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Fusarium oxysporum KB-3 from Bletilla striata: an orchid
mycorrhizal fungus
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Abstract
Orchid mycorrhizal fungi are essential for the seed germination and vegetative growth of orchids. The orchid Bletilla striata has
great medical value in China because its tuber is rich in mannan. Some endophytic fungi were isolated from the roots ofB. striata.
The isolate KB-3 was selected for experiments because it could promote the germination of B. striata seeds. Based on morpho-
logical characters and phylogenetic analysis, the isolate KB-3was identified asFusarium oxysporum. Co-cultivation experiments
of KB-3 with B. striata and Dendrobium candidum were performed to demonstrate orchid mycorrhizal structures. Microscopic
examination showed that KB-3 established colonization and produced coiled hyphal structures known as pelotons within the
cortical cells of both orchid roots. The results confirm that F. oxysporum KB-3 can behave as an orchid mycorrhizal fungus.
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Introduction

The Orchid family, which contains more than 25,000 species
in 780 genera, is one of the largest plant families (Jones 2006).
Various orchid species are widely used as herbal medicines
including Bletilla striata and Dendrobium candidum. The tu-
ber of B. striata is rich in mannan so that this orchid plant has

been used in the treatment of hemoptysis and hemorrhage
from gastric ulcer and trauma (Bulpitt et al. 2007). Orchid
seeds contain few nutrient reserves due to their small size.
Compatible mycorrhizal fungal species are therefore neces-
sary to provide nutrients to germinating orchid seeds for the
development of the protocorm and further differentiation of
the root, stem, and leaf (Rasmussen 1995; Yeung 2017).
Mycorrhizal fungi assist orchid plants to improve water and
nutrient uptake, plant growth, toxin endurance, and disease
resistance while forming coiled hyphal structures known as
pelotons within cortical cells (Yao et al. 2002; Artursson et al.
2006; Smith and Read 2008; Ding et al. 2014). These symbi-
otic relationships are essential for the survival of orchids
throughout all life stages (Zhao et al. 2014).

Mycorrhizal fungi can penetrate and colonize orchids
at all stages of their life cycle (Rafter et al. 2016;
Dearnaley et al. 2016). The fungal hyphae enter the roots
mostly by penetration through root hairs or directly
through the epidermis in some epiphytic orchid species
(Sathiyadash et al. 2012; Williamson and Hadley 1970).
Different from arbuscules formed by arbuscular mycorrhi-
zal fungi, hyphae of orchid mycorrhizal fungi coil up
tightly to form hyphal pelotons, which can occupy the
whole plant cell. Subsequently, pelotons senesce and col-
lapse, and the host cell can digest the fungal structures
and retain its nutrients (Dearnaley et al. 2016).
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Identification of orchid mycorrhizal fungi was usually
difficult due to the lack of teleomorph stage of isolates
(Andersen and Rasmusen 1996), and isolates obtained by
regular isolation methods may actually be saprotrophs or
pathogens (McCormick et al. 2004). DNA barcoding tech-
niques made it possible to accurately identify fungi from
pure cultures or directly from orchid tissue without the
isolation process (Dearnaley et al. 2013). Most of the
known orchid mycorrhizal fungi are “Rhizoctonia like fun-
gi” in Basidiomycota such as Ceratobasidiaceae,
Tulasnellaceae, and Serendipitaceae (Weiß et al. 2016).
Some species of Ascomycetes may be potentially mycor-
rhizal fungi in orchid roots. Up to now, seven new species
of Colletotrichum spp. (Colletotrichum bletillum ,
C. caudasporum , C. duyunensis , C . endophytum ,
C. e x c e l s um -a l t i t udum , C. gu i z houen s i s , a nd
C. ochracea) have been reported as endophytes from
Bletilla ochracea root tissue (Tao et al. 2013). However,
few fungi have been reported as mycorrhizal fungus from
Bletilla root specifically because co-incubation of potential
fungi with orchid seedlings (Bidartondo et al. 2004), seeds,
or mature orchid plants is required to confirm the mycor-
rhizal colonization. Understanding the specificity of the
fungal-orchid symbiotic association is essential for orchid
cultivation and conservation, however, little is known
about the compatibility between various fungal species
and orchid species. Sporadic studies showed that some
orchids require certain fungal species for seed germination.
Such specificity was observed for Mycena anoectochila,
M. orchidicola, and M. dendrobii, which were beneficial
for Anoectochilus roxburghii, but could not promote seed
germination of Dendrobium (Liu et al. 2010). As the orchid
plant develops and the root ages, a switch of fungal partner
in the fungal symbiont may happen (Dearnaley 2007) and
the specificity may become less stringent (Bayman et al.
2016; Hadley 1970). Mycorrhizal fungi can promote the
vegetative growth of the mature orchid plant (Liu et al.
2010) or even other non-orchid plants, such as the
Serendipita indica, which is a plant growth-promoting fun-
gus with significant potential in crop production (Weiß
et al. 2016; Varma et al. 2012).

