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ABSTRACT
Phlebopus spongiosus is a well-known edible ectomycorrhizal mushroom indigenous to
southern Vietnam. The mushroom specimens collected from northern Thailand in this study
were identified as P. spongiosus. This identification was based on morphological characteris-
tics and the multi-gene phylogenetic analyses. Pure cultures were isolated and the relevant
suitable mycelial growth conditions were investigated. The results indicated that the fungal
mycelia grew well on L-modified Melin-Norkans, and Murashige and Skoog agar all of which
were adjusted to a pH of 5.0 at 30 �C. Sclerotia-like structures were observed on cultures.
The ability of this mushroom to produce fruiting bodies in the absence of a host plant was
determined by employing a bag cultivation method. Fungal mycelia completely covered the
cultivation substrate after 90–95days following inoculation of mushroom spawn. Under the
mushroom house conditions, the highest amount of primordial formation was observed after
10–15days at a casing with soil:vermiculite (1:1, v/v). The primordia developed into a mature
stage within one week. Moreover, identification of the cultivated fruiting bodies was con-
firmed by both morphological and molecular methods. This is the first record of P. spongio-
sus found in Thailand and its ability to form fruiting bodies without a host plant.
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1. Introduction

The genus Phlebopus was identified by Singer [1]
with P. colossus being noted as the type species.
Phlebopus belongs to the family Boletinellaceae of
the order Boletales [2,3]. It is characterized by fruit-
ing bodies that are of the boletoid type, producing
an olivaceous brown spore print with ellipsoidal
smooth olivaceous brown basidiospores and abun-
dant clamp connections on the hyphae of the fruit-
ing body [4,5]. Phlebopus is distributed in tropical
and subtropical areas of South America, Africa,
Asia, and Australia [6–12]. At present, Phlebopus is
comprised of 17 epithets in the Index Fungorum
(http://www.indexfungorum.org/Names/Names.asp).
Eight species (P. braunii, P. bruchii, P. colossus, P.
cystidiosus, P. harleyi, P. latiporus, P. silvaticus, and
P. sudanicus) are known to be from Africa; four
species (P. marginatus, P. spongiosus, P. viperinus,
and P. xanthopus) are known to be from Asia and
Australasia; three species (P. brasiliensis, P. maxica-
nus, and P. tropicus) are known to be from the neo-
tropics; P. poretentosus is known to be from Asia,
Africa and neotropics, and the last species; P.

beniensis, is commonly found in Africa and the neo-
tropics [6,9–17]. Generally, Phlebopus species are
found around naturally growing or planted plants in
natural habitats where mycorrhizae are expected to
be found [10,18–21]. Notably, the successful cultiva-
tion of ectomycorrhization of P. portentosus, P.
spongiosus, and P. sudanicus with seedlings in vitro
has been reported [8,16,22,23]. However, P. tropicus
and P. portentosus revealed the presence of a tripar-
tite association with both a parasitic aphid
(Pseudococcus comstocki) and a mealybug (Paraputo
banzigeri), respectively by forming a special insect
gall (crust) on the plant’s roots identified through
observations in the field [4,8,24,25]. The Phlebopus
species can be easily isolated in culture; thus, it has
the potential to produce fruiting bodies in vitro via
its saprophytic lifestyle [8,26–28]. To date, P. porten-
tosus is the only species in the genus Phlebopus that
can be successfully cultivated without a host
plant [27,29].

A tropical bolete known as P. spongiosus, is an
endemic edible mushroom that is indigenous to the
southern part of Vietnam. Notably, it is priced
higher than most other wild edible mushroom
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species [10,28]. It has been reported that this fungus
forms a mutualistic relationship with the roots of
the pomelo plant (Citrus maxima) [10,23]. In
Thailand, only four species of Phlebopus (P. braunii,
P. colossus, P. portentosus, and P. silvaticus) have
been identified [8,30]. During an investigation of
macrofungi in northern Thailand, we found a num-
ber of specimens that corresponded to the descrip-
tion of P. spongiosus [10] that had not been
previously reported in Thailand. In this study, we
have described and illustrated the morphological
characteristics of this Thai fungus and have pro-
vided the results of the molecular phylogenetic anal-
yses. Suitable culture conditions for the mycelial
growth of this fungus were investigated. Moreover,
the suitable solid media composition and casing
type for the formation of the fruiting body without
a host plant were determined.

