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ABSTRACT

A rare Malaysian tiger milk mushroom Lignosus rhinocerus strain ABI (LRSA) was morphologically identified
based on its pileus, stipe, and sclerotium. LRSA (515 bp) was sequenced and found to have 99% similar to L.
rhinocerus strains CH31 and CH2. Phylogenetically, evolutionary distance (K,,) and plasmid-matching soft-
ware (ApE) for sequences of matching fungal species were used to verify that the isolate belonged to the L.
rhinocerus species. The strain was cultured in a stirred-tank bioreactor and a mycelial p-glucan (G) was ex-
tracted for compound characterization. The structure of exopolysaccharide extract from mycelium of LRSA
was studied using Fourier-transform infrared spectroscopy (FT-IR) and one-dimensional (1D) and two-
dimensional (2D) Nuclear Magnetic Resonance (NMR). FT-IR spectroscopy showed that G exhibited a similar
B-glycosidic structure to the standard (laminarin), and the presence of characteristic bands at 3277, 2919,
1638, 1545, 1400, 1078, and 896 cm™! confirmed the similarities. 'H and !3C NMR, as well as 2D NMR:
homonuclear correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY), heteronuclear multiple
quantum coherence (HMQC), and heteronuclear multiple bond coherence (HMBC) spectra, were used for
structural elucidation of the p-glucan and confirmed the extracted material as (1,3)-p-D-glucan. In addition,
the G compound exhibited antioxidant activities through total phenolic content (4.47 mg gallic acid equiva-
lents/g), 2, 2-diphenyl-1-picrylhydrazyl (11.48 mg/mL), and ferric reducing antioxidant power (0.56 mg/mL)
assays. These findings may facilitate the development of rare G production in a high-scale bioreactor using
LRSA.

1. Introduction

where the milk of a tigress has fallen (Fung and Tan, 2019). The tiger
milk mushroom can be found in southern regions of China, Sri Lanka,

The tiger milk mushroom, scientifically known as Lignosus
rhinocerus (L. rhinocerus), is classified within the kingdom of fungi in
the Basidiomycota division of the Polyporaceae family (Abdullah et
al., 2013; Johnathan et al., 2016). The name of this mushroom de-
rives from a folklore belief that the mushroom appears on the ground

Thailand, Philippines, Indonesia, Papua New Guinea, Australia, Vanu-
atu, and Malaysia (Cui et al., 2011; Nufiez and Ryvarden, 2001).
However, wild tiger milk mushroom is generally expensive and diffi-
cult to source because its natural abundance is low and it can only be
found within areas with approximately a 5-km radius (Fung and Tan,
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Fig. 1. Samples of L. rhinocerus from different developmental stages. (A) Basidiocarp of tiger milk mushroom isolated from a tropical forest in Lata Iskandar, Pa-
hang, 4.3244° N, 101.3249° E, Malaysia. (B) Irregular shape sclerotium of L. rhinocerus, (C) Sliced sclerotium of L. rhinocerus (D) Mycelium of L. rhinocerus strain
ABI on PDA medium at day 5 (E) Mycelium pellet of L. rhinocerus strain ABI at day 14.
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Fig. 2. Ethidium bromide fluorescence image showing electrophoresis of Lig-
nosus rhinocerus strain ABI (LRSA) PCR product. The gel consists of 1%
agarose and run with 1% TE buffer at 80 V. Lanes 1 and 5 DNA marker; Lane 2
PCR no template control; Lane 3 positive control Fungal gDNA; Lane 4 PCR
ABI product.

2019). Furthermore, it can take months to locate the fruiting body
from its emerged pileus above ground with the underground scle-
rotium (Yap et al., 2014).

This mushroom comprises a pileus (cap), stipe (stem), and scle-
rotium (tuber) (Nallathamby et al., 2018). The sclerotium of L.
rhinocerus is the most important part of the mushroom and contains
medicinal compounds with multiple properties for the treatment of
diseases including cancer, cough, asthma, fever, and other ailments
(Lau et al., 2015). Previous research has demonstrated that the sclero-
tia of L. rhinocerus possess immunomodulatory, anti-inflammatory,
anti-oxidative, anti-proliferative, anti-microbial, anti-asthmatic, and
anti-viral activities (Abdullah et al., 2011; Johnathan et al., 2016; Lee
et al.,, 2014; Mohanarji et al., 2012; Wong et al., 2011; Yap et al.,
2013). Of note, L. rhinocerus has frequently been confused with Pleuro-
tus tuber-regium or Lentinus tuber-regium due to their similarities, in-
cluding centrally stipitate basidiocarps (Nallathamby et al., 2018).
The stipe alone might not be sufficient to morphologically character-
ize and phylogenetically differentiate the genus. Thus, molecular phy-
logenetic tree analysis is required to evaluate and classify the mush-
room (Sotome et al., 2008).

The cultivation of tiger milk mushroom using solid state fermenta-
tion (SSF) is limited by factors including a longer duration required
for the development of the tuber and fruiting body and slow mycelial

