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A B S T R A C T  

A rare Malaysian tiger milk mush room Lig no sus rhinocerus strain ABI (LRSA) was mor pho log i cally iden ti fied 
based on its pileus, stipe, and scle rotium. LRSA (515 bp) was se quenced and found to have 99% sim i lar to L. 
rhinocerus strains CH31 and CH2. Phy lo ge net i cally, evo lu tion ary dis tance ( K nuc ) and plas mid - matching soft - 
ware (ApE) for se quences of match ing fun gal species were used to ver ify that the iso late be longed to the L. 
rhinocerus species. The strain was cul tured in a stirred - tank biore ac tor and a mycelial β - glucan (G) was ex - 
tracted for com pound char ac ter i za tion. The struc ture of ex opolysac cha ride ex tract from mycelium of LRSA 
was stud ied us ing Fourier - transform in frared spec troscopy (FT - IR) and one - dimensional (1D) and two - 
dimensional (2D) Nu clear Mag netic Res o nance (NMR). FT - IR spec troscopy showed that G ex hib ited a sim i lar 
β - glycosidic struc ture to the stan dard (lam i narin), and the pres ence of char ac ter is tic bands at 3277, 2919, 
1638, 1545, 1400, 1078, and 896  cm −1 con firmed the sim i lar i ties. 1 H and 13 C NMR, as well as 2D NMR: 
homonu clear cor re la tion spec troscopy (COSY), to tal cor re la tion spec troscopy (TOCSY), het eronu clear mul ti ple 
quan tum co her ence (HMQC), and het eronu clear mul ti ple bond co her ence (HMBC) spec tra, were used for 
struc tural elu ci da tion of the β - glucan and con firmed the ex tracted ma te r ial as (1,3) - β - D - glucan. In ad di tion, 
the G com pound ex hib ited an tiox i dant ac tiv i ties through to tal phe no lic con tent (4.47  mg gal lic acid equiv a - 
lents/ g), 2, 2 - diphenyl - 1 - picrylhydrazyl (11.48  mg/ mL), and fer ric re duc ing an tiox i dant power (0.56  mg/ mL) 
as says. These find ings may fa cil i tate the de vel op ment of rare G pro duc tion in a high - scale biore ac tor us ing 
LRSA. 

1 . Introduction 

The tiger milk mush room, sci en tif i cally known as Lig no sus 
rhinocerus (L. rhinocerus ), is clas si fied within the king dom of fungi in 
the Ba sid iomy cota di vi sion of the Poly po raceae fam ily ( Abdullah et 
al., 2013 ; Johnathan et al., 2016 ). The name of this mush room de - 
rives from a folk lore be lief that the mush room ap pears on the ground 

where the milk of a ti gress has fallen ( Fung and Tan, 2019 ). The tiger 
milk mush room can be found in south ern re gions of China, Sri Lanka, 
Thai land, Philip pines, In done sia, Papua New Guinea, Aus tralia, Van u - 
atu, and Malaysia ( Cui et al., 2011 ; Núñez and Ryvarden, 2001 ). 
How ever, wild tiger milk mush room is gen er ally ex pen sive and dif fi - 
cult to source be cause its nat ural abun dance is low and it can only be 
found within ar eas with ap prox i mately a 5 - km ra dius ( Fung and Tan, 
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Fig. 1 . Sam ples of L. rhinocerus from dif fer ent de vel op men tal stages. (A) Ba sid io carp of tiger milk mush room iso lated from a trop i cal for est in Lata Iskan dar, Pa - 
hang, 4.3244° N, 101.3249° E, Malaysia. (B) Ir reg u lar shape scle rotium of L. rhinocerus , (C) Sliced scle rotium of L. rhinocerus (D) Mycelium of L. rhinocerus strain 
ABI on PDA medium at day 5 (E) Mycelium pel let of L. rhinocerus strain ABI at day 14. 

Fig. 2 . Ethid ium bro mide flu o res cence im age show ing elec trophore sis of Lig - 
no sus rhinocerus strain ABI (LRSA) PCR prod uct. The gel con sists of 1% 
agarose and run with 1% TE buffer at 80  V. Lanes 1 and 5 DNA marker; Lane 2 
PCR no tem plate con trol; Lane 3 pos i tive con trol Fun gal gDNA; Lane 4 PCR 
ABI prod uct. 