2. Materials and methods

2.1. Sample collection

Fruiting bodies of mushroom were collected in
Chiang Mai and Lampung Provinces, northern
Thailand during 2018–2019. Fruiting bodies were
kept in plastic specimen boxes to be transported to
the laboratory. Notes on the macromorphological
features and photographs were obtained within 24 h
of collection. The specimens were dried at 40–45 �C
and deposited at the Herbarium of the Sustainable
Development of Biological Resources Laboratory,
Faculty of Science, Chiang Mai University (SDBR-
CMU), Thailand.

2.2. Pure culture isolation

The mycelia were isolated from fresh fruiting bodies
by aseptically removing a small piece of mycelium
from inside and transferring it to modified Melin-
Norkans (MMN) agar (0.05 g CaCl2, 0.025 g NaCl,
0.15 g MgSO4�7H2O, 0.012 g FeCl3�6H2O, 0.001 g
thiamin HCl, 10.0 g malt extract, 0.25 g NH4H2PO4,
0.5 g KH2PO4, 10.0 g glucose, and 15.0 g agar per
liter of distilled water, pH 6.0). The isolation plates
were incubated at 30 �C in the dark. The mycelia
emerging from tissue were picked and transferred to
MMN agar. The pure cultures were kept on MMN
slants at 4 �C for further use and in 20% glycerol at
�20 �C for long-term preservation.

2.3. Morphological studies

Macromorphological data were recorded from fresh
specimens. The color names and codes of basidio-
caps were followed Kornerup and Wanscher [31].
Micromorphological data were recorded from dry

specimens rehydrated in 95% ethanol followed by
distilled water, 3% KOH or Melzer’s reagent.
Anatomical features were based on at least 50 meas-
urements of each structure as seen under a light
microscope (Olympus CX51, Tokyo, Japan). For
spore statistics, Q is the ratio of spore length div-
ided by spore width.

2.4. Molecular phylogenetic studies

Genomic DNA of fresh specimens and pure mycelia
(1–5mg) was extracted using a Genomic DNA
Extraction Mini-Kit (FAVORGEN, Ping-Tung,
Taiwan). The LSU of rDNA gene were amplified
with LROR and LRO5 primers [32], tef1 gene was
amplified with the EF1-983F and EF1-1567R pri-
mers [33], and rbp2 gene was amplified with the
bRBP2-6F and bRBR2-7.1R primers [34]. The amp-
lification program for these three domains was per-
formed in separated PCR reaction and consisted of
an initial denaturation at 95 �C for 5min, followed
by 35 cycles of denaturation at 95 �C for 30 s;
annealing at 52 �C for 45 s (LSU), 56 �C for 1min
(tef1), or 54 �C for 1min (rbp2); and extension at
72 �C for 1min on a peqSTAR thermal cycler
(PEQLAB Ltd., Fareham, UK). PCR products were
checked on 1% agarose gels stained with ethidium
bromide under UV light. PCR products were puri-
fied using a PCR clean up Gel Extraction
NucleoSpin Gel and PCR Clean-up Kit (Macherey-
Nagel, Dueren, Germany) following the manufac-
turer’s protocol. The purified PCR products were
directly sequenced. Sequencing reactions were per-
formed, and the sequences were automatically deter-
mined in the genetic analyzer at 1ST Base company
(Kembangan, Malaysia) using the PCR primers
mentioned above. Sequences were used to query
GenBank via BLAST (http://blast.ddbj.nig.ac.jp/top-
e.html).

For phylogenetic analyses, the sequences from
this study, previous studies, and the GenBank data-
base were used and provided in Supplementary
Table S1. The multiple sequence alignment was car-
ried out using MUSCLE [35]. Phylogenetic tree was
constructed using maximum likelihood (ML) and
Bayesian inference (BI) algorithms, implemented by
RAxML v7.0.3 [36] and MrBayes v3.2.6 [37],
respectively. The best-fit substitution model for BI
and ML analyses were estimated by jModeltest
2.1.10 [38] using Akaike information criterion
(AIC). For ML analysis, the bootstrap (BS) replicates
were set as 1000 and used to test phylogeny [39].
Clades with bootstrap values (BS) of �70% were
considered significantly supported [40]. For the BI
analysis, the Markov chains were run for one mil-
lion generations, with six chains and random
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starting trees. The chains were sampled every 100
generations. Among these, the first 2,000 trees were
discarded as burn-in, while the postburn-in trees
were used to construct the 50% majority-rule con-
sensus phylogram with calculated Bayesian posterior
probabilities. Bayesian posterior probabilities (PP) �
0.95 were considered significant support [41].