growth. In addition, SSF is difficult to monitor, control, and scale up
(Fazenda et al., 2008). Thus, submerged liquid fermentation (SLF) has
become the preferred method for mycelial fermentation and commer-
cial applications. Total polysaccharide produced in mushroom typi-
cally consists of exopolysaccharide (EPS) and intracellular polysaccha-
ride (IPS) (Supramani et al., 2019a). EPS is excreted by the mycelium
for survival under stress conditions while IPS is produced within the
mycelium cell (Liu et al., 2010; Sathiyanarayanan et al., 2017). EPS is
a high-molecular-weight polymer with a simple monosaccharide com-
position (Lai et al., 2014). The molecular weight (Mw) distributions of
some fungal exopolysaccharides ranges from 13 kDa to 4.3 x 10° kDa
(Mahapatra and Banerjee, 2013). For L. rhinocerus, the high molecular
weight of its sclerotia polysaccharide was found to be more than
30 kDa (Yap et al., 2018). However, variations in molecular weight
and sugar composition of fungal EPSs are dependent on many factors
including strain, culture conditions, and medium composition (Rabha
et al., 2012). The primary polysaccharide found in the L. rhinocerus
cell wall is f-glucan, which comprises 65%-90% (1,3)--D-glucan
(Bowman and Free, 2006; Lau et al., 2013a). p-glucan is made up of
D-glucose monomers linked by p-glycosidic bonds and containing only
glucose as a structural constituent (Ruthes et al., 2013). The biologi-
cal effects of B-glucan are dependent on its primary structure, confor-
mation, and molecular weight (Tada et al., 2009). The biological ac-
tivity of p-glucan in basidiomycetes has been shown to exert a posi-
tive effect on the immune systems of both humans and animals (Rop
et al.,, 2009). Thus, submerged fermentation of mycelium basid-
iomycetes is more efficient, reliable, reproducible, flexible, and easier
to monitor compared with solid state fermentation of fruiting bodies,
especially for the production of mycelial biomasses and their bioactive
compounds, exopolysaccharides and other exo-biopolymers such as
polysaccharide—protein complexes (Komura et al., 2010; Leung et al.,
2009).

Oxidative stress caused by reactive oxygen species (ROS) can cause
cellular damage and is thus implicated in a number of disorders such
as aging, inflammation, atherosclerosis, and cancer (Kozarski et al.,
2015). Recent interest in the development of effective and safe nat-
ural antioxidants highlights the importance of replacing synthetic an-
tioxidants due to their side effects such as eczema, gastrointestinal up-
sets, cholesterol in blood, and hyperkinesis (Lidon and Silva, 2016).
Hence, antioxidants isolated from natural sources such as mushrooms
represent beneficial nutraceuticals and functional foods for health and
disease prevention (Brewer, 2011; Kofuji et al., 2012; Munir et al.,
2013; Wan-Mohtar et al., 2017). Several studies have shown the poly-
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Fig. 3. Neighbour-joining phylogenetic tree showing the relationships of tiger milk mushroom Lignosus rhinocerus isolate 515bp (strain ABI) and top-9 BLAST
species based on 18S rRNA gene sequences. The isolate located at clade A and evolutionary distance (K,,.) was at 0.03 closest to Lignosus rhinocerus. Bar 0.0050.
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Fig. 4. Comparison of p-glucan IR spectra. A: standard glucan from laminarin (Laminaria digitata); B: glucan (G) derived from tiger milk mushroom Lignosus

rhinocerus strain ABI (LRSA) mycelium.

saccharide fractions of the fruiting body and mycelial biomass of L.
rhinocerus possess significant antioxidant activities (Jamil et al., 2018;
Kong et al., 2016; Lau et al., 2014; Yap et al., 2013). However, the
properties of exopolysaccharide produced in liquid or submerged fer-
mentation for L. rhinocerus are not well characterized.

The objective of the present study was to isolate wild Malaysian
tiger milk mushroom using morphological, polymerase chain reaction
(PCR) molecular sequencing, phylogenetic Molecular Evolutionary
Genetic Analysis (MEGA) software, and plasmid matching software
methods. The isolated strain was cultured in a controlled bioreactor to
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B: B-glucan from L.rhinocerus strain ABI
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Fig. 5. 'H NMR spectra of (1-3)-p-D-glucan. A: standard glucan from laminarin (Laminaria digitata) in D,0-d; at 80 °C; B: glucan (G) derived from batch cultures

of tiger milk mushroom Lignosus rhinocerus strain ABI in D,0-dg at 25 °C.
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Fig. 6. 13C NMR spectra of (1-3)-p-D-glucan of Lignosus rhinocerus strain ABL.

generate the mycelial biomass, which was used for the extraction of
(1,3)-B-D-glucan (G), subsequent spectrophotometrical characteriza-
tion using Fourier-Transform Infrared Spectroscopy (FT-IR) and one-
dimensional (1D) and two-dimensional (2D) nuclear magnetic reso-
nance (NMR), and elucidation of the structural aspects of the isolated
materials. The biological activity of the G compound was also evalu-
ated for its antioxidant properties. To our knowledge, this study is the
first to report a characterized glucan from the mycelium of L.
rhinocerus originating from a cultured bioreactor.

2. Materials and methods
2.1. Material

The tiger milk mushroom sample was obtained from a tropical for-
est in Lata Iskandar on July 7, 2018 (4.3244° N, 101.3249° E), Pa-
hang, Malaysia (Fig. 1). The wild mushroom was transported to the
Bioreactor and Propagation Lab, Agro-Biotechnology Institute (ABI),
Serdang, Malaysia for further analysis. Upon arrival from the site, the
sclerotium was cultured on potato dextrose agar (PDA) media plates
to assure viability and prevent contamination. The plates were subse-
quently incubated under dark conditions at 30 °C for 10 days and then
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Fig. 8. 'H/"H TOCSY correlation spectrum for a spectrum of mycelial (1, 3)-B-D glucan of Lignosus rhinocerus strain ABI.
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Fig. 9. 'H/'3C HMQC correlation of mycelial (1, 3)-p-D glucan of Lignosus rhinocerus strain ABI.

maintained at 4 °C (Wan-Mohtar et al., 2016a). The strain was stored
on PDA slants for preservation purposes.