Many wild orchid species are endangered because of
unsustainable harvest for the orchid trade as well as the
loss of habitat. To conserve the orchid species in the wild,
farm-based cultivation of B. striata is a rising industry in
China. Therefore, a full understanding of the symbiosis
and identifying the mycorrhizal fungal partners of
B. striata is essential to improve its cultivation and to
protect the wild B. striata resource. The objectives of this
study are (1) to isolate and identify mycorrhizal fungi
associated with B. striata and (2) to characterize the col-
onization of a GFP-transformed mycorrhizal fungus in
orchid roots.

Materials and methods

Fungal isolation and morphological identification

Bletilla striata samples were collected from Zhongxiang
County, Hubei Province, China (31° 09′ N, 112° 39′ E, alti-
tude 500 m) in July 2015. A modified single peloton isolation
method was used to isolate the mycorrhizal fungi (Warcup and
Talbot 1967). B. striata roots were rinsed with running water
for 20 min, surface-sterilized with 75% ethanol for 90 s and
2% NaOCl for 3 min, then rinsed in sterilized water for 3
times. Surface sterilized roots were transferred to autoclaved
glass slides and then sliced into segments of 0.1–1 mm× 1 cm
in length under a dissecting microscope. After microscopic
examination, segments with ellipsoid hyphal coils (pelotons)
were transferred to an autoclaved 1.5-mL centrifuge tube with
300 μL sterilized water, then vortexed for 10 min to release
the pelotons. The peloton suspensions were dispensed and
spread onto potato dextrose agar (PDA) with gentamicin
(100 μg/mL), and chloramphenicol (17 μg/mL), then incubat-
ed at 28 °C. After five to seven days, hyphal tips were trans-
ferred to new PDA plates for purification. Purified mycelia
were transferred to PDA plates and incubated at 28 °C for
three days. Sporulation of the isolates was induced on carna-
tion leaf agar (CLA) at 28 °C for seven days. Plates were
exposed to ultraviolet radiation for 2 h on the fourth day to
stimulate sporulation. Nine Fusarium spp. and one
Rhizoctonia sp. were obtained from the isolation process. A
representative Fusarium sp. isolate KB-3 was selected for
further research because of its seed germination-promoting
potential in the preliminary experiment (Fig. 1a).

Molecular identification and phylogenetic analysis

The pure culture of KB-3 was inoculated on PDA plates at
28 °C for seven days to extract the total genomic DNA using
the CTAB method (Stenglein and Balatti 2006). Total DNA
products were dissolved in 50 μL of distilled deionized water
and stored at − 20 °C. The fungal internal transcribed spacer
region of chromosomal DNA sequence (rDNA-ITS) and the
translation elongation factor (EF1α) of KB-3 were amplified
with primer pair ITS4/ITS5 (White et al. 1990) and EF1-728F/
EF1-986R (Carbone and Kohn 1999).

