic to the Western Ghats of India and has been listed as
a threatened species in recent research due to its declining populations and changes in flowering and fruit set patterns. This
study aims to investigate the mycoflora associated with the roots, stems and leaves of D. ovatum. Both surface‐associated
and endophytic fungal associates were isolated and identified using morphological and molecular methods. The study
resulted in the isolation of 139 cultures, which were divided into 24 morphotypes, 99% of which belonged to Ascomycota.
The most dominant members, Trichoderma harzianum and Colletotrichum gloeosporioides, were consistently observed across
all the study sites. Tissue‐specific fungal diversity analysis revealed that each organ was dominated by a distinct fungal
group, forming characteristic communities specific to each tissue. The roots of D. ovatum exhibited the highest species
richness and diversity, compared to the stem and leaves. This research also represents the first documentation of fungal
associates of the threatened orchid D. ovatum.
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1. Introduction

Orchids are a vast and diversified group of plants, highly
valued for their long lasting and captivating blooms. In
dia boasts a rich diversity of orchids, with nearly 1,300
recorded species distributed throughout the country (Adit
et al. 2022; Pal et al. 2022). They are widely distributed
in the tropical and temperate regions of the world with
high humidity. Though cosmopolitan in distribution, they
are particularly vulnerable to habitat loss and deforestation
(Purwantoro et al. 2023; Vitt et al. 2023), and conservation
efforts can help decrease their extinction rates (Ilham et al.
2022). A comprehensive investigation of the threatened
plants in India by Barik et al. (2018) underscored the fam
ily Orchidaceae as themost susceptible group, encompass
ing approximately 23% of all the threatened plant species
in the country.

D. ovatum, commonly known as the GreenLipped
Dendrobium, is an epiphytic orchid endemic to the West
ern Ghats and its spillover regions. The genus Dendro
bium, with approximately 1,400 species, holds signifi
cant importance in horticulture, floristry, and traditional
medicine due to its wide range of benefits (Pujari et al.
2021). Also, it is the source of ‘Moscatilin’, a bibenzyl ac

tive principle with anticancerous, antiinflammatory, an
tioxidant, antimutagenic activity, and forms a component
of many ayurvedic formulations (Pujari et al. 2021). Due
to the massive trading and marketing of the genus, Den
drobium has been included in Annexure II of the Conven
tion on International Trade in Endangered Species of Wild
Fauna and Flora (CITES) (Pujari et al. 2021; Vitt et al.
2023).

D. ovatum blooms during November to December, fol
lowing the postmonsoon season in the tropics, when the
temperatures are conducive for the flowering and fruit set
ting. The seeds require a minimum of two years to reach
the reproductive stage, with a germination rate of less than
20% in the wild, even under favourable conditions encom
passing all factors (Pujari et al. 2021; Pujari and Sankar
Babu 2022). Moreover, the absence of beneficial fungal
biota, the presence of parasitic fungi in the soil, and sea
sonal changes can lead to delayed seed germination and
a prolonged vegetative phase, ultimately leading to their
decreased population in the wild (Pujari et al. 2021; Pyati
2022).

Orchids can be considered as flagship species that re
flect the health of an ecosystem, as their wellbeing re
lies on active interactions with numerous other life forms
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throughout their life cycle (Liu et al. 2023). Notable
among these interactions is their dependence on fungi for
nutrient acquisition, particularly during seed germination,
growth, and the development of protocorm, as they lack
endosperm (Fay 2018). Some of these fungal associations
may persist into the adult stage, including in photosyn
thetic orchids. Thus, the diversity and distribution of the
latter can be correlated with the composition of their asso
ciated fungi (Pecoraro et al. 2018).

