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ABSTRACT

We isolated endophytic Fusarium strains from the healthy roots, stems, and leaves of Dendrobium
moschatum to investigate their plant growth-promoting activities in vitro. Subsequently, Indole
acetic acid (IAA) was quantified and the laaM gene (responsible for IAA synthesis in fungi) was
amplified and sequenced. Finally, a germination assay was performed with seeds of D. moschatum
and a plant growth assay with protocorms of Dendrobium longicornu to test their plant growth-
promoting activities. Five Fusarium isolates (CDS11, PDL1, PDL3, PDR6, PDR7) were identified in
this study. The highest amount (60ugmli™") of indole acetic acid was recorded in the PDR7 extract,
whereas it was not detected in PDR6 and CDS11. The fungal extracts of isolates PDR6 and PDR7
were highly effective for seed germination by approximately 80% and 90% (respectively) of the
host plant. The fungal extract of PDR7 showed a high IAA content and promoted in vitro seed
germination of the host (D. moschatum) and protocorm development of the non-host
(D. longicornu). In contrast, IAA content in the fungal extract of PDR6 remained undetected but
was effective in both seed germination and protocorm development. Our results demonstrated
the potential beneficial application of endophytic Fusarium in orchid mass propagation.
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Introduction

Plant growth-promoting effects of endophytic
microbes have been reported in various orchids [12-
21]. Indole-3-acetic acid (IAA) is a naturally occurring

Orchids are the most diverse group of plants occurring
in all continents, except Antarctica. According to
a recent study, Nepal’s diverse ecosystems are home

to approximately 501 species of orchids [1]. Due to
overexploitation and forest loss, several species are in
danger of extinction [1,2]. Orchidaceae has been
reported as the second-largest plant family in Nepal
[3,4]. Dendrobium is the largest genus in the orchid
family in Nepal. Twenty-nine Dendrobium species have
been reported in Nepal [5]. Dendrobium species have
been extensively studied for their phytochemical, anti-
oxidant, and free radical scavenging properties [6-9].
Dendrobium moschatum considered in this study is
well-known for its musk-smelling fragrance and its
ornamental and therapeutic qualities [10]. It is
a common epiphytic orchid with an upright cylindrical
stem, uneven bilobed leathery leaves and deep yellow
colored flower that grows in the temperate regions of
northeastern India, Nepal, and Bhutan [11].

plant hormone that is generally referred to as auxin.
They play a crucial role in plant growth and develop-
ment. It participates in cell signaling and coordination,
cell elongation, cell division, and root initiation and
elongation [22]. TAA is produced by two pathways:
tryptophan-dependent and tryptophan-independent.
The try-dependent pathway plays a critical role in
embryonic development, seedling growth, flower and
vascular tissue development, and other physiological
processes. Several reports have demonstrated the ability
of endophytic fungi to use the tryptophan dependent
indole-3-acetamide (IAM pathway) for IAA production
[23-25]. The first described orchid endophytes were
Fusarium spp., which used the IAM pathway for IAA
synthesis [26]. Non-pathogenic, endophytic Fusarium
spp. have been consistently reported in orchid species
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as plant growth promoters, stimulators for seed germi-
nation, and immunomodulators for abiotic and biotic
stress [4,27]. In this study, we aimed to 1) isolate and
identify endophytic fungi from native Dendrobium
moschatum, 2) quantify the IAA concentrations in fun-
gal extracts, and 3) experimentally test the ability of the
extracts to improve germination and plantlet develop-
ment in the host (Dendrobium moschatum) and a non-
host orchid (Dendrobium longicornu) in vitro.

Material and methods

Sample collection and isolation and identification
of fungi

In the present study, we selected Dendrobium moscha-
tum growing in a natural temperate habitat,
Makwanpur District, central hills (Hetauda) of Nepal.
Roots were excised from the wild species, wrapped with
tissue paper, placed in zipper bags, and transferred to
the laboratory. Healthy D. moschatum roots, stems, and
leaves of Dendrobium moschatum were processed for
surface sterilization [28]. Roots were gently washed in
running water to remove dust particles and then treated
with 3% sodium hypochlorite (NaOCI) for 30 s, fol-
lowed by treatment with 75% ethanol for 1 min. After
this step, it was rinsed with sterile distilled water and
dried with a sterile paper towel in laminar wood under
aseptic conditions. The outer epidermal layer was
removed to prevent contamination. The fungi were
isolated from sterile plant tissues. The Plant tissues
(root, stem, and leaves) were placed in potato dextrose
agar (PDA) or Czapek Dox Agar (CDA) medium and
incubated for 7 days at 28°C. Fungi grown from plant
tissues were isolated and cultured based on their
growth patterns and morphotypes.