2.5. Mycelial growth tests

Three strains of P. spongiosus SDBR-CMU0517,
SDBR-CMU0518 and SDBR-CMU0519 were used in
this study. Twenty-five milliliters of culture medium
for each experiment were poured into Petri-dishes
(9 cm in diameter) after autoclaving for 15min at
121 �C. A sterilized cellophane disk (9 cm in diam-
eter) was placed on the surface of the tested culture
media. A mycelial plug (5mm in diameter) was
obtained from two-week-old culture at 30 �C on
MMN agar and transferred to the tested media.
After three weeks of inoculation, the colony diam-
eter was measured, and growth rate was calculated.
The mycelial dry weight was obtained after the cel-
lophane disks were dried at 60 �C overnight and
maintained in desiccators for 30min. Each treat-
ment was performed in five replicates.

2.5.1. Effects of different culture media
The following nine different culture media were
tested for the mycelial growth of P. spongiosus;
asparagines (AS) agar [42], fungal-host (FH) agar
[43], Heli agar [42], Gamborg agar [44], MMN agar
[45], L-MMN agar [45], Murashige and Skoog (MS)
agar [46], malt extract agar (MEA; Difco, Franklin
Lakes, NJ, USA) and potato dextrose agar (PDA;
Condalab, Madrid, Spain). All tested media were
adjusted to pH of 6.0 with 1N HCl or 1N NaOH
before autoclaving. The inoculated plates were incu-
bated at 30 �C in darkness for three weeks. The
medium that presented the highest mycelial growth
rate and biomass yield was selected for further
experiments.

2.5.2. Effect of temperature
Pure cultures of P. spongiosus were inculcated in the
selected culture medium that had been obtained
from previous experiments. The culture media was
adjusted to pH of 6.0 before autoclaving. The inocu-
lated plates were incubated in darkness at 10, 15,
20, 25, 30, 35 and 40 �C. The mycelial growth rate
and dry weights were measured after three weeks of
inoculation. The temperature that presented both
highest mycelial growth rate and biomass yield was
selected for further experiments.

2.5.3. Effect of initial pH value of culture medium
Pure cultures were inoculated on selected culture
medium with initial pH values ranging from
4.0–10.0 before autoclaving. The mycelial growth
rate and dry weights were measured after three
weeks of incubation in the darkness at the suitable
temperature for mycelial growth that was obtained
from the previous experiment.

2.6. Determination of the suitable solid
substrate for cultivation

Twelve different solid substrates were used in this
experiment (Table 1). Corn grain (Zea mays), rice
seed (Oryza sativa), sawdust of rubber tree (Hevea
brasiliensis), rice straw, and sorghum grain
(Sorghum bicolor) were used as basal substrates. The
grains were prepared by boiling 10–20min. All
tested substrate was mixed with 0.05% KH2PO4 and
0.15% MgSO4 on dry weight basis. The moisture
content was adjusted to 65% (w/w) on a wet basis.
The solid substrate was placed into test tubes
(18mm in diameter � 180mm long) approximately
10 cm deep and autoclaved at 121 �C for 30min
[47]. After cooling, mycelial plug (5mm in diam-
eter) from the periphery of the growing colony on
L-MMN agar was transferred to tubes and incubated
at 30 �C in darkness. Linear mycelial growth was
measured, and the growth rate was determined after
three weeks. The suitable solid substrate for mycelial

Table 1. Mycelial growth of three strains of Phlebopus spongiosus in test tubes.

Substrate composition

Mycelial growth rate (mm/day)�

SDBR-CMU0517 SDBR-CMU0518 SDBR-CMU0519

Corn grain 0.87 ± 0.04f 0.77 ± 0.03e 0.74 ± 0.05d

Rice seed 1.29 ± 0.04bc 1.23 ± 0.03b 1.14 ± 0.09b

Sorghum grain 1.31 ± 0.03ab 1.20 ± 0.06c 1.15 ± 0.06b

Rice straw 0.00g 0.00f 0.00e

Sawdust 0.00g 0.00f 0.00e

Corn grain mixed rice straw (1:2, w/w) 0.86 ± 0.07ef 0.72 ± 0.04e 0.84 ± 0.08c

Rice seed mixed rice straw (1:2, w/w) 1.17 ± 0.11b 1.12 ± 0.07c 1.13 ± 0.04b

Sorghum grain mixed rice straw (1:2, w/w) 1.21 ± 0.03c 1.18 ± 0.02c 1.14 ± 0.02b

Corn grain mixed sawdust (1:2, w/w) 0.93 ± 0.05e 0.91 ± 0.04d 0.90 ± 0.03c

Rice seed mixed sawdust (1:2, w/w) 1.39 ± 0.07a 1.36 ± 0.03a 1.33 ± 0.04a

Sorghum grain mixed sawdust (1:2, w/w) 1.37 ± 0.05a 1.34 ± 0.07ab 1.31 ± 0.02a

�Results are means ± SD of five replicates. Data with different letters within the same column indicate a significant difference
at p� 0.05 according to Duncan’s multiple range test.
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growth was selected for the further experiment.
Each treatment was performed in five replications.