2.2. Fungal isolation and phylogenetic tree analysis

2.2.1. DNA extraction of mycelium

Fungal DNA extraction was carried out using an improvised
method (Liu et al., 2000). The mycelia of tiger milk mushroom (L.
rhinocerus strain ABI) sample cultured on PDA plates was transferred
aseptically using a sterile toothpick into lysis buffer (500 pL) in
1.5 mL Eppendorf tube [60 mM EDTA [pH 8.0], 400 mM Tris-HCI (pH
8.0), 150 mM NacCl, and 1% sodium dodecyl sulphate]. The tubes
were then placed at room temperature for 10 min, after which 150 pL
of potassium acetate (60 mL of 5 M potassium acetate, 11.5 mL of
glacial acetic acid, and 28.5 mL of distilled water, pH 4.8) was added
and the samples were mixed briefly by vortexing and then centrifuged
at 11,000 x g for 60 s. The supernatant was transferred into a new
1.5 mL Eppendorf tube, followed by adding isopropyl alcohol in a 1:1
ratio and the sample was mixed by inversion. The tube was cen-
trifuged at 10,000 x g for 120 s, the supernatant was removed, and
70% ethanol (300 pL) was used to wash the DNA pellet before it was
centrifuged again at 10,000x g for 60 s. The supernatant was re-
moved, and the resulting DNA pellet was air-dried.

2.2.2. PCR amplification

The resulting DNA pellet was dissolved in 1X Tris-EDTA (50 pL) to
form a purified fungal gDNA. For fungal identification, two internal
transcribed spacer (ITS) primers, which were ITS1: 5'-
TCCGTAGGTGAACCTGCGG-3’ and ITS4: 5'-
TCCTCCGCTTATTTGATATGC-3’, were used for the PCR. The modi-

fied PCR procedure of Liu et al. (2000) and Tamura et al. (2013) was
followed using 25 pL of reaction mixture. The PCR mixture included
0.5 pmol of both primers, 0.5 U DNA polymerase (Promega, Madison,
USA), 200 pM of dNTP mix (Promega), PCR buffer (ThermoFisher Sci-
entific, Waltham, USA), and water. The targeted fragments were am-
plified using an Eppendorf Mastercycler gradient (Eppendorf, Ham-
burg, Germany) with the following procedure: 98 °C for 120 s; 25 cy-
cles of 98 °C for 15 s, 60 °C for 30 s, 72 °C for 30 s, and 72 °C for
10 min for the final extension.

2.2.3. Data analysis

The resultant PCR products were separated on an agarose gel (1%)
at 80 V for 1 h. The PCR products purified using a PCR Purification
Kit (Tiangen Biotech Co., China) and BigDye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems Co., USA) for bidirectional se-
quencing. BLAST analysis was performed against sequences from the
same or different species and matched to the 10 closest species in the
database.

2.2.4. Phylogenetic tree and species verification

A phylogenetic tree diagram was established according to the
method described by Ab Kadir et al. (2016). Evolutionary distance
(K,.o) among sequences of the same fungal species was calculated us-
ing the neighbour-joining (NJ) method with MEGA software version X
(Tamura et al., 2013). The closest K, of the isolated commercial fun-
gus was classified as the same species. To verify the species, sequence
of the closest K,,,. species and the sequence of gDNA were compared
for mismatches using A plasmid Editor (ApE) software. The results ac-
quired were submitted to GenBank and analysed via BLAST search
(http://blast.ncbi.nlm.nih.gov/) on the GenBank database.
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Fig. 10. 'H/'3C HMBC correlation of mycelial (1, 3)-B-D glucan of Lignosus rhinocerus strain ABL

2.3. Batch fermentation

A seed culture for batch fermentation was prepared in a baffled
shake flask. First, two mycelia agar squares (1 cm X 1 cm) were cut
from the culture plate using a sterile scalpel in a laminar flow cham-
ber and inoculated into 100 mL medium consisted of 4% (w/v) of glu-
cose, 0.1% (w/v) of yeast extract, 0.2% (w/v) of peptone, 0.046% (w/
v) of potassium dihydrogen phosphate (KH,PO,4), 0.1% (w/v) of
dipotassium hydrogen orthophosphate (K;HPO,), and 0.05% (w/v) of
magnesium sulphate (MgSO,). Flasks were placed on a rotary incuba-
tor shaker at 30 °C, 200 rpm speed for 11 days with an initial pH of
5.5.

The fermentation was performed in a 10 L stirred-tank bioreactor
(STR) (Labfors, Infors H-T, Switzerland). The seed culture (10% v/v)
was inoculated into the medium. The media composition was similar
to the shake flask media. The fermentation parameters were tempera-
ture (30 °C), aeration rate (1 vvm), agitation speed (200 rpm), dis-
solved oxygen (30%-40%), and initial pH (5.5). The mycelium was
cultured in the bioreactor for 14 days and the resulting mycelial pel-
lets were isolated.

2.4. Analytical methods

2.4.1. Extraction of crude (1,3)-p-D-glucan (G)

The exopolysaccharide-derived p-glucan (G) was extracted accord-
ing to the protocol of Supramani et al. (2019a). The mycelia were fil-
tered from the fermented culture broth and rinsed with distilled wa-
ter. The filtrate obtained was added to 95% (v/v) ethanol at a ratio of
1:4 (g/mL) and left overnight at 4 °C for the precipitation of macro-
molecules. The sample was then centrifuged at 10,000 rpm for
15 min. The supernatant was discarded, and the pellet was drying in a

food dehydrator at 35 °C until constant weight. The dried brown pow-
der obtained was kept at room temperature for further analysis.

2.4.2. Measurement of f-D-glucan content

The level of p-D-glucan in the sample was measured using a
Megazyme kit (Cat. no. K-YBGL) according to the manufacturer's pro-
tocol. The kit was used to evaluate enzymatic hydrolysis for measure-
ment of total glucan and acid hydrolysis for a-glucan. Approximately
100 mg of sample was used to determine the total glucan (including
a-glucan, p-glucan, D-glucose in oligosaccharide, sucrose and free D-
glucose).