Endophytes are microorganisms that colonise the in
ternal tissues of plants asymptomatically, showing no
symptoms of infection. The distribution of orchids re
lies on the interaction between orchid mycorrhizal fungi
(OMF) and diverse orchid nonmycorrhizal fungi (ONF)
(Li et al. 2021). In many cases, ONF (distributed over
110 genera) outnumber OMF (Ma et al. 2015) and ex
hibit tissue or organ specificity (Fitzpatrick et al. 2020),
that may in turn modify the hostfungal interactions. Un
derstanding such interactions between the above ground
and below ground fungi is imperative in shaping the host
phenotype (Dastogeer et al. 2020). Many of such associ
ated fungi have been isolated and successfully integrated
in the conservation efforts of wild orchids (Yang et al.
2020). For instance, ecologicalspecific fungi of Dendro
bium officinale have been isolated and used to prepare or
chid seedfungi bags for restoring them in natural habitats
(Wang et al. 2021). Despite the ecological significance and
threatened status of D. ovatum (Barik et al. 2018), little
is known regarding their above ground and below ground
fungal associates. This knowledge gap is of paramount
significance as these associations play pivotal role in pro
moting growth and general fitness of the host, improv
ing stress tolerance, and mediating mycorrhizal associa
tions (Chand et al. 2020; Shan et al. 2021). Moreover,
the comparative study of the epiphytic and endophytic my
coflora of orchids helps in comprehending fungal ecology
and generating approaches suitable for plant conservation,
by offering deeper insights into plantmicrobial interac
tions (SalazarCerezo et al. 2018). Hence, our hypothe
sis revolves around the potential presence of discrete fun
gal species within the distinct tissues of D. ovatum col
lected from diverse habitats, which may throw light onto

the complex web of relationships that fortify its ecological
success through orchidfungal coevolution.

2. Materials and Methods

2.1. Study area and plant collection
Twigs of D. ovatum were collected from various locations
of Pathanamthitta district, Kerala state, India and taken to
the laboratory in polythene bags for inoculation within 24
hours of collection. Roots, stems, and leaves were used to
isolate fungal associates. The collection sites were limited
to natural wild habitats, excluding cultivated areas, and the
specimens were collected during May to October (2020
2022), corresponding to the period of vegetative growth
in the plant. The plants were devoid of leaves during the
flowering and fruiting time (November to April) (Figure
1).

2.2. Isolation of fungal associates of D. ovatum
The root, stem, and leaf segments of D. ovatum were
surfacesterilized and used for the isolation of endo
phytic fungi, whereas nonsurfacesterilized tissue seg
ments were used for the isolation of surface associated fun
gal isolates. Surface sterilization was performed following
the methods of Ma et al. (2015) and Sarsaiya et al. (2019).
To summarize, the tissue segments were treated using 70%
ethyl alcohol for 30 seconds followed by 0.5% HgCl2 for
3 5 minutes, and then rinsed four times with sterile dis
tilled water. These sterilized tissues were dried on a ster
ile filter paper, cut into small pieces, teased with sterile
blade and inoculated into Potato Dextrose Agar (PDA)
plates and Czapek Dox Agar plates supplemented with
50 µg/mL ampicillin, to prevent the growth of endophytic
bacteria. To test the effectiveness of surface sterilization,
the sterilized tissue segments were imprinted onto PDA
plates and checked for the growth of fungal hyphae. All
the plates were incubated at 28–30 °C and regularly mon
itored for the emergence of fungal hyphae up to 2 weeks.
The isolates were transferred to fresh PDA plates, checked
for its purity by observing the growing hyphal tips under
compound microscope, later transferred to PDA slants and
stored at 4 °C.

(a) (b)

FIGURE 1 (a) Sampling sites of D. ovatum in Pathanamthitta district, Kerala, India (b) Flowering twig of D. ovatum
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2.3. Identification of fungal associates
The specieslevel identification of the fungal isolates was
conducted using a combination of cultural, micromorpho
logical, and molecular characteristics. The observed cul
tural characters included color of the colony (front and re
verse), growth rate, and color of spores produced (if any).
Additionally, the microscopic details of conidiophores and
conidia were noted in each case. The morphological iden
tity of the isolates was confirmed using the analytical ser
vices of Agharkar Research Institute, Pune, India.