DNA isolation of DNA the CTAB method. In this
regard, 5 g of the plant part was harvested and ground
in liquid nitrogen with a pre-chilled mortar and pestle.
The entire content was then transferred to an oak ridge
tube. CTAB extraction buffer (10 ml of CTAB extrac-
tion buffer was added to the powder and the tube was
incubated for 1h with occasional mixing by gently
inverting the tubes. After 1h, 10ml of chloroform:
isoamyl alcohol was added to the tube to separate
DNA from other impurities. The upper layer was trans-
ferred to a new tube with the help of cut tips to this 0.1
ml of 3 M sodium acetate buffer (pH 5.2). Thereafter, 2
ml of ice-cold ethanol was added. The tube was spun at
12,000 rpm and the supernatant was removed, and the
pellet was washed with 70% ethanol and again spun for
10 min at 10,000 rpm. The pellet was dried at room
temperature, and 200 uL of TE buffer was added to it

along with 10 uL of RNase -A and incubated for 30 min
at 37°C. DNA aliquots were stored at 4°C.Polymerase
chain reactions (PCR) were performed on a Mini-cycler
TM (MJ] Research, Reno, NV, USA). PCR Products
were analyzed by gel electrophoresis on 1% agarose
gels, stained with ethidium bromide, and visualized
under UV light. After purification with mini-columns,
the purified DNA was directly sequenced. The primers
used were ITS1 and ITS4. The PCR was programmed as
follows: initial denaturation at 94°C for 5 min. followed
by 35 cycles at 94°C for 5 min and 57°C for 1 min and
at 72°C for 1 min with a final extension step at 72°C for
10 min. The amplified fragments were separated on 1%
agarose gel using 1 x TAE buffer at 80 V for 20 min.
and was examined using a gel documentation system.

Phylogenetic analyses

The generated consensus sequences of ITS and LSU
were subjected to BLASTn search against the
GenBank database for identifying closely related taxa.
Reference sequences of closely related taxa were
selected based on NCBI nBLAST. The sequences were
automatically aligned in the MAFFT version 7 (http://
mafft.cbrc.jp/alignment/server/index.html) using
default settings [29] and trimmed using trimAl
(https://ngphylogeny.fr/tools/) [30]. Maximum likeli-
hood (ML) and phylogenetic analyses were performed
for combined gene datasets ITS was done on MEGA 11
tool [31] under the GTR+GAMMA substitution model
and 1,000 bootstrap iterations.

IAA quantification and gene amplification

Czapek dox agar (CDA) medium (20 mL, pH 6.5) was
used to cultivate the fungal isolates, either with or
without 1mg L-tryptophan supplement [32,33]. The
inoculated broths were incubated in a shaker incubator
set to 25°C and 120 rpm for ten days. Following
incubation, they were centrifuged for 10 minutes at
4°C at 12,000 rpm. One milliliter of the supernatant
and two milliliters of Salkowski reagent were com-
bined, and the mixture was incubated in the dark for
30 min to measure the amount of IAA produced. The
optical density was measured at 530 nm once a pink
hue appeared using a UV-VIS spectrophotometer
(ChromTech-CT 8200). The IAA concentration in
the extract was measured using independently created
standard TAA curves (10-100 ug ml™"). Three biologi-
cal replicates were used for each experiment.
Amplification of IaaM gene was performed as
described with primers F- AGT GAC CAG CCT
GCT GAT TTC CCT CG and R- AAG ATC GCA
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GCC ATT GAG TTG TGC [26]. The PCR amplifica-
tions were performed in Veriti thermal cycler (Applied
Biosystems, Singapore), following conditions: initial
denaturation at 94°C for 5min. followed by 35 cycles
at 94°C for 5min and 57°C for 1 min and at 72°C for
1 min with a final extension step at 72°C for 10 min.
The amplified fragments were separated on 1% agarose
gel using 1xTAE buffer at 80V for 20 min. and
examined using a gel documentation system [26].