2.7. Cultivation for fruiting body production
without host plant

2.7.1. Fungal strain
Pure culture of P. spongiosus SDBR-CMU0517 was
selected and used in this experiment based on the
fastest mycelial growth rate than other strains from
the previous experiment.

2.7.2. Spawn preparation
Sorghum grain was prepared by boiling for
10–15min and excess water was drained off. Then,
CaCO3, KH2PO4, and MgSO4 (1.0% of each) were
added into boiled grains and mixed thoroughly.
Two hundred grams of mixed grains were filled into
350mL glass bottles which were then plugged with
cotton wool and autoclaved at 121 �C for 30min.
After cooling, three mycelial plugs (5mm in diam-
eter) from the periphery of the growing colony were
transferred to glass bottles and incubated at 30 �C in
the darkness. Two-month-old sorghum grain com-
pletely covered by fungal mycelia was used as mush-
room spawn.

2.7.3. Bag cultivation
Sawdust of rubber tree mixed with rice seed (1:2, w/
w) was used as main substrate for cultivation.
Substrate was mixed with 0.1% CaCO3, 0.05%
KH2PO4, and 0.15% MgSO4 on dry weight basis.
The mixed substrate had reached a humidity of
65–70% on a wet basic with water and 1.0 kg of
mixed substrate was filled in polypropylene bags
(16.50 cm wide and 31.75 cm long). The bags were
sealed using cotton plugged polyvinyl chloride pipe
ring and covered by piece of paper. The bags were
autoclaved at 121 �C for 60min and were cooled for
24 h. The sterilized bags were immediately inocu-
lated with 5 g of mushroom spawn and kept at
room temperature (30 ± 2 �C) in the darkness. After
90–95 days, the fungal mycelia covered the substrate.
The primordia were induced by casing with sub-
strates on surface. The sterilized vermiculite, soil,
sand, perlite, peat–vermiculite (1:1, v/v), soil–vermi-
culite (1:1, v/v) saturated with water were used for
the surface casing. All treatments were transferred
to mushroom house (25 �C and 70 ± 5% relative
humidity). The number of primordia and mature
fruiting body per bag was recorded. Fruiting body
production and the entire process were repeated
twice with fifteen replicates. Moreover, the identifi-
cation of the cultivated fruiting bodies was con-
firmed by both morphological and molecular
methods as mention above.

2.8. Statistical analysis

The data were analyzed by one-way analysis of vari-
ance (ANOVA) using the SPSS program version
23.0 for Windows, and Duncan’s multiple range test
was used for significant differences (p� 0.05)
between treatments.

3. Results

3.1. Morphological studies

Fruiting bodies of mushrooms SDBR-CMU0517 and
SDBR-CMU0518 were collected in 2018 under a lon-
gan tree (Dimocarpus longan) and a mango tree
(Mangifera indica), respectively, in Lumphun
Province, whereas SDBR-CMU0519 was collected in
2019 under a Longan tree on the campus of Chiang
Mai University, Chiang Mai Province. The fruiting
bodies were found to be medium to large in size.
Pileus were 50–120mm broad at the first hemispher-
ical section with an incurved margin, then becoming
plano-convex to convex with a decurved margin and
appearing centrally depressed. The surface was dry,
and the specimens were brown to yellowish brown
(5D8–5E78) in color (Figure 1(A–C)). The context
were 2.0� 5.7 cm thick and soft, pale yellow (3A3) to
light yellow (3A5) in color, sometime slowly bruised
blue after injury. Hymenophores were decurrent to
subdecurrent at first, then more or less depressed
around the stipe; tubes were up to 10mm long and
yellowish orange (5A7� 5B8) to yellowish brown
(5D7) in color. Sponge-like tissues projected from the
sides of the tube walls, but these were absent in older
specimens (Figure 1(D,E)). Stipes were 60–120�
15–50mm, central, subequal or clavate and solid
with a dry surface and were yellowish brown
(5E4� 5E8) to brown (5F6� 5F8) in color, while
becoming darker where handled. The basal mycelium
was brownish yellow. The spore print was dark
brown to reddish brown in color (8F5� 8F6).