The molecular sequencing of the isolates was done
utilizing the microsatellite DNA fingerprinting and DNA
barcoding services of Rajiv Gandhi Centre for Biotech
nology (RGCB), Thiruvananthapuram, for confirming the
species level identification. The DNA was isolated in
pure form, and its quality was checked using agarose
gel electrophoresis for all the isolates. For the species
level identification of fungal isolates, the Internal Tran
scribed Spacer (ITS) region of rRNA was amplified using
the primers ITS_1F (TCCGTAGGTGAACCTGCGG) and
ITS_4R(TCCTCCGCTTATTGATATGC) for all the iso
lates (White et al. 1990). In cases where ITS did not work
well, large subunit (LSU) of the rRNA was amplified, as
they also form valuable in species identification of fungi
(Raja et al. 2017). Forward primer LR0R (ACCCGCT
GAACTTAAGC) and reverse primer LR7 (TACTAC
CACCAAGATCT) were amplified for LSU. The DNA
sequencing was performed using the BigDye Terminator
v3.1 Cycle sequencing Kit (Applied Biosystems, USA) in
a PCR thermal cycler (GeneAmp PCR System 9700, Ap
plied Biosystems) adhering strictly to the manufacturer’s
guidelines. All the sequences were submitted to NCBI,
accession numbers were obtained.

2.4. Analysis of fungal diversity
The total number of isolates (n) was used as the basis for
assessing the fungal diversity. The isolation rate, measur
ing the fungal richness was calculated by dividing the total
number of isolates from specific tissues or sites by the total
number of tissue segments analyzed (Huang et al. 2008).
The colonization rate was determined by dividing the to
tal number of isolates obtained from specific tissue by the
total number of taxa from all tissues and was expressed in
percentage. The relative frequency, which indicates fun
gal density, was expressed as a percentage. It was cal
culated by dividing the number of isolates of a particular
species by the total number of isolates and multiplying by
100 (Huang et al. 2008).

Camargo’s index (1/S) was calculated to determine
the fungal dominance, where S determined the species
richness. If Pi > 1/S, a species was considered domi
nant, where Pi is the number of species in an area. The
Simpson’s index (D), Simpson’s Diversity index (1D)
and Simpson’s Reciprocal Index (1/D) and Shannon Di
versity Index (H) were calculated for each tissue and
each collection site. The Plieou’s Evenness Index/Species
Evenness (E) was determined according to the formula

E=H/ln(S). Jaccard’s index was calculated using the fol
lowing formula and was used to compare the similarities
between fungal taxa isolated from different tissues and
sites (Magurran 1988).

J = a/(b+ c− a) (1)

where, a= number of taxa shared by both communities b
and c= number of taxa in each of the two communities
(tissues/sites).

The spatial distribution of the isolated fungal strains
in different tissues were analyzed using the VENNTURE
tool (Martin et al. 2012).

3. Results and Discussion

A total of 270 tissue segments of D. ovatum (nine sur
face sterilised and nine non surface sterilised root, stem
and leaf segments from five different locations) were anal
ysed for the isolation and identification of fungal asso
ciates. 139 fungal strains were isolated from the 270
tissue segments examined and grouped into 24 morpho
types based on their consistency in the morphological
characteristics on PDA and Malt Extract Agar (MEA).
Of the 24 morphotypes, 11 were found as surface asso
ciates, and 13 were isolated as endophytes from differ
ent tissue segments. These morphotypes were distributed
across eight genera, namely Trichoderma, Colletotrichum,
Fusarium, Alternaria,Malassezia,Diaporthe, Lasiodiplo
dia, and Starmerella. The morphology of all the sporulat
ing cultures were authenticated and the cultures were de
posited at the National Fungal Culture Collection of India
(NFCCI), Agharkar Research Institute, Pune (ARI), and
accession numbers were obtained (Supplementary Table
1). The molecular sequencing of all the isolates were per
formed, and the data was compared against the morpho
logical characters to finalise the identification of the iso
lates. The 24 morphotypes isolated along their systematic
position, NFCCI, and NCBI accession numbers are listed
in Table 1.