Next, for the a-glucan (including phytoglycogen, starch, D-glucose
in sucrose and free D-glucose) determination, another 100 mg of sam-
ple was re-run accordingly. For glucose content analysis for both total
and a-glucan; 0.1 mL of the supernatant was incubated with 3.0 mL of
GOPOD reagent at 40 °C for 20 min. The D-glucose solution was used
as standard (1 mg/mL) and the acetate buffer (200 mM, pH 5) as
reagent blank, both were also incubated with GOPOD reagent. The
glucose content analysis was carried out using UV-Visible spectropho-
tometer (Varian, Cary 50, USA) and the absorbance was measure at
510 nm. Finally, the p-glucan content [unit: g/100 g dry weight
(DW)] was calculated by subtracting the percentage of total glucan
and a-glucan by using Equation (1) as follows:

Total glucan — a — D — glucan

%p —D — gl =
o glucan Total glucan 1

X 100%
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Table 1
Chemical shifts (ppm) of 'H and '3C NMR signals for G recorded in D,O at
25 °C.

Sugar residue H1/Cl1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6 H6'

(1 - 3)-p-D-glucan 4.60 3.23 3.47 3.92 3.37 3.89 3.69
98.80 77.09 78.85 7446 7252 63.64

2.5. Structural characterization

2.5.1. Infrared spectroscopy

An FT-IR spectrum of the G sample (5 mg) was taken using Agilent
Cary 630 equipped with diamond ATR (Attenuated Total Reflectance)
FT-IR spectrophotometer (Agilent Cary 630 equipped with diamond
ATR). The wavelength was recorded in the range of 4000-650 cm™!
and analysed using a real-time Micro-Lab software.

2.5.2. NMR spectroscopy

The spectra of 1D NMR (*H and !3C), and 2D NMR (correlation
spectroscopy (COSY), total correlation spectroscopy (TOCSY), Het-
eronuclear Multiple-Quantum Coherence (HMQC) and Heteronuclear
Multiple Bond Correlation (HMBC)) experiments were performed us-
ing 600-MHz NMR spectrometer (Agilent, USA). The G sample
(10 mg) was mixed with 0.375 mL of tetradeuteromethanol (CD3OD)
and 0.375 mL buffer in D,O (pH 6.0) containing TSP [0.1% (w/w)] in
a 1.5-mL Eppendorf tube. The sample was vortexed for 60 s and soni-
cated at room temperature for 20 min before centrifuged at 10,000 x g
for 10 min to obtain a clear supernatant. The supernatant (600 pL)
was transferred to an NMR tube (5 mm, Norell, Sigma Aldrich,
Canada) for NMR analysis. The comparison standard for 'H NMR used
for G was laminarin (Laminaria digitata, Sigma-Aldrich, Dorset, UK)
and performed at 80 °C to generate a better separation of spectra.
While all other experiments for G were conducted at 25 °C. A pre-
saturation pulse sequence (PRESAT) experiment was performed to re-
move the large signal for the HOD to determine 'H NMR spectra.

2.6. Antioxidant activity

2.6.1. Total phenolic content (TPC)

Total phenolics content (TPC) of the exopolysaccharide was deter-
mined by using Folin-Ciocalteou (F-C) (R & M Chemicals, UK.)
reagent method with slight modifications (Sulaiman and Ooi, 2012).
10 pl of exopolysaccharide was diluted in distilled water (50 mg/mL)
and mixed with 25 pl of fresh F-C reagent in the well of 96-well plate.
After 5 min, the solution was mixed with 25 pl of 20% sodium bicar-
bonate (Na;CO3) (R & M Chemicals, UK) solution and left for 30 min
at room temperature. Absorbance was read at 760 nm with microplate
reader (Thermo Scientific Multiskan GO, Vantaa, Finland). The TPC of
each extract was calculated by comparing the absorbance with the
gallic acid calibration curve (0-1 mg/mL) according to Equation (2):

TPC = CV/g (2)

where, C is concentration of the gallic acid equivalent from standard
curve (mg/ml); V is volume of the extract (ml) and g is weight of ex-
tract (g). The contents were expressed as Gallic acid equivalent (mg
GAE/g).

2.6.2. Ferric reducing antioxidant power (FRAP)

The FRAP assay was modified from the method of Sulaiman and
Ooi (2012). FRAP reagent was freshly prepared by mixing 300 mM
acetate buffer pH 3.6, 10 mM TPTZ in 40 mM HCl, and 20 mM Fe-
CI3-6H20 in a volume ratio of 10:1:1 (v/v), respectively. To deter-
mine FRAP activity, 20 pl of EPS (50 mg/mL) was diluted in distilled
water, mixed with 180 pl of FRAP reagent wells of a 96-well plate,
and incubated for 30 min at room temperature in the dark. Ab-
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sorbance was measured at 593 nm using a plate reader (Thermo Sci-
entific Multiskan GO, Vantaa, Finland). Ferrous sulphate (FeSO4) solu-
tion (0.1, 0.2, 0.4, and 0.6 mM) was used as the standard and FRAP
activity was calculated as ferrous equivalent (mM FE (II)/mg). Ascor-
bic acid was used as a positive control.

2.6.3. 2, 2-diphenyl-1-picrylhydrazyl (DPPH)

The DPPH free radical scavenging activity assay was carried out
according to the method described by Sulaiman and Ooi (2012) with
slight modification. EPS (50 pl) was diluted in distilled water (0-
50.0 mg/mL) and mixed with 150 pl of 0.3 mM DPPH solution in
methanol in the wells of a 96-well plate. The plate was kept in the
dark for 30 min before absorbance of the solution was measured at
517 nm. Ascorbic acid was used as a positive control. Antioxidant ac-
tivity was determined over a range of concentrations to establish IC50
(the concentration that reduced DPPH absorbance by 50%). Percent-
age inhibition of the DPPH scavenging effect was calculated according
to equation (3):

DPPH inhibition (%)
_ AAS517 of control — AA517 of sample % 100 3
B AA517 of control

2.7. Statistical analysis

All experiments were performed in triplicate, and the correspond-
ing mean * standard deviation (SD) was calculated using GraphPad
Prism 5 software, version 5.0, and indicated as error bars. Error bars
smaller than the symbol or icon size, do not appear in the figures.