Basidiospores were 8.0–9.0� 5.5–7.5lm, Q¼ 1.30,
subglobose to shortly ellipsoid, displaying a smooth
surface under a light microscope, brown, inamyloid
and thick-walled (Figure 1(F)). Basidia were
20–25� 8–10lm (without sterigmata), clavate, bearing
4 spores, and sterigmata were 2.5–4lm long (Figure
1(G)). Hymenophoral trama was divergent-bilateral of
the boletus subtype, hyaline, with gelatinized hyphae
5–10lm in diameter. Sponge-like tissues were com-
posed of heteromorphous terminal cells occasionally
protruding into the tube lacunae from the sides of the
tube walls; displayed numerous constituent elements,
30–53� 4.5–7.5lm, that were broadly clavate or
fusoidventricose to ventricose-rostrate, thin-walled,
with a yellow intracellular pigment, converging toward
the center of the tube chamber at least in young
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specimens but that were gradually disrupted (Figure
1(H)). Dissepiments resembling cheilocystidia, remark-
ably projected beyond the hymenium,
25–40� 4–6lm, subcylindrical to cylindrical-clavate,
thin-walled, distinctly clamped at the base, with a
light-yellow intracellular pigment and a membranous
thin layer forming on the immature pore surface but
then gradually collapsed. Pileipellis consisted of repent,
appressed, interwoven hyphal elements; terminal cells
were 20–30� 3–5lm, cylindrical, thin-walled, with
yellow intracellular pigment, with a golden yellow to
brownish color in the wall mass (Figure 1(I)). Stipe
trama was composed of longitudinally arranged, cylin-
drical hyphae, 2–4.5lm in diameter, and were thin-
walled and hyaline to brownish. Clamp connections
were present in all tissue types. Both macro- and
micromorphological characteristics of the samples
agreed well with the recorded morphological taxo-
nomic concept of P. spongiosus [10].

3.2. Molecular phylogenetic studies

The combined LSU, tef1, and rbp2 sequence dataset
consisted of 49 taxa and the aligned dataset was

comprised of 2317 characters including gaps (LSU:
1–936, tef1: 937–1528, and rbp2: 1529–2317). The
GTR model with gamma rate heterogeneity and
invariant sites (GTRþIþG) was the best-fit
model used for both ML and BI analyses that were
selected by AIC. The average standard deviation of
the split frequencies fell to 0.017859 in the BI ana-
lysis of the combined sequences following one mil-
lion generations. This was observed after a 50%
majority consensus phylogram was constructed. The
ML analysis of the combined LSU, tef1 and rbp2
sequences, was based on the parameters estimated
by the GTRþ IþG model, and the proportion of
the invariable sites and the gamma shape parameters
were 0.497 and 0.896, respectively. Additionally, the
tree with a log likelihood (�9165.289) was built
after 1000 bootstrap replications.

The phylogram of the combined LSU, tef1, and
rbp2 sequences is shown in Figure 2. Four main
clades of the families Boletaceae, Bolentinellaceae,
Gyroporaceae, and Paxillaceae were assigned accord-
ing the findings of previous phylogenetic studies
[2,48–50]. The results indicated that Thai specimens

Figure 1. Phlebopus spongiosus. Fruiting bodies in natural habitat SDBR-CMU0517 (A), SDBR-CMU0518 (B), and SDBR-CMU0519
(C). Vertical section of the hymenophore in dried specimens of SDBR-CMU0517 (D) and SDBR-CMU0519 (E) showing the
sponge-like tissue (arrows). (F) Basidiospores; (G) Basidia and basidiospores; (H) Heteromorphous terminal cells protruding into
the lacunae of the tubes from the sides of the tube walls; (I) Pileipellis. Scale bars: (A–C) 50mm; (D, E) 10mm; (F–H) 10mm;
(I) 5mm.
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placed in the monophyletic clade of P. spongiosus
were within the family Bolentinellaceae with high
BS (100%) and BP (1.0) supporting values. It was
found that P. spongiosus formed a sister taxon to P.
portentosus and P. sudanicus.

3.3. Mycelial growth tests

3.3.1. Effects of different culture media
After three weeks of incubation, the mycelial growth
rate of all fungal strains was significantly affected by

Figure 2. Phylogenetic tree derived from maximum likelihood analysis of combined LSU, tef1, and rpb2 genes of 49 sequen-
ces. Sullius bovinus and S. intermedius were used as outgroup. Numbers above branches are the bootstrap statistics percen-
tages (left) and Bayesian posterior probabilities (right). Branches with bootstrap values �50% are shown at each branch and
the bar represent 0.1 substitutions per nucleotide position. The fungal isolates from this study are in bold.
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the cultivation media. The highest growth rate value
was observed on L-MMN agar. However, the statis-
tical analysis indicated that the growth rate values
on L-MMN and MS agar were not significantly dif-
ferent (Figure 3(A)). The growth rate value was
found to be the lowest on the AS agar. L-MMN and
MS agar exhibited high values in terms of biomass
yield (Figure 3(B)). The yellow-brown to dark-
brown sclerotia-like structures (1–6mm in diameter)
with yellow to brown exudates were observed on
FH, L-MMN, MEA, GAM, MMN, PDA and MS
agar (Figure 3(G)).