Out of the total isolates, 99% (138 cultures) belonged
to the Ascomycota, represented by six orders, namely
Hypocreales (54.17%), Glomerellales (25%), Pleospo
rales (8.34%), Diaporthales (4%), Saccharomycetales
(4%) andBotryosphaeriales (4%), while the remaining one
isolate belonged to Basidiomycota, represented by a sin
gle memberMalassezia japonica (Figure 2). Relative fre
quency measuring the fungal density was found to be high
for Trichoderma harzianum (23.02%) followed by Col
letotrichum gloeosporioides (20.86%)

To isolate the endophytic members, surface steriliza
tion formed a crucial step as the imprinting method con
firmed the absence of any surface isolates. Twelve fun
gal taxa were isolated from the roots, six from the leaf,
and six from the stem segments. Trichoderma sp. was
found to be the most prominent surface associate and was
isolated from the root, stem, and leaf segments exam
ined. These also showed endophytic representation in the
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TABLE 1 The fungal associates of D. ovatum along with their NFCCI and NCBI accession numbers.

Nature Identification Division, Order, Family NFCCI Accession
Number

NCBI Accession
number Primer used

Ro
ot
Su
rf
ac
e
as
so
ci
at
e Trichoderma harzianum Rifai Ascomycota, Hypocreales,

Hypocreaceae NFCCI 5172 OQ552832 ITS

Trichoderma lentiforme (Rehm) P.
Chaverri, Samuels & F.B. Rocha

Ascomycota, Hypocreales,
Hypocreaceae NFCCI 5173 OQ552839 ITS

Trichoderma reesei E.G. Simmons Ascomycota, Hypocreales,
Hypocreaceae NFCCI 5174 OQ552833 LSU

Trichoderma asperellum Samuels,
Lieckf. & Nirenberg

Ascomycota, Hypocreales,
Hypocreaceae NFCCI 5175 OQ552842 ITS

Trichoderma lixii (Pat.) P. Chaverri Ascomycota, Hypocreales,
Hypocreaceae NFCCI 5176 OQ552840 ITS

Ro
ot
En
do
ph
yt
e

Colletotrichum coccodes (Wallr.) S.
Hughes

Ascomycota, Glomerellales,
Glomerellaceae NFCCI 5177 OQ552841 ITS

Fusarium oxysporum Schltdl. Ascomycota, Hypocreales,
Nectriaceae NFCCI 5178 OQ552845 ITS

Trichoderma viride Schumach. 1803 Ascomycota, Hypocreales,
Hypocreaceae NFCCI 5179 OQ552844 LSU

Trichoderma asperellum Samuels,
Lieckf. & Nirenberg

Ascomycota, Hypocreales,
Hypocreaceae NFCCI 5180 OQ552846 LSU

Trichoderma harzianum Rifai Ascomycota, Hypocreales,
Hypocreaceae ‐ OR116249 ITS

Alternaria alternata (Fr.) Keissl. Ascomycota, Pleosporales,
Pleosporaceae ‐ OR119829 LSU

Malassezia japonica Sugita, M.
Takash., M. Kodama, Tsuboi & A.
Nishikawa

Basidiomycota, Malasseziales,
Malassesziaceae ‐ OR116193 LSU

Le
af

su
rf
ac
e

as
so
ci
at
e Colletotrichum gloeosporioides (Penz.)

Penz. & Sacc. complex
Ascomycota,
Glomerellales,Glomerellaceae NFCCI 5279 OQ552855 LSU

Trichoderma harzianum Rifai Ascomycota, Hypocreales,
Hypocreaceae NFCCI 5280 ‐ Morphology

Le
af
en
do
ph
yt
e Colletotrichum gloeosporioides (Penz.)