3. Results and discussion
3.1. Morphological characteristics of an identified tiger milk mushroom

The different morphological stages of identified wild tiger milk
mushroom L. rhinocerus strain ABI (LRSA) are shown in Fig. 1. The di-
agram illustrates the basidiocarp of LRSA found in Lata Iskandar,
Malaysia with its underground sclerotium (Fig. 1A). Morphologically,
L. rhinocerus can be distinctively characterized by its woody and hard
appearance with an umbrella-shaped stipitate basidiocarp in the cen-
tre, emerging from a sclerotium. The pileus is concentrically zonate
with an asymmetrical shape, glabrous, and tea-brown in colour. The
shape of the identified LRSA resembles L. tigris and L. cameronensis
(Tan et al., 2013). However, L. rhinocerus has a smaller pore size (6-8
per mm) compared with L. tigris (0.5-1 per mm) and L. cameronensis
(2-3 per mm) (Fung and Tan, 2019). Furthermore, common L.
rhinocerus has larger and distinctly broader ellipsoid basidiospores
compared with L. tigris and L. cameronensis (Yap et al., 2013).

The pileus and stipe of L. rhinocerus are woody in form while the
sclerotium is a hard, dense resting body, consisting of a compact ag-
gregated hyphal mass (Georgiou et al., 2006). The sclerotia are asex-
ual, multicellular, specialised reproductive features holding food re-
serve materials for mushroom sustenance in unsuitable growth condi-
tions (Cheung, 2013). The sclerotia have an irregular spherical shape
of about 4-5 cm in diameter (Abdullah et al., 2013). The surface of
the sclerotium is rough and wrinkly and white to pale brown in colour
(Fig. 1B). The internal structure is white and powdery (Fig. 1C),
which is in agreement with Abdullah et al. (2013).

Mycelia differ significantly from fruiting bodies. When the sclero-
tia of L. rhinocerus were cultured on PDA media, the mycelium texture
appeared furry and cottony with a colony colour of white to beige or
light yellow, as shown in Fig. 1D. As described by Yap et al. (2014),
the expansion of the germ tube of mycelium eventually develops into
a ring or spherical shape, referred to as “tiger eyes” (Fig. 1D). Mobi-
lization of the growing mycelium enables nutrient uptake through
cross-linking of the expanding hyphae. Tiger milk mushroom can be
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Table 2
Antioxidant properties of G.

Concentration of G TPC FRAP DPPH

Gallic Acid (mg Ferrous sulphate (mM  IC50 (mg/ml)

GAE/g) Fe(I)/g)
1 g/mL 50 mg/mL 0-50 mg/mL
L. rhinocerus strain 4.47 *= 0.06 0.56 = 0.02 11.48 = 0.50
ABI
Ascorbic acid (0- - 0.18 = 0.01 0.022 + 0.002
0.1 mg/mL)

cultured on other types of agar media, where it presents a similar ap-
pearance to that when grown on PDA media (Abdullah et al., 2013).
However, under liquid cultivation, the mycelia grow in a stable pellet
structure form as illustrated in Fig. 1E.

3.2. Molecular characteristics of identified tiger milk mushroom

In the present study, LRSA was selected for the construction of a
phylogenetic tree and biomolecular identification. Thus, the DNA of
LRSA was extracted and PCR was performed to amplify the partial re-
gion of LRSA rDNA using ITS1 and ITS4 primers. As a result, an am-
plified PCR product of rRNA of approximately 515 bp in size was ob-
tained as shown in Fig. 2. NCBI BLAST analysis was used to sequence
and align the product with the top 9 related species, with 14 Gano-
derma species as the outgroup. The L. rhinocerus strain ABI sequence
was found to be 99% similar to (FJ899143.1) L. rhinocerus strain
CH31 and (FJ3380871.1) L. rhinocerus strain CH2 located at clade A
(Fig. 3). Subsequently, the evolutionary distance (K,,.) was calculated
between sequences of similar fungus species using MEGA software
version X for further investigation. A phylogenetic tree was con-
structed using the neighbour-joining (NJ) method from K, data using
the same software. The closest evolutionary distance K, values indi-
cated that the fungal isolate was closely related to L. rhinocerus (K,
0.003) at clade A. The fungal species was verified by using a plasmid
matching software (ApE) in which the isolated fungal was found to
belong to the L. rhinocerus species (see the supplementary data Fig.
S1), which aligned with L. rhinocerus strain CH2 and L. rhinocerus
strain CH31 sequences.

3.3. p-D-glucan content

In the present study, approximately 100 mg of sample was used to
determine the total glucan (including a-glucan, p-glucan, D-glucose in
oligosaccharide, sucrose and free D-glucose). The results for total glu-
can, a-glucan, and p-D-glucan or D-glucose content from the mycelium
of Lignosus rhinocerus were 40.49 + 5.7% (w/w), 4.19 * 2.6% (w/w)
and 36.3 * 1.50% (w/w), respectively. Other polysaccharide
monomers (63.7%, calculated by difference) identified in fungal EPS
would potentially be hexoses (glucose, mannose, galactose, fucose,
rhamnose, talose) but also pentoses (arabinose, ribose, xylose) (Jaros
et al.,, 2018; Kim et al., 2000). As the structure is polysaccharide-
protein complex, 59.51% would be the protein structure that holds
the polysaccharide. In our research, antioxidative D-glucose or D-
glucan was the key active compound which specifically related to its
antioxidative strength. According to Mcleary and Draga (2016), medi-
cinal mushrooms key active components were identified as 1,3:1,6-p-
glucan, triterpenoids and ergosterol.