3.3.2. Effect of temperature
The results showed that all three fungal strains grew
at tested temperatures ranging from 10� 35 �C. The
statistical analysis of the data revealed that 30 �C
was the best temperature for mycelial growth
through observations of both the highest mycelial
growth rate and the highest biomass yield (Figure
3(C,D)). However, all strains did not grow at 40 �C.

3.3.3. Effect of initial pH value of culture medium
The effects of pH variations on P. spongiosus myce-
lia growth are shown in Figure 3(E,F). It was found
that all fungal strains had the ability to grow at pH
values in a range of 4.0� 10.0. A pH of 5.0 was the
optimum initial pH value of the medium at which
all isolates produced the highest mycelial growth
rate and biomass yield.

3.4. Determination of the suitable solid
substrate for cultivation

Values of the linear mycelial growth of P. spongiosus
SDBR-CMU0517, SDBR-CMU0518, and SDBR-
CMU0519 on various solid substrates are shown in
Table 1. It was found that all fungal strains did not
grow on rice straw and sawdust. The highest growth
rate value of all fungal strains was observed on rice
seed mixed with sawdust (1:2, w/w). However, the
statistical analysis indicated that growth rate values
of fungal strains on rice seed mixed with sawdust
(1:2, w/w) and sorghum grain mixed with sawdust
(1:2, w/w) were not significantly different. Thus, rice
seed mixed with sawdust (1:2, w/w) was chosen as a
suitable solid substrate for bag cultivation based on
its availability to facilitate the thickest degree of
mycelial growth by visual assessment.

3.5. Cultivation for fruiting body production
without host plant

The fungal mycelia covered the substrate after
90–95 days of cultivation. The yellow brown pri-
mordia of P. spongiosus SDBR-CMU0517 were

found after 10–15 days of incubation in the mush-
room house (Figure 4(A,B)). The significantly high-
est degree of primordial production was observed in
the bags containing the soil : vermiculite (1:1, v/v)
treatment, followed by treatments of peat : vermicu-
lite (1:1, v/v), soil and vermiculites, respectively
(Table 2). Notably, primordia were not formed in
the non-casing (control) treatment. The primordia
were developed to mature fruiting bodies within one
week (Figure 4(C)). The highest number of total
mature fruiting bodies was found in the bags con-
taining the soil : vermiculite (1:1, v/v) treatment
(Table 2). After harvesting mature fruiting bodies,
identification was primarily confirmed using mor-
phological characteristics and molecular data. The
pileus of the cultivated fruiting bodies was found to
be 4.0–8.5 cm in diameter, yellowish brown to
brown in color, convex to subconvex and centrally
depressed when mature. Sponge-like tissues were
also observed. Stipes were 3.0–7.0� 2.5–5.0 cm, cla-
vate or tapered to the apex, and concolorous with
the pileus. Basidia were 20–25� 8–10 lm (without
sterigmata), clavate, bearing 4 spores, while sterig-
mata were 2.5–4lm long. Spores were deposit dark
brown and deposited in mass. Clamp connections
were also presented. These characteristicss agreed
well with the morphological taxonomic concept of
P. spongiosus. In addition, the molecular phylogeny
indicated that the cultivated fruiting bodies were
clustered with sequences of P. spongiosus (Figure 2).

4. Discussion

The three mushroom specimens collected in north-
ern Thailand were boletoid fruit bodies with dark
brown to reddish brown spore prints. They all had
brown subglobose to shortly ellipsoid basidiospores
with abundant clamp connections on the hyphae of
the fruiting body. Thus, these morphological charac-
teristics support the placement of this fungus into
the genus Phlebopus [4,5]. All specimens were ini-
tially identified as P. spongiosus after consulting the
descriptions presented by Pham et al. [10].
Morphologically, P. spongiosus is easily distinguish-
able from other Phlebopus species by its sponge-like
tissue that is composed of numerous fusoid-ventri-
cose to ventricose-rostrate pleurocystidioid elements
along the subcylindrical to subclavate dissepiments
and by its dark brown spore prints [10]. However,
P. portentosus clearly differs from P. spongiosus by
its olivaceous brown spore print and the absence of
hymenial cystidia [5,6,51]. Our phylogenetic analysis
has confirmed that all specimens in this study were
identified as P. spongiosus within the family
Boletinellaceae of the order Boletales, which was in
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accordance with the findings of previous taxonomic
studies [2,3,28,48].