Penz. & Sacc. complex
Ascomycota, Glomerellales,
Glomerellaceae NFCCI 5273 OQ552848 ITS

Alternaria alternata (Fr.) Keissl. Ascomycota, Pleosporales,
Pleosporaceae ‐ OR116195 ITS

Colletotrichum gigasporum Rakotonir.
& Munaut

Ascomycota, Glomerellales,
Glomerellaceae NFCCI 5274 OQ552849 LSU

Diaporthe tulliensis R.G. Shivas,
Vawdrey & Y.P. Tan

Ascomycota, Diaporthales,
Diaporthaceae ‐ OQ552850 ITS

St
em

su
rf
ac
e
as
so
ci
at
e Trichoderma sp. Ascomycota, Hypocreales,

Hypocreaceae NFCCI 5276 ‐ Morphology

Colletotrichum gloeosporioides (Penz.)
Penz. & Sacc. complex

Ascomycota,Glomerellales,
Glomerellaceae NFCCI 5277 OQ552852 LSU

Trichoderma harzianum Rifai Ascomycota, Hypocreales,
Hypocreaceae NFCCI 5278 OQ552851 LSU

Starmerella etchellsii (Lodder &
Kreger‐van Rij) C.A. Rosa &
Lachance

Ascomycota,
Saccharomycetales,Incertae
sedis

‐ OQ555614 LSU

St
em

En
do
ph
yt
e Colletotrichum gloeosporioides (Penz.)

Penz. & Sacc. complex
Ascomycota,Glomerellales,
Glomerellaceae NFCCI 5275 OQ552853 LSU

Lasiodiplodia theobromae (Pat.)
Griffon & Maubl.

Ascomycota, Botryosphaeriales,
Botryosphaeriaceae ‐ OQ552856 LSU

root segments. The major endophytic representation was
Colletotrichum sp. These strains were also isolated as
surface associates from the leaf and stem segments ana

lyzed. While considering the other six strains, apart from
Starmerella, all the others were exclusively isolated as en
dophytes (Figure 3).
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FIGURE 2 The culturable fungal associates from root, stem and leaves of D. ovatum

The relative frequency of isolation from different tis
sues and different sites of collection is represented in Fig
ure 4. Trichoderma and Colletotrichum were consistently
isolated from every collection site, indicating their strong
association with the host plant. Maximum number of iso
lates was obtained from the roots (45.32%), followed by
stem (36.69%) and leaves (17.98%). Collection site 2 with
25.89% isolates was the most diverse, followed by site 1
with 21.58% isolates.

The roots ofD. ovatum exhibited higher diversity than
the leaves and stems, as indicated by Simpson’s Diversity
index (1D) and Simpson’s Reciprocal index (1/D). Ad
ditionally, the Shannon diversity index also highlighted
the roots as the most diverse tissue (H=2.08) (Table 2).

The Jaccard’s indices showed the that similarity between
stem and leaf was highest (J= 0.25), followed by root and
leaf (H= 0.154), and the lowest similarity was between
root and stem (J= 0.071) (Figure 5). Collection site 1 and
site 2 showed maximum similarity (J= 0.8125). Jaccard’s
similarity index between different collection sites is repre
sented in Table 3.

3.1. Discussion

The Western Ghats are one of the richest centres of biodi
versity, housing almost 123 endemic orchid species (Jalal
and Jayanthi 2012). D. ovatum is an endemic species more
common to many regions in Central and SouthernWestern
Ghats. The flowering and fruit set of the endemic orchid,

FIGURE 3 Diversity of surface associates and endophytes in various tissue segments of D. ovatum; E‐ Endophyte; S‐ Surface Associate. The
numbers following the letters denote the number of species.
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FIGURE 4 Relative frequency of isolation from root, stem and leaves of D. ovatum and various locations.

D. ovatum has been significantly impacted by changing
climatic conditions, further exacerbated by human activ
ities such as urbanization, and deforestation (Pujari et al.
2021). The availability of suitable OMF and ONF fungi is
crucial for orchid seed germination as well as their contin
ued existence, and the lack thereof can negatively affect its
propagation in the natural environment. However, the mi
crobiological associations of D. ovatum have not been ex
plored yet. Hence, this study focussed on investigating the
diversity of fungal associates ofD. ovatum is of paramount
significance for the development of scientific knowledge
as well as the ecological and conservational applications
they have.