The PCR reactions were performed with 20 μL reaction
volumes (3 μL gDNA, 10 μM forward primer, 10 μM reverse
primer, 2 × PCR Master Mix (Takara, Japan)) in GeneAmpR
PCR System 2700 (Applied Biosystems, USA) under the fol-
lowing program: 94 °C for 2 min, 30 cycles of denaturation at
94 °C for 40 s, annealing at 55 °C for ITS and 58 °C for EF1
for 60 s, extension at 72 °C for 60 s, and final extension at
72 °C for 10 min. The amplicons were sequenced
(SinoGenoMax, China) then deposited in the GenBank nucle-
otide database (accession numbers MF457482 and
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MK138899). Additional sequences were retrieved from
GenBank (Table 1 in the ESM). All the sequences were aligned
with the online tool MAFFT (http://www.ebi.ac.uk/Tools/msa/
mafft/) (Katoh and Toh 2010). Neocosmospora solani CBS
140079 was used as an outgroup in the phylogenetic analysis
with PAUP v4.0b10 (Swofford 2003). Unweighted parsimony
(UP) analysis was performed. Trees were inferred using the heu-
ristic search optionwith TBRbranch swapping and 1000 random
sequence additions, branches of zero length were collapsed and
all equally, most parsimonious treeswere saved. Tree length (TL)
, consistency index (CI), retention index (RI), and rescaled con-
sistency index (RC) were calculated for the generated parsimony
trees. The models of evolution were estimated by using
MrModeltest v.2.3 (Nylander 2004). The final phylogenetic tree
was viewed and edited in FigTree 1.43.

Protoplasts and plasmids preparation

The protoplasts of isolate KB-3 were prepared using the method
described by Vollmer and Yanofsky (1986) with minor modifi-
cations. The fungi were cultured in 200mLpotato-dextrose broth
(PDB) at 28 °C with vortex at 120 rpm/min for 48 h. Mycelia
were filtered with three layers of sterilized lens paper, rinsed with

sterile 0.8 M NaCl then transferred to a sterile 50-mL centrifuge
tube on ice. The lysing enzymes (200 mg driselase and 100 mg
lywallzyme) were added into the tube at 30 °C, 80 rpm/min., and
incubated for 3.5 h. The liquid was filtered through three layers
of sterilized lens paper to collect the released protoplast. The
filtrate was centrifuged for 10 min at room temperature,
3000 rpm/min. The pelleted protoplasts were re-suspended with
20 mL STC solution (1.2 M sorbitol, 50 mM Tris-HCl (pH 8.0),
and 50 mM CaCl2) and centrifuged again for 10 min at 4 °C,
5000 rpm/min. Protoplasts were re-suspended and adjusted to 2–
5 × 107/mL with STC solution. E. coli, which harbors pCT74
plasmid with the GFP gene, hygromycin B resistance gene,
and the ToxA promoter of Pyrenophora tritici-repentis (Freitag
et al. 2001; Lorang et al. 2001), was incubated overnight at 37 °C
in 50mLLBbrothwith 50μg/mL ampicillin. PlasmidDNAwas
harvested using Mini Plasmid DNA Extract Kit (OMEGA) fol-
lowing the manufacturer’s manual and confirmed by 1% agarose
gel electrophoresis.

Fungal transformation

In a sterile 50-mL disposable centrifuge tube, 1 mL of proto-
plast solution was gently mixed with 10–20 μg pCT74

Fig. 1 The morphology of F. oxysporumKB-3 and its effect on promoting seed Germination of B. striata. (a) F. oxysporumKB-3 co-incubated with the
seed of B. striata. (b) The front of KB-3 colony. (c) The reverse of KB-3 colony. (d – f) Micro- and macro- conidia of KB-3. (Bars = 50 μm)
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plasmid, 25 μL 2 × STC solution, and 25 μL 60% PEG 4000
solution and incubated on ice for 20 min. A total of 1.2 mL of
40% PTC solution was added into the tube. After 20 min on
ice, 4 mL STC solution was added into the tube with gently
turning upside down to induced cell wall reviving at 28 °C,
90 rpm/min for 10–15 h. Thereafter, 100 μL of the solution

was transferred to PDA media with 150 μg/L hygromycin B
and 50 μg/L ampicillin (amp). After incubation at 28 °C for
four to seven days, resistant colonies were checked by micro-
scopic examination with a fluorescence microscope (SUNNY
XY-RFL) and 488 nm blue excitation light. Transformants cul-
tured on PDA and CLA plates supplemented with 150 μg/L

Fig. 2 Phylogenetic tree of
Fusarium spp. constructed with
ITS and EF
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hygromycin B were examined for the morphological and cul-
tural characteristics.