The host range of ectomycorrhizal fungi has been
determined in the past by plant-sporocarp associ-
ation in the field and by inoculation of potential
hosts under experimental conditions. Many previous
studies have described the host range of

ectomycorrhizal fungi as possessing a spectrum to a
narrow range (typically genus restricted), an inter-
mediate range (often restricted to a plant family)
and a broad range (typically extending across
diverse plant families and orders), all of which
depended upon the fungal species and natural con-
ditions that were present [3,52–55]. In terms of a

Figure 3. Mycelial growth of Phlebopus spongiosus SDBR-CMU0517, SDBR-CMU0518 and SDBR-CMU0519. Effect of cultivation
media on mycelial growth rate (A) and biomass yield (B). Effect of temperature on mycelial growth rate (C) and biomass yield
(D). Effect of initial pH value of cultivation medium on mycelial growth rate (E) and biomass yield (F). Sclerotia-like structures
on cultures of SDBR-CMU0517 (G). AS: asparagines (AS) agar; FH: fungal-host agar; HA: Heli agar; MA: malt extract agar; MS:
Murashige and Skoog agar; MMN: modified Melin-Norkans agar; L-MMN: L-MMN agar; GAM: Gamborg agar; PDA: potato dex-
trose agar. Scale bar ¼ 10mm. Data are presented as means and the error bar at each graph indicated the± standard devi-
ation. The different letter of each graph for the same factors indicates a significant difference (p� 0.05).
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specific example, Boletus edulis has a broad host
range and the known host trees belong to the fami-
lies Pinaceae, Taxodiaceae, Betulaceae, Fagaceae,
Fabaceae, Dipterocarpaceae and Myrtaceae [21,56].
Suillus pictus has been known to be restricted to
only the pine species of the subgenus Strobus of the
genus Pinus [54]. Astraeus asiaticus, A. odoratus and
A. sinrindhorniae were found to display an associ-
ation only with plants in the family Dipterocapceae
[21,57,58]. In this study, P. spongiosus was found to
be growing together with longan (Family
Sapindaceae) and mango (Family Anacardiaceae)
trees in field observations, whereas previous studies
reported that this fungus grew under pomelo trees

(Family Rutaceae) in natural habitats [10] and could
form ectomycoorhizal structures both in situ and
in vitro in the roots of pomelo seedlings [23]. Thus,
P. spongiosus has a broad host range consisting of
fruit trees. Similarly, a closely related species, P. por-
tentosus, has reportedly been found to be growing
among various kinds of trees including fruit
trees [8,9,16,21].

In this study, the mycelial growth of P. spongiosus
varied in different cultivation media, for which L-
MMN and MS agar exhibited both the highest
degree of mycelial growth rate and biomass produc-
tion. This result was supported by the findings of
several previous studies which reported that the
mycelial growth of ectomycorrhizal fungi in pure
cultures is influenced by changes to the components
of the cultivation medium. This is because the suit-
able cultivation medium is dependent upon the fun-
gal species being studied [42,59,60]. Our results
were similar to those of Le et al. [28] who showed
that the pure cultures of the P. spongiosus strains
BC-F0075 and BC-F0076 grew the fastest on MS
agar. Moreover, MS and FH agar were determined
to be a suitable medium for the mycelial growth of
P. portentosus [8,26,61]. All strains of P. spongiosus
in this study could form sclerotia-like structures on
FH, L-MMN, MEA, GAM, MMN, PDA, and MS

Figure 4. Cultivation of Phlebopus spongiosus SDBR-CMU0517 in absence of a host plant. Primordia (A and B). Young and
mature fruiting bodies (C). Scale bars: (A, B) 5mm; (C) 50mm.

Table 2. Number of primordia formation of Phlebopus spon-
giosus SDBR-CMU-0517 in bag culture on different casings.