The present work showed the dominance of As
comycetes both in surfaceassociated and endophytic fun
gal isolates of D. ovatum. Trichoderma, Colletotrichum,
Fusarium, Alternaria, Lasiodiplodia, and Diaporthe were
the strains frequently observed in the present study, of

which, the first three were listed as the most prevalent
nonmycorrhizal endophytes in orchids (Ma et al. 2015;
De Mers 2022). The results are also consistent with the
findings of Yuan et al. (2009) in their study on Dendro
bium nobile. Previous reports, also show that the major
ity of these nonmycorrhizal fungal associates of orchids
are represented by Ascomycota and less frequently by Ba
sidiomycota (Li et al. 2021; Adit et al. 2022). The ab
sence of mycorrhizal fungi in the present study might be
attributed to the limited occurrence of extensive mycor
rhizal infections in tropical adult epiphytic orchids (Wang
et al. 2022), which instead exhibit greater nonmycorrhizal
diversity (Ma et al. 2015).

In the present study, the genus Colletotrichum and Tri
choderma were identified as the predominant endophytic
and surface associated fungal taxa of D. ovatum, respec
tively. These were isolated from all the plant parts anal
ysed, with a higher representation of Colletotrichum sp.

TABLE 2 Diversity analysis between various plant tissues and collection sites.

Plant Tissues Collection sites
Root Leaf Stem Site 1 Site 2 Site 3 Site 4 Site 5

Total no. of isolates (n) 63 25 51 30 36 29 23 21
Isolation Rate 0.70 0.57 0.28 0.56 0.67 0.54 0.43 0.39
Colonisation Rate (%) 45.32 36.69 17.99 18.87 22.64 18.24 14.47 13.21
Species richness (S) 10 5 5 15 14 12 10 11
Camargo’s index (1/S) 0.1 0.2 0.2 0.067 0.071 0.083 0.100 0.091
Simpson’s index (D) 0.13 0.22 0.25 0.1 0.1 0.11 0.15 0.15
Simpson’s Diversity Index (1‐D) 0.87 0.78 0.75 0.9 0.9 0.89 0.85 0.85
Simpsons Reciprocal Index (1/D) 7.57 4.55 3.97 10.12 9.84 9.23 6.84 6.77
Shannon Diversity Index (H) 2.08 1.45 1.43 2.38 2.34 2.21 1.99 2.05
Plieou’s Eveness Index/Species
Eveness (E) 0.904 0.904 0.889 0.877 0.885 0.891 0.864 0.857
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TABLE 3 Jaccards Similarity index between the five different col‐
lection sites.

Sites 1 2 3 4 5

1 0.8125 0.6875 0.666 0.733
2 0.733 0.714 0.786
3 0.571 0.643
4 0.615
Numbers 1 to 5 represent the five different locations shown in the
map of study area.

in the stem and leaves, while Trichoderma sp. was more
prevalent in the roots (Figure 5). Notably, our findings
revealed that the genus Colletotrichum and Trichoderma
were consistently seen across all the study locations,
highlighting their ecological plasticity and indispensable
role in the growth and reproduction of orchid species.
This observation was supported by the Jaccard’s Similar
ity Index. Several pathogenic and nonpathogenic Col
letotrichum, likeC. boninense, C. camelliaejaponicae, C.
fructicola, C. jiangxiense, C. gloeosporioides species ex
hibit an asymptomatic endophytic nature in living plant
tissues, including orchids (Ma et al. 2018; Parthibhan et al.
2017), and most of them are known to promote host plant
growth and provide resistance against stress and disease
(Ma et al. 2018; da Silva et al. 2020). Additionally, they
are latent pathogens that remain in a quiescent stage, until
any alterations in the physiological state of the host plant
leading to stress conditions emerge. This statement is re
inforced by the fact that many of the endophytic fungi
are closer relatives of pathogens on the same or related
host, and might have evolved directly from the pathogenic
strains (Carroll 1988). Our findings align with previous
studies where Trichoderma species, particularly, T. ree

sei, T. harzianum, T. koningiopsis, T. atroviride with plant
growth promoting capabilities, were isolated and identi
fied from healthy orchid tissues (Hajong andKapoor 2020;
Alomía et al. 2022; Morgan et al. 2022; Woo et al. 2023).
This may be due to their rapid colonization capability and
ability to form symbiotic associations with plants, partic
ularly in the rhizosphere region (Sood et al. 2020).