The colonization and growth promoting effects
of KB-3 in orchid plants

To prepare the growth substrate, peat and humic soil
were mixed by the volume ratio of 1: 1 and then
autoclaved at 121 °C, 110 KPa for 2 h. KB-3
transformant was inoculated into 200 mL PDB and incu-
bated at 28 °C for seven days, then centrifuged at
3000 rpm for 10 min to collect the mycelia. Mycelia
were re-suspended with 200 mL sterilized water and
mixed with the substrate. Substrate for the control group
was mixed with 200 mL sterilized water. Five pots
(2.5 L) were filled with 2 L substrate for the treatment
and control group. B. striata tissue-culture seedlings at a
similar growth stage were gently rinsed with sterile wa-
ter. Plant roots were wounded with sterilized insect nee-
dle and soaked in 1.0 × 106/mL KB-3 transformant spore
suspension for 60 min. The roots of the control group
were wounded with sterilized insect needle and soaked in

sterilized water for 60 min. Four seedlings were planted
in each pot, 20 seedlings were planted in total for each
group. All plants were cultured in a growth chamber
(25 °C, 12 h day/night photoperiod, 3500 lx). Sixty days
later, 15 seedlings were randomly selected from the ex-
perimental groups for the measurement. The above-
ground part of the plant was cleaned to measure the
height and fresh weight. Thereafter, biomass was dried
at 40 °C for 36 h to measure the dry weight. Statistical
analysis (t test) of the treatment and control groups were
performed in R, graphs were generated in SigmaPlot 14
(Systat Software, Inc., USA).

Twenty Dendrobium candidum seedlings were inocu-
lated as described above to visualize the fungal coloni-
zation. Three B. striata and D. candidum plants from the
experimental groups were randomly selected for micro-
scopic examination. The roots were gently washed with a
sponge in sterilized water then were soaked in 70% al-
cohol for 1 h. The roots were manually sliced to sections
(30–100 μm) under a dissecting microscope. Sections
were observed with 488 nm blue excitation light by a
fluorescence microscope (SUNNY XY-RFL). For bright

Fig. 3 The transformation of
isolate KB-3. a Colony of fungal
wild type. b Colony of GFP-
transformant. c, e Bright-field
microscopic images of (c) micro-
and macro- conidia and (e)
hyphae. d, f Fluorescence
microscopic images with 488 nm
blue excitation light of GFP-
transformant (d) micro- and
macro- conidia and (f) hyphae,
(bars = 20 μm)
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field microscopic observation, the root sections with
green fluorescence were soaked in 2.5% KOH for 2 h
at room temperature, rinsed with sterile water for three
times, and dried with autoclaved paper towel. After im-
mersion in 5 M HCl for 10 min, root sections were
stained with 0.05% trypan blue solution for 30 mins
and examined in bright field under a microscope
(SUNNY XY-RFL).

Results

Morphological and molecular identification of isolate
KB-3

After three days incubation of isolate KB-3 on PDA me-
dia at 28 °C, colonies were white to grayish-violet with
white, floccose aerial hyphae. Macroconidia were long,
straight to falcate, dorso-ventral sides, hyaline, three to

four septate, 30.09 ± 3.80 μm long × 3.708 ± 0.39 μm
wide (n = 26). Microconidia were formed abundantly on
long and short monophialides oval to obovate, zero to
one septate, 11.94 ± 4.37 μm long × 3.05 ± 0.44 μm wide
(n = 39) (Fig. 1). The morphological characteristics were
identical to the previous description of F. oxysporum.