From this result, it appeared that p-D-glucan represented almost
90% of the total glucan content of the aqueous extracts of mycelium
of LRSA and mostly composed of D-glucose as compared with the
standard. It was reported by McCleary and Draga (2016) that major
structural feature of mushroom species consists of (1,3)-B-glucan
backbone with D-glucose as the monosaccharide. Previous studies on
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sclerotia of Lignosus rhinocerotis (Cooke) Ryvarden (synonym: Lignosus
rhinocerus) verified the polysaccharide extracted from the tuber con-
sists of polysaccharide-protein complex and a glucan with glucose
content of 98.6% (Lai et al., 2008). In addition, Lau et al. (2013a,b)
also reported that 82-93% of total glucans of tuber L. rhinocerus were
B-D-glucan which composed of majority of D-glucose. Together, our
mycelial-based glucan showed close comparability with tuber-based
glucan.

3.4. IR spectroscopy

FT-IR spectroscopy is a valuable technique for the structural char-
acterization of exopolysaccharides (Prado et al., 2005) and can be
used to analyse fungal glucans from various mushroom and fungal
sources due to its sensitivity to the position and anomeric configura-
tion of glycosidic linkages in glucans (Synytsya and Novak, 2014).

The FT-IR spectrum of compound G is presented in Fig. 4B. By
comparison with laminarin (Fig. 4A), the broad and intense absorp-
tion peak at 3277 cm~! was found to represent the stretching vibra-
tion of a hydroxyl group (O-H), which indicated the presence of a
polyhydroxilic compound (Liu et al., 2007). The absorption peak at
2919 cm~! was assigned to the stretching vibration of C-H bonds, in-
dicating a methylene group (CH,) (Paulo et al., 2012). The spectra
also showed adsorbed water bending vibration at 1638 ecm™! (Miao et
al., 2014). Other major absorption bands identified at 1545 cm~! and
1400 cm~! were attributed to amide group and -CH3 stretching vibra-
tion, respectively (Ji et al., 2013). The absorption band at approxi-
mately 1078 cm~! can be assigned to C-O stretching vibration and a
pyranose ring (C-O-C) (Hu et al., 2017). The absorption peaks re-
sponsible for O-H, C-H, and C-O groups were characteristic of the FT-
IR absorption of polysaccharide (Wang and Zhang, 2009). The ‘finger-
print’ region for carbohydrates in the range of 850-1000 cm~! can be
used to determine polysaccharide type and configuration (Hu et al.,
2017). Thus, the specific absorption peak at 896 cm~! corresponding
to the presence of p-configuration in the ‘anomeric region’, indicating
that the compound G contained f-type glycosidic linkages (Wan-
Mohtar et al., 2016b).

3.5. NMR spectroscopy

3.5.1. 1D NMR ('H and 13C) analysis

The structure of G was further elucidated using NMR spectral
analysis. Fig. 5 shows the ITH NMR spectra using D,O as a solvent. 'H
NMR spectra profiling presents a broad fingerprint of a biomolecule in
solution (Pomin, 2012). Generally, for D-glucose or D-glucan analysis,
the anomeric region appears at the most downfield region of the spec-
tra, which is usually located between 4.0-6.0 ppm (Fig. 5) with most
of the B-anomeric protons appear in the range of 4.0-5.0 ppm while
most of the a-anomeric protons appear in the range of 5.0-6.0 ppm
(Hu et al., 2016). In the 'H NMR spectra of our exopolysaccharide
LRSA (Fig. 5), a signal at 5.20 ppm with the coupling constant (J) of
3.73 Hz indicated the H1-a anomer. Another peak at 4.60 ppm exhib-
ited a significantly larger J value (7.93 Hz) as expected for the H1-§
anomer, which appeared upfield from the hydrogen of the a anomer.
Another obvious signals was at 3.23 ppm, indicating the H2- anomer
(Gurst, 1991). The 'H NMR spectra of LRSA had a similar pattern to
the spectra obtained in previous studies for glucopyranose (Glcp), af-
ter achieving anomeric equilibrium in solution (Pomin, 2012). At
equilibrium, the percentage of each anomer of D-glucopyranose was
64% for the p-anomer and 36% for the a anomer, with the B-D-
glucopyranose reported to be the more stable anomer (Gurst, 1991).
This finding was comparable with previous study by Ji et al. (2013)
which analysed laminarin in the area of 'H NMR spectrum of § 4.49-
5.5 ppm. Besides, it was also comparable with its closest counterpart
genus Lignosus rhinocerotis sclerotia (Hu et al., 2017) p-D-glucan with
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Table 3
Comparison of characterized tiger milk mushroom mycelial glucan with the literature.
Organism name Geographical DNA source Fungal Polysaccharide Total p-glucan FT-IR (wavelength, 'H Reference
Origin size linkages cultivation  content cm™) NMR
time (day)  (w/w) %
L. rhinocerus strain Lata Iskandar, Malaysia ~Mycelium (Liquid 515 (1,3)-p-D-glucan 25 36.3 3277, 2919, 1638, OH-2, Current
ABI fermentation) bp 1545, 1400, 1078, OH-4, work
896 OH-6
L.rhinocerus Lata Iskandar, Malaysia  Sclerotium (cultivated) NA f-D-glucan 132 63.51 NA NA Jamil et
al. (2018)
L. tigris Selangor, Malaysia Sclerotium (cultivated) NA - glucans 180 5.85-16.74 NA NA Kong et
al. (2016)
L. rhinocerotis strain Selangor, Malaysia Sclerotium (cultivated) NA f- glucans 180 1.1and 3.2 NA NA Lee et al.
TMO02 (2014)
Lignosus spp. strain Kuala Lumpur, Sclerotium (wild) NA B-D- glucans NA NA 1680, 1657, 1639, NA Choong
M26/08, M49/07, Semenyih & Kuala Lipis, 1620, etal.
M23/08 Malaysia. 1471 (2014)
L. rhinocerotis Negeri Sembilan, Fruit body (cultivated), NA (1,3)and (1,6) - 111 9.3t013.2 NA NA Lau et al.
Malaysia Sclerotium (cultivated), -D- glucans (2013a)
Mycelium
(Liquid fermentation)
L. rhinocerotis Negeri Sembilan, Sclerotium (cultivated) NA (1,3)-p- and 111 38.93 NA NA Lau et al.
Malaysia (1,6)-p glucans (2013b)
L. rhinocerus Pahang, Malaysia Fruit body (wild) NA (1,3) and (1,6) - NA 33.9 NA NA Jamil et
p-D- glucans al. (2013)