Germination and protocorm development
experiment

The seed germination assay was performed with the seeds
of D. moschatum whereas protocorm development experi-
ment was done for D. longicornu. The fungal extracts were
prepared from CDS11, PDL1, PDL3, PDR6 and PDR?. For
each of the five isolates, fungal extract solution was pre-
pared from the supernatant of 10-day old isolates inocu-
lated in Czapek broth medium supplemented with 1 mg
tryptophan. The broth was centrifuged at 5000 rpm, and
the supernatant was filtered through Whatman filter paper
grade 1:11 ym (medium flow filter paper). MS medium
supplemented with fungal extracts (250 pl per liter) was
prepared. The medium was then autoclaved 121°C for
20 min. The surface-sterilized seed pod of Dendrobium
moschatum was placed on a sterile Petri dish containing
sterile filter paper to soak the surface moisture from its
surface. The seed pod was then cut longitudinally into two
halves using a sterile surgical blade. Microscopic seeds of
orchids were scooped out with the help of a sterile spatula
and inoculated on full-strength MS medium as a control
and medium supplemented with extracts from the five
Fusarium isolates. Approximately 15-20 seeds were plated
in each culture tube, and 15 replicates were established to
represent each of the six experimental treatments. Seeds
were incubated at 25 + 2°C under a 16/8 hrs photoperiod
for ten weeks. Another experiment was performed using
previously grown protocorms of the congeneric orchid
D. longicornu. Aseptically grown initial-stage protocorms
of D. longicornu were inoculated on full-strength MS med-
ium as a control and medium supplemented with 2%
fungal extract. We prepared six replicates for each of the
six treatments. Each replicate vessel contained 15 proto-
corms, which were maintained at 25 + 2°C under the range
of 500-1000 lux illuminance for 16/8 h (light/dark) photo-
period using white fluorescent tubes (Philips, India) [34].
Germination was recorded at an interval of three weeks for
ten weeks. Protocorm development was estimated by
recording the number of roots and shoots at an interval
of two weeks for seven weeks.
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Data analysis

IBM SPSS 20 was used to analyze the data generated
from the TAA quantification experiment and the ger-
mination and protocorm growth experiments. IAA
concentrations (with or without tryptophan) in the
five isolates were compared using one-way Analysis of
Variance (ANOVA) with the alpha error level set at
p <.01 (Tukey’s HSD test). Next, Analysis of Variance
(ANOVA) was used to compare the germination per-
centages in D. moschatum and the root and shoot
numbers in D. longicornu in response to the six experi-
mental treatments. The responses were considered sta-
tistically different at p <.05. (Tukey HSD test).

Results

Isolation and identification of plant
growth-promoting fungi from Dendrobium
moschatum

The fungal isolates PDR6 and PDR7 were obtained
from the roots, PDL1 and PDL3 from the leaves, and
CDSI11 from the stems. All five isolates belonged to the
Fusarium genus and were identified using internal tran-
scribed spacer sequence (ITS) analysis. The phyloge-
netic analysis of ITS sequences data of 61 strains of
Fusarium species of which Fusarium zealandicum CBS
11.93 and Fusarium venezuelense NRRL 2239 were out-
group as displayed in Figure 1. Our isolates CDS11,
PDR6 and PDL3 showed clustered with Fusarium ver-
ticillioides, whereas PDL1 clustered with Fusarium oxy-
sporum. The number of fungal isolates, their identities,
and their ITS GenBank accession numbers are listed in
Table 1.

Indole acetic acid quantification and gene
amplificaiton

Indole acetic acid in the culture medium was quanti-
fied using Salkowski reagent. The absorbance of
indole acetic acid (IAA) was measured at 530 nm,
and the culture extracts contained varying amounts
of TAA. The maximum concentration of indole acetic
acid (60pgml-1) was found in broths supplemented
with tryptophan for endophyte PDR7, whereas endo-
phyte PDL1 had the lowest IAA content (24ugml-1).
However, as illustrated in Figure 2, TAA was either
undetectable or insignificant in the remaining fungal
broth, both with and without tryptophan. The DNA
extracts of all isolated endophytic fungi were sub-
jected to IaaM gene amplification. In this regard,
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Figure 1. Phylogram generated from maximum likelihood analysis based ITS sequences of the Fusarium species. Maximum likelihood
bootstrap support values = 69% are shown in the nodes. Newly generated sequences of the isolates CD11, PDL1, PDL3, PDR6 and
PDR?7 are indicated in bold. The tree was rooted with Fusarium zealandicum CBS 11.93 and Fusarium venezuelense NRRL 2239.

Table 1. Molecular identification of endophytic fungi isolated from healthy tissues of Dendrobium moschatum.

Isolation medium and source tissue Fungal taxonomy Isolates Query Coverage Identity match (%) GenBank Accession no. (ITS)
CDS11* Fusarium sp. 2 100% 100% MN256662
PDL1** Fusarium sp. 2 100% 100% MN256663
PDL3** Fusarium sp. 3 99% 99.82% MN256661
PDR6*** Fusarium sp. 2 99% 99.64% MN256657
PDR7*** Fusarium sp. 1 99% 99.64% MN256658

*CDS ‘CD’ represents CDA medium, ‘S" Stem.
**PDL represents the PDA medium, ‘L'leaf section.
***PDR represents ‘PD’ PDA medium, ‘R’ root.