The ITS and EF1 sequences are 557 bp and 284 bp respec-
tively. The BLAST search results showed these sequences are
100% and 99% identical to the sequences of multiple
F. oxysporum isolates. The combined dataset of ITS and
TEF1 included 45 sequences and consisted of 1260 total char-
acters, of which 760 characters are constant, 103 variable
characters are parsimony uninformative, and 397 characters
are parsimony-informative. The most parsimonious analysis
generated three equally parsimonious trees, the one with
shortest tree length (TL = 1189, CI = 0.631, RI = 0.831,
RC = 0.524, HI = 0.369) was displayed in Fig. 2. Isolate KB-
3 located on the same clade of multiple endophytic or patho-
genic F. oxysporum isolates.

Fig. 4 The growth promoting effect of B. striata inoculated with the KB-
3 GFP-transformant after 60 days. a B. striata were inoculated with the
KB-3 GFP transformant (left) and with sterile water (right). (b, c) the

effect of the KB-3 GFP-transformant on the height (b) and weight (c) of
B. striata (all P values < 0.001)
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The transformation of F. oxysporum KB-3

One transformant which expressed GFP constitutively was
retained for subsequent experiments. The hyphae,
macroconidia, andmicroconidia fluoresced bright green under
the fluorescencemicroscope (Fig. 3). Themorphological char-
acters of the colonies and spores are identical with the wild-
type isolate KB-3.

Growth promoting effect of endomycorrhizal
F. oxysporum KB-3 in B. striata

After 60 days of incubation, B. striata from the treat-
ment group, which was co-cultivated with F. oxysporum
KB-3, showed significant increase in height, fresh
weight, and dry weight (all P values < 0.001) compared
to the control group, which was mock-inoculated with
sterilized water (Fig. 4). The result indicated a

s ign i f i can t p lan t g rowth promot ing e ff ec t o f
F. oxysporum KB-3.

Colonization of F. oxysporum KB-3 in B. striata
and D. candidum

Root sections of B. striata roots inoculated with the KB-3
transformants were observed under the SUNNY XY-RFL
fluorescence microscope. Roots of the plantlets showed
massive pelotons in the cortex cells (Fig. 5). The sections
inoculated with transformants showed that many
subsphaeroidal pelotons colonizing inside the cortex cells
emitted bright green fluorescence under 488 nm blue exci-
tation light (c, d), but the control had no hyphal pelotons so
that no fluorescence spot occurred inside in the cortex cells
(a, b). Transverse sections containing pelotons stained with
trypan blue indicated that blue hypha entered roots through
root hairs to eventually colonize and form hyphal pelotons

Fig. 5 B. striata root colonization
by the KB-3 GFP-transformant
60 days after inoculation. a, b
B. striata root section of the
control group in bright-field (a)
and fluorescence microscopy (b),
and c, d fungal pelotons in the
root section of B. striata
inoculated with GFP transformant
in bright-field (c) and
fluorescence microscopy (d). e
Penetration of KB-3 GFP-
transformant through root hair
(arrow) and the development in
cortex and epidermal cells stained
with trypan blue. f Pelotons
(arrows) in root cells stained with
trypan blue (a–d, 100 ×, bar =
200 μm; e–f, 200 ×, bar = 20 μm)
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in the cortical cells (e, f). At first, when an external hypha
entered a root hair (black arrowheads), it continued to grow
along the root hair into epidermal cells (e). Afterward, the
mycelia developed and stretched crookedly from cell to cell
until colonizing and forming pelotons (black arrowheads)
in cortical cells of the roots of B. striata (f), pelotons in
adjacent cells were connected by a winding hypha.

Similar to B. striata, large numbers of pelotons and typical
orchid mycorrhizal structures were observed in the root cortex
cells of D. candidum inoculated with the transformants
in vitro (Fig. 6). These pelotons could emit bright green fluo-
rescence under 488 nm blue excitation light (c, d), but the
control had no pelotons so that no fluorescence spot occurred
inside in the cortex cells (a, b). After staining with trypan blue,
transverse sections illustrated that the hyphae penetrated
through the wall of cortical cells and continuously spread in-
ward, then formed deep-colored pelotons in the center of cor-
tical cells (e, f).

Discussion

In this study, a non-pathogenic mycorrhizal fungal isolate was
collected from the roots of a wild B. striata. The isolate was
identified as F. oxysporum based on morphology and molec-
ular phylogenetic analysis. After successful transformation of
the isolate with the GFP gene, transformants were co-cultured
with two orchid species, B. striata and D. candidum. The
results showed that isolate KB-3 significantly promoted the
vegetative growth of both orchid species; typical orchid my-
corrhizal structures were observed in their roots.