*NA = not available. TMM = Tiger Milk mushroom. Bp = Base pair.

our Lignosus rhinocerus mycelium showing also p-D-glucan. Evaluation
of the ‘anomeric region’ of 'H NMR spectra in this study with those
described previously specifies that they are of similar pattern (Hu et
al.,, 2017; Kim et al., 2000; Liu et al., 2014; Wagner et al., 2003).
Thus, these spectra indicate that the glycosidic bonds in glucan (Fig.
5) was B-type. In addition, in the 'H NMR spectra of compound G of
LRSA, the chemical shifts at 4.6, 3.9, and 3.8 ppm were attributed to
the hydroxyl groups OH-2, OH-4, and OH-6, respectively (Supramani
et al., 2019b; Wagner et al., 2003).

Multiple compressed, overlapping, and unresolved proton signals
in the 'TH NMR spectra mean that the application of other nuclei such
as 13C is important for the characterization of polysaccharides. Fig. 6
illustrates the 3C NMR spectrum obtained for G compound of LRSA.
It can be observed that the pattern obtained for '3C NMR from this
study has similar pattern to the 13C NMR achieved for D-glucose with
anomeric region is between 90-110 ppm and the p-anomer appeared
the most downfield in the spectra (Brown et al., 2018; Gurst, 1991;
Kim et al., 2000; Pomin, 2012). This indicated that glucan has f-
configuration of D-glucosyl residues at peak 98.80 ppm for C1 (Fig.
6). Hence, the 13C spectrum (Fig. 6) clearly revealed the shifts in car-
bons (C1-C6) characteristic of a p-glucan: 98.8 ppm (C1), 77.1 ppm
(C2), 78.8 ppm (C3), 74.2 ppm (C4), 72.5 ppm (C5), and 63.6 ppm
(C6), in agreement with previous studies (Gonzaga et al., 2013; Liu et
al., 2014; Pomin, 2012). According to Emwas et al. (2018), the qual-
ity of spectra and their subsequent interpretation in NMR are influ-
enced by multiple factors such as sample characteristics, NMR setup,
and processing parameters. In the present study, the 13C NMR spec-
trum of G showed that the chemical shifts of C1 and C3 had moved
downfield compared with those of glucose, indicating that the glyco-
sidic bond in G was of the p-(1 — 3) type, which was in agreement
with Ji et al. (2013).

3.5.2. 2D NMR (COSY, TOCSY, HMQC & HMBC) structural analysis
Two-dimensional (2D) NMR spectra were used to confirm the attri-
butions recorded by 'H and '3C in 1D NMR spectra to reveal the char-
acteristics of the exopolysaccharide. 2D NMR is a powerful tool for
structure elucidation, and has been shown to provide conclusive evi-
dence for p-(1,3) linkages (Ensley et al., 1994; Lowman et al., 2011).
Although many studies have used methylation analysis to determine
the glycosidic linkages of p-glucans, this approach is more time-

consuming and requires careful pre-treatment and interpretation of
the generated data (Hakamori, 1964; Sims et al., 2018).

Fig. 7 and Fig. 8 show the bidimensional COSY and TOCSY spectra
with identification of the couplings between the protons (*H/'H).
Based on COSY and TOCSY spectra analysis, all 'H-chemical shifts can
be fully identified and assigned accordingly for the 1D 'H NMR spec-
trum in alignment with previous studies (Gonzaga et al., 2013; Nie et
al., 2011). Fig. 9 represents the NMR spectra for HMQC, with a record
of the couplings between carbons and hydrogens of the glycosidic ring
(13C/'H). Using a carbon-related experiment for the HMQC spectrum,
all 'H-linked carbons signals can also be assigned through correlation
with one-bonded 'H-13C J-couplings. The HMQC spectrum (Fig. 9) re-
vealed the spectrum of distinct cross peaks in the anomeric region of
G. The C1, C2, C3, C4, C5, and C6 signals at 98.8, 77.1, 78.8, 74.2,
72.5, and 63.6 ppm cross-link to the proton signals H1, H2, H3, H4,
H5, and H6 at chemical shifts 4.60, 3.23, 3.47, 3.92, 3.37, and
3.89 ppm, respectively, confirming the results obtained in 1D NMR.
These values are fully consistent with the literature (Liu et al., 2014;
Nie et al., 2011; Pomin, 2012). HMBC (*H/13C) provides correlations
between protons and carbons that are separated from each other by
two or three bonds or up to five-bond correlations (Vasavi et al.,
2011). The linkage sequence of the adjacent glycosyl residues were
deduced by the cross-peaks in the HMBC spectrum (Fig. 10). The
cross-peak between H1 (4.60 ppm) and C3 (78.8 ppm) and between
H5 (3.37 ppm) and C3 (78.8 ppm) indicated that residue was linked
to residue G via a f-(1 — 3)-linked glycosidic bond (Wu et al., 2019).
Finally, by compiling the information from 1D and 2D NMR, a com-
plete assignment of all linkage patterns was obtained, as shown in
Table 1. With the results of 2D NMR, the mycelial of LRSA was con-
firmed to consist of (1,3)-B-D-glucan linkages.