Fusarium sp. specific primers for the IaaM gene were
used to amplify the IaaM gene present in the endo-
phytic fungi. The partial amplified DNA fragment
was approximately 400 bp. The amplified PCR pro-
ducts were purified, sequenced, and deposited in the
NCBI database under GenBank accession numbers
(Table 2).

Germination and protocorm development
experiment

The effect of the fungal extract on seed germination per-
centage was measured and compared with that of the con-
trol. The seed germination assay was kept for ten weeks
until the seeds turned green (Figure 3). The significance
level of the seed germination assay was set at p <.05. The
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Figure 2. Auxin concentration in fungal extracts with and without added tryptophan. The experiment was repeated three times.
Extract from PDR7 had the highest concentration of indole acetic acid (IAA). The bar represents mean + SE (n = 3). Values with
different letters are significantly different at p < .05 (Tukey test). ‘#" indicates the absence of IAA.

Table 2. Five endophytic fungi and their lJaaM GenBank acces-
sion number.

Isolates Taxon GenBank Accession no. (laaM gene)
CDS11* Fusarium sp. MK281637
PDL1** Fusarium sp. MK281638
PDL3** Fusarium sp. PQ067510
PDR6*** Fusarium sp. PQ014737
PDR7*** Fusarium sp. PQ067510

*CDS ‘CD’ represents CDA medium, ‘S’ Stem.
**PDL represents the PDA medium, ‘L'leaf section.
***PDR represents ‘PD’ PDA medium, ‘R’ root.

fungal extracts of isolates PDR6 and PDR7 were highly
effective at approximately 80 and 90% (respectively) for
seed germination. The plant growth assay was performed
with protocorms of D. longicornu and extracts prepared
from the fungal isolates CDS11, PDR6, PDR7, PDL3, and
PDLI. The protocorms were allowed to grow the MS media
containing 2% of fungal extract for seven weeks to observe
the growth of the protocorms (Figure 4). The protocorms
treated with fungal extracts of PDR6 and PDRY in this
experiment showed enhanced growth in terms of length
and number of roots and shoots. Both PDR6 and PDR7
showed a five-fold increase in root length and a four-fold
increase in shoot length compared to the control.
Comparatively, PDR6 and PDR7 both had two- and three-
fold increases in the number of roots, and both showed
a five-fold increase in the number of shoots. Whereas
CDS11 showed the least growth (Figure 5). The significance
level of the protocorms development assay was set at
p <.05.

Discussion

Fusarium is an important group of non-mycorrhizal
orchid fungi that have been reported as endophytes or
pathogens based on the type of host tissue (healthy or
diseased) [27,28]. They have been reported to originate
from the roots, stems, and leaves of several orchids and
are known to stimulate seed germination and plant
growth [35-40]. Fusarium sp. was the first non-
Rhizoctonia-like fungus reported to show a symbiotic
association with orchid species [41]. Moreover, it is an
orchid endophyte known to produce active metabolites
in the host orchid [42-45] Crous et al 2019. Recent
studies have shown that Fusarium is a common endo-
phyte isolated from Dendrobium species [46].
A previous study indicated that Fusarium which may
be a pathogenic or orchid-associated endophyte, may
have a distinctive interaction with Dendrobium spp
[47]. Dendrobium nobile and D. moschatum were
infected with Fusarium proliferatum NRRL and
F. fujikuroi IMI58289. F. proliferatum ET1 did not
show any fungal infection. In addition, the plants
remained healthy and asymptomatic which indicates
the endophytic and beneficial nature of Fusarium spe-
cies isolated from healthy plant material. Previous stu-
dies have shown that Fusarium sp. extracts isolated
from D. longicornuu and Vanda cristata significantly
promote the growth of in vitro-grown protocorms of
Cymbidium and D. longicornu [14,15]. However, we
cannot deny the pathogenicity of Fusarium species in
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Figure 5. In-vitro plant growth assay of Dendrobium longicornu grown (a) on Murashige & Skoog (MS) media (control), or in MS
media supplemented with fungal extract: (b) PDR6, (c) PDR7.



orchids species. There are several reports regarding
leaf-blight disease in orchids [48]. Fusarium and any
other endophytes may become pathogenic depending
on the plant’s age, immunity, abiotic stress or nutrient
deficient condition [49,50].

Opverall, the present study showed that most of the
isolates were able to produce indole acetic acid as well
as enhance in vitro plant growth and development. IAA
production may be correlated with the coupling effect
of two genes, IaaM (encoding tryptophan monooxy-
genase) and IaaH (indole-3-acetamide hydrolase) of the
IAM pathway. This pathway has been reported to be
fully functional only in orchid endophytes, especially
Fusarium sp [26,51]. The fungal extracts of these iso-
lates promoted growth of in vitro grown seeds of the
host, as well as protocorm development of non-host
orchids.
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