Basidiomycetes are more commonly reported as orchid
mycorrhiza than ascomycetes (Rasmussen 2002; Dearnaley
2007), though various pezizalean ascomycetes species have
been reported as mycorrhizal fungi from Epipactis spp.
(Tesitelova et al. 2012). Several Fusarium spp. isolates have
been reported to stimulate seed germination in the terrestrial
orchid Cypripedium reginae (Vujanovic et al. 2000) to

Fig. 6 Dendrobium candidum
root colonization by KB-3 GFP-
transformant 60 days after
inoculation. a, b D. candidum
root section of the control group
in bright-field (a) and
fluorescence microscopy (b). c, d
Fungal pelotons in the root
section of D. candidum
inoculated with GFP transformant
in bright-field (c) and
fluorescence microscopy (d). e, f
Pelotons in root cells stained with
trypan blue (a–d, 100 ×, bar =
200 μm, e: 200×, bar = 20 μm, f:
400×, bar = 10 μm)
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promote seedling growth and to form endomycorrhiza in
Eulophia alta (Johnson et al. 2007), Cattleya skinneri, and
Brassavola nodosa (Ovando et al. 2005), but detailed identi-
fication of these isolates was not achieved. The F. oxysporum
species complex includes plant pathogens, opportunistic hu-
man pathogens, plant endophytes, and plant saprophytes
(Laurence et al. 2014). In orchid roots, pathogenic
F. oxysporum has been reported as the causal agent of root
rot in Cymbidium orchids (Benyon et al. 1996). F. oxysporum
has also been reported as an endophyte from a threatened
terrestrial orchid Pecteilis susannae (L.) Rafin based on se-
quencing of ITS amplicons, pure cultures were not obtained to
confirm the mycorrhizal status of F. oxysporum in co-
incubation essays with this orchid (Chutima et al. 2011).
Similar as other orchid mycorrhizal fungi (Sathiyadash et al.
2012; Williamson and Hadley 1970), the hyphae of
F. oxysporum KB-3 also entered the B. striata roots by pene-
tration through root hairs then formed pelotons within cortex
cells.

The application of the fluorescent protein transformation
technique in fungi allows studying the fungal cell dynamics
and visualizes the fungi in host-parasite interactions (Lorang
et al. 2001). Fungal strains tagged with this fluorescent protein
have previously been used in many arbuscular mycorrhizal
fungi to study the colonization within the plant tissue
(Pimprikar et al. 2016; Genre et al. 2008). The GFP-
transformation of an orchid mycorrhizal fungus has not been
reported yet. The successful fungal transformation in this
work demonstrated that GFP-labeled F. oxysporum KB-3
could be a useful tool to study the symbiont development
and plant–fungus interactions between orchids and their my-
corrhizal fungi.

The specificity between mycorrhizal fungi and orchid spe-
cies is controversial. In terrestrial orchids, several recent stud-
ies indicated that the specificity between fungi and orchid
species was age-related, certain fungal species might be re-
quired for orchid seed germination and seedling development,
but more fungal species could be compatible with the adult
plant (Bayman et al. 2016; Waud et al. 2017; Liu et al. 2010).
In some orchid species such as the Cypripedium spp., high
specificity of fungi-orchid association is still required through-
out all development stages of the orchid life cycle (Shefferson
et al. 2005). Therefore, the compatibility of specific fungi and
orchid species and the mechanism of recognition between
these two components require further investigation.
Switching the plant host of mycorrhizal fungus from
Anoectochilus roxburghii, Cymbidium sinense, and
Dendrobium officinale to B. striata for seed germination pro-
moting purpose was not successful (Liu et al. 2010). Here, a
mycorrhizal fungus from B. striata could colonize
D. candidum roots. This result indicated that some mycorrhi-
zal fungi could be cross-utilized between terrestrial orchid
(B. striata) and epiphytic orchids (D. candidum).
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