3.6. Antioxidant activity

The antioxidant properties of G were accessed using three antioxi-
dant assays (Table 2): TPC, FRAP, and DPPH assays. Phenols are im-
portant plant constituents because of their scavenging ability, attribut-
able to their hydroxyl groups. In the present study, total phenolic con-
tent was determined to investigate whether the antioxidant activities
of G implicated its phenolic compounds. TPC of the 1 g/mL of ex-
opolysaccharide contained 4.47 = 0.06 mg GAE/g, a level slightly
lower than that of previously reported studies (Lau et al., 2014). How-
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ever, the concentration of total phenols in medicinal mushrooms has
been reported as ranging between 4.45 mg GAE/g and 14.44 mg
GAE/g (Abugri and Mcelhenney, 2013). Thus, the antioxidant capac-
ity of G was determined to be within the expected range and may be
related to the presence of phenolic compounds (Wan-Mohtar et al.,
2018).

The reducing potential (reduction of Fe** to the Fe?*) of ex-
opolysaccharide was determined by FRAP assay. The reducing power
for the 50 mg/mL of extract was 0.56 = 0.02 mM Fe(II)/g, which was
higher than that of L. rhinocerus (wild type) and L. rhinocerus TMO02
(0.006-0.016 mM Fe(Il)/g) (Yap et al., 2013). However, the reducing
value was comparable to that of L. rhinocerus KUM61075 (0.21-
0.85 mM Fe(II)/g) (Lau et al., 2014). In addition, the extract exhibited
a relatively higher FRAP value in comparison with the positive con-
trol, the known antioxidant ascorbic acid (0.18 = 0.01 mM Fe(I)/g).
A higher FRAP value in extracts, regardless of their phenolic content,
may indicate the existence of other less polar compounds such as to-
copherols and flavonoids, which may possibly contribute to the reduc-
ing/electron-donating activities of the compounds (Yap et al., 2013).

The DPPH radical scavenging assay is a widely used method to
evaluate antioxidant activities more rapidly compared with other
methods. DPPH, a stable free radical, has a characteristic absorption
at 517 nm. As antioxidants donate protons to these radicals, the ab-
sorption decreases. The decrease in absorption is taken as a measure
of the extent of radical scavenging (Kalyoncu et al., 2010). Free radi-
cal scavenging values of G are shown in Table 2 as percentages. In the
DPPH assay, the ability of G to reduce the stable DPPH radical into a
non-radical form of DP was evaluated and ICsy of G was found to be
11.48 + 0.50 mg/mL, indicating a higher free radical scavenging ac-
tivity compared with previously reported studies of the antioxidant
activities of L. rhinocerus (Lau et al., 2014; Yap et al., 2013). The ex-
tract showed higher radical scavenging activity than that of the posi-
tive control ascorbic acid (0.022 + 0.002 mg/mL). These results indi-
cate that the G compound of LRSA obtained in submerged cultivation
may represent a valuable source of antioxidant compounds. Few stud-
ies to date have investigated the mycelium and broth culture and
most all comparison studies have used sclerotia for investigation of
bioactivities.

3.7. Comparison of characterized tiger milk mushroom glucan with the
literature

The tiger milk mushroom mycelial glucan characterized in the pre-
sent work was compared with that of previous studies, as shown in
Table 3. The present study is the first comprehensive characterization
of tiger milk mushroom in terms of strain determination using molec-
ular identification, fungal PCR product size, sequence length, polysac-
charide linkages, p-glucan content, FT-IR spectroscopy, and structural
characterization using NMR. Six previous studies involving f-glucan
studies have primarily considered the sclerotium of L. rhinocerus
specifically originating from Malaysia (Choong et al., 2014; Jamil et
al., 2013, 2018; Lau et al., 2013a, 2013b; Lee et al., 2014). However,
the production of sclerotia using a solid-state fermentation technique
requires a long cultivation period which is economically unfeasible
and susceptible to contamination (Leskosek-Cukalovic et al., 2010).
Few studies have used solid-state fermentation as sclerotia cultivation
takes about 3-6 months (Jamil et al., 2018; Kong et al., 2016; Lau et
al., 2013a; Lee et al., 2012), in contrast with the present study, in
which the mycelium was produced in approximately 25 days. This
motivated further investigation into the potential of the mycelium as
an alternative to cultivated or wild sclerotia. The production of
mycelium through submerged liquid fermentation has several advan-
tages, including a shorter cultivation time, higher yields, and de-
creased contamination. Hence, a more efficient production of the de-
sired products, particularly mycelial biomass and polysaccharides, can
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be obtained (Lau et al., 2014; Liu et al., 2014; Yang et al., 2013). The
relevance of mycelium as a substitute for the sclerotia is supported by
the current findings, in which the p-glucan content extracted from
mycelium (36.3% w/w) was comparable with or higher than that ob-
tained from sclerotia in previous studies (5.85%-38.93% w/w)
(Choong et al., 2014; Jamil et al., 2013, 2018; Kong et al., 2016; Lau
et al., 2013a, 2013b; Lee et al., 2014). This observation is also sup-
ported by the study of Lau et al. (2014), which reported that the
mycelium of L. rhinocerotis had bio-activities comparable with those of
the sclerotia, prompting further consideration of the mycelium as an
alternative source of functional components. The current work also in-
cludes FT-IR spectroscopy analysis to investigate the exopolysaccha-
ride linkages of the mycelium of L. rhinocerus in contrast to previous
studies. (1,3)-p-D-glucan was identified as the main linkage in com-
pound G and was extracted from a mycelium sample, unlike the work
described by Choong et al. (2014) which investigated only the extent
of B-D-glucan linkage in a sclerotia sample.

4. Conclusion

The Malaysian tiger milk mushroom Lignosus rhinocerus strain ABI
(LRSA) was morphologically identified through biomolecular charac-
terization. The structure of its bioactive compound, (1,3)-p-D-glucan
(G) from the extracted mycelium cultured in a bioreactor, was suc-
cessfully characterized and elucidated spectrophotometrically using
FT-IR and NMR. NMR structural analysis in the present study repre-
sents the first structural characterization of (1,3)-p-D-glucan of L.
rhinocerus. Furthermore, the evaluation of antioxidant activity showed
that LRSA has effective antioxidant properties with high free radical
scavenging activity.
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