Casing

Number of
primodia
per bag�

Total
number of
mature

fruiting body

Control 0.00f 0
Vermiculite 4.53 ± 2.13d 12
Soil 9.80 ± 2.11c 10
Perlite 3.60 ± 1.40de 8
Peat moss mixed vermiculite (1:1, v/v) 10.47 ± 2.45b 12
Soil mixed vermiculite (1:1, v/v) 16.07 ± 3.88a 14
Sand 2.07 ± 2.96e 9
�Results are means ± SD of 15 replicates. Data with different letters
within the same column indicate a significant difference at p� 0.05
according to Duncan’s multiple range test.
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agar. This result is similar to that of Le et al. [28]
who found that pure cultures of P. spongiosus suc-
cessfully formed sclerotia-like structures and prino-
dia on MS agar. The sclerotia-like structures were
observed in pure cultures of P. portentosus and P.
sudanicus [22,26,61]. In addition, the sclerotia-like
structures in both the culture and those occurring
in nature were also found in Boletinellus meru-
lioides, a member of the family Boletinellaceae [62].

Temperature and pH value had a significant
effect on the mycelial growth of P. spongiosus. The
optimum temperature and pH value used to pro-
duce the highest mycelial growth and biomass pro-
duction of this fungus were 30 �C and a pH of 5.0,
respectively. These results were in accordance with
the findings of previous studies which had reported
that the optimal temperature for mycelial growth of
most cultures of ectomycorrhizal fungi ranged from
20 to 30 �C, and that the optimal pH of the medium
ranged from 4.0–7.0 depending on both the fungal
species and on the fungal strain [42,60,63].
Similarly, the findings of Le et al. [28] revealed that
the optimal temperature and pH value for the myce-
lial growth of P. spongiosus BC-F0075 were observed
at 30 �C and pH 4.0–5.0, respectively. Moreover, the
optimal temperature and pH value of the medium
of P. portentosus were investigated. It was revealed
that a temperature of 30 �C and pH values in a
range of 4.0–5.0 resulted in the highest degree of
mycelia growth and biomass production [8,26,61].
Suitable temperature and pH of the medium for the
mycelial growth of other bolete species have been
reported. Remarkably, the highest degree of mycelail
growth of B. edulis was obtained at 28 �C and at a
pH value of 5.0 [42], while a temperature of 30 �C
and a pH of 7.0 exhibited the highest degree of
mycelial growth of Boletus colossus and Heimioporus
retisporus [64]. Notably, both Suillus collinitus and
S. granulatus were characterized by faster rates of
growth at 22 �C. However, S. collinitus grew well at
a pH value of 5.8, while S. granulatus grew well at a
pH value of 5.2 [65].

To date, edible ectomycorrhizal mushrooms are
always cultivated with their host plants. However,
some strains of edible ectomycorrhizal mushrooms
e.g., Boletus reticulatus [66], Phlebopus portentosus
[8,9,27,67,68] and Tylopilus castaneiceps [69] are
known to form fruiting bodies without a host plant.
A large amount of carbohydrates is required for the
production of fruiting bodies of ectomycorrhizal
fungi without the need for a host plant [47]. In this
study, poor cultivation results in terms of the degree
of fruiting body production of P. spongiosus, such as
saprobic fungi, were revealed. Our study found that
the mycelial of P. spongiosus yielded faster growth
rates and produced the thickest mycelia on rice seed

mixed with sawdust (1:2, w/w), which was similar to
the conditions for the cultivation of P. portentisus in
China [9]. In addition, sorghum grain and FH solu-
tion (10:1, w/v) mixed with sawdust (1:1, v/v) were
found to be a suitable medium for the cultivation of
P. portentisus in northern Thailand [27]. Casing
with a layer of saturated soil mixed vermiculite (1:1,
v/v) with water and incubation at lower tempera-
tures were the conditions necessary to induce the
primordia formation of P. spongiosus; however, pri-
mordia were not formed in the non-casing experi-
ments. This result was similar to those of previous
studies which reported that a casing layer or casing
soil overlaying the substrate was a necessary step in
the primordia formation of P. portentosus [9,27,68].
Notably, a casing layer was a crucial step in the for-
mation of a fruiting body and could effectively
increase the productivity yield of some saprobic
mushrooms, e.g., Agaricus bisporus, Agaricus subu-
fescens, Coprinus comatus, Grifola frondosa and
Stropharia rugosoannulata [70–72]. In this study,
the primordia of P. spongiosus were successfully
developed to mature fruiting bodies. Thus, this
study is the first report on the ability of P. spongio-
sus to form fruiting bodies without the need for a
host plant.

5. Conclusions

In this study, a combination of the morphological
and molecular characteristics has confirmed P. spon-
giosus as a newly recorded edible bolete for
Thailand. Valuable information on P. spongiosus
mycelial cultivation has been provided. Moreover,
fungus is known to be able to form fruiting bodies
without the need for a host plant. Importantly, this
outcome can provide valuable information to
researchers and relevant agencies with regard to the
large-scale industrial production of this mushroom.
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