Additionally, Colletotrichum gloeosporioides and
Starmerella etchellsiiwere identified as surface associates
of stem and leaf of D. ovatum. Literature analysis indi
cates that Starmerella sp. is a less frequent plant endo
phyte but is commonly found as an episphere inhabitant
in various plant species (Félix et al. 2022). Our findings
are consistent with this report since, Starmerella was iso
lated as a surface associate from the stem ofD. ovatum and
was found at only one location in our study, with an RF of
1.44%. Our study, also identified Malassezia japonica as
a root endophyte from a single location, with a relative
frequency (RF) of 0.72%. While Malassezia species is a
common skin pathogen, they have been reported to asso
ciate with the plant root surface (Amend 2014). M. japon
ica was recently reported as endophyte of Silybum mari
anum (Abdusattorova et al. 2024). The genus Malassezia
serves as endophytes in orchids (Wang et al. 2022), but
their association with Dendrobium species has not been
extensively documented.

Microbial diversity, also tends to vary among differ
ent plant tissues due to differences in plantderived re
sources, variations in tissue structures, as well as exposure
to different environmental conditions (Fitzpatrick et al.
2020). Tissuespecific diversity of associates, species
richness, colonisation rate, and isolation rate were found to
be higher in roots, suggesting that roots may be providing
a better ecological niche for the colonisation of associated

FIGURE 5 Venn diagram showing distribution of fungal isolates in various tissues of D. ovatum.
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mycobiota. Moreover, the humusrich barks of the tropi
cal host trees may be an ideal habitat for a various fungal
species colonising the roots of orchids. This is in accor
dance with the findings of Jin et al. (2017), who reported
higher diversity of endophytes in the roots ofD. officinale.
Several studies have reported limited overlap between the
leaf and root microbial communities (Rodriguez and Red
man 2008), which aligns with our observation. Tissue spe
cific fungal diversity analysis revealed that each organ is
dominated by a distinct fungal group, forming character
istic communities specific to each tissue, as visualised in
Figure 5.

The concept of holobiont has gained much attention
over the past few years, and an increased number of re
search works have been popping out that emphasize the
role of associated microbiota in conserving the hosts.
This aspect is particularly significant for threatened orchid
species on the brink of extinction. Many of the associated
microbiota isolated in our study have been reported to pos
sess various plant growthpromoting activities such as the
production of plant growth hormones, solubilization of in
organic phosphates, nitrate assimilation, and siderophore
production (Jin et al. 2017; Chand et al. 2020; Deepthi and
Ray 2021). Additionally, these microorganisms exhibit
indirect effects such as HCN production, catalase activ
ity, and antibacterial and antifungal properties, thereby in
hibiting the growth of phytopathogens and improving the
overall plant health (Rajan et al. 2022). The fungal as
sociates of orchids have also found application in symbi
otic seed germination of rare and threatened orchids, and in
their reintroduction programs (Yang et al. 2020). Several
endophytic fungal strains from orchids have also proved
to promote the vegetative growth of ornamental orchid
species (Deepthi and Ray 2021). Overall, the consistent
occurrence of the isolates from all the locations studied,
highlight the potential of these fungal associates in shap
ing the phenotype and ecology of the hosts, thereby modi
fying its overall physiology and interactions with the envi
ronment. Therefore, the successful conservation of any or
ganism should consider the associatedmicrobiota, because
a healthy microbiome serves as an indicator of a healthy
organism.

4. Conclusions

The present study resulted in the isolation and identifica
tion of fungal associates from the roots, stem, and leaves
of the threatened orchidD. ovatum. Amidst the challenges
posed by climate change, identifying, preserving, and nur
turing the diverse microbiota associated with any host can
contribute to their successful conservation and longterm
survival. Hence, this study act as an initial step towards a
more comprehensive understanding of the ecological and
conservation aspects of orchidfungal relationship.
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