2019 ). Fur ther more, it can take months to lo cate the fruit ing body 
from its emerged pileus above ground with the un der ground scle - 
rotium ( Yap et al., 2014 ). 

This mush room com prises a pileus (cap), stipe (stem), and scle - 
rotium (tu ber) ( Nallathamby et al., 2018 ). The scle rotium of L. 
rhinocerus is the most im por tant part of the mush room and con tains 
med i c i nal com pounds with mul ti ple prop er ties for the treat ment of 
dis eases in clud ing can cer, cough, asthma, fever, and other ail ments 
( Lau et al., 2015 ). Pre vi ous re search has demon strated that the scle ro - 
tia of L. rhinocerus pos sess im munomod u la tory, anti - inflammatory, 
anti - oxidative, anti - proliferative, anti - microbial, anti - asthmatic, and 
anti - viral ac tiv i ties ( 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 fre quently been con fused with Pleu ro - 
tus tu ber - regium or Lenti nus tu ber - regium due to their sim i lar i ties, in - 
clud ing cen trally stip i tate ba sid io carps ( Nallathamby et al., 2018 ). 
The stipe alone might not be suf fi cient to mor pho log i cally char ac ter - 
ize and phy lo ge net i cally dif fer en ti ate the genus. Thus, mol e c u lar phy - 
lo ge netic tree analy sis is re quired to eval u ate and clas sify the mush - 
room ( Sotome et al., 2008 ). 

The cul ti va tion of tiger milk mush room us ing solid state fer men ta - 
tion (SSF) is lim ited by fac tors in clud ing a longer du ra tion re quired 
for the de vel op ment of the tu ber and fruit ing body and slow mycelial 

growth. In ad di tion, SSF is dif fi cult to mon i tor, con trol, and scale up 
( Fazenda et al., 2008 ). Thus, sub merged liq uid fer men ta tion (SLF) has 
be come the pre ferred method for mycelial fer men ta tion and com mer - 
cial ap pli ca tions. To tal poly sac cha ride pro duced in mush room typ i - 
cally con sists of ex opolysac cha ride (EPS) and in tra cel lu lar poly sac cha - 
ride (IPS) ( Supramani et al., 2019a ). EPS is ex creted by the mycelium 
for sur vival un der stress con di tions while IPS is pro duced within the 
mycelium cell ( Liu et al., 2010 ; Sathiyanarayanan et al., 2017 ). EPS is 
a high - molecular - weight poly mer with a sim ple mono sac cha ride com - 
po si tion ( Lai et al., 2014 ). The mol e c u lar weight (Mw) dis tri b u tions of 
some fun gal ex opolysac cha rides ranges from 13  kDa to 4.3  ×  10 6  kDa 
( Mahapatra and Banerjee, 2013 ). For L. rhinocerus , the high mol e c u lar 
weight of its scle ro tia poly sac cha ride was found to be more than 
30  kDa ( Yap et al., 2018 ). How ever, vari a tions in mol e c u lar weight 
and sugar com po si tion of fun gal EPSs are de pen dent on many fac tors 
in clud ing strain, cul ture con di tions, and medium com po si tion ( Rabha 
et al., 2012 ). The pri mary poly sac cha ride found in the L. rhinocerus 
cell wall is β - glucan, which com prises 65% – 90% (1,3) - β - D - glucan 
( Bowman and Free, 2006 ; Lau et al., 2013a ). β - glucan is made up of 
d - glucose monomers linked by β - glycosidic bonds and con tain ing only 
glu cose as a struc tural con stituent ( Ruthes et al., 2013 ). The bi o log i - 
cal ef fects of β - glucan are de pen dent on its pri mary struc ture, con for - 
ma tion, and mol e c u lar weight ( Tada et al., 2009 ). The bi o log i cal ac - 
tiv ity of β - glucan in ba sid iomycetes has been shown to ex ert a pos i - 
tive ef fect on the im mune sys tems of both hu mans and an i mals ( Rop 
et al., 2009 ). Thus, sub merged fer men ta tion of mycelium ba sid - 
iomycetes is more ef fi cient, re li able, re pro ducible, flex i ble, and eas ier 
to mon i tor com pared with solid state fer men ta tion of fruit ing bod ies, 
es pe cially for the pro duc tion of mycelial bio masses and their bioac tive 
com pounds, ex opolysac cha rides and other exo - biopolymers such as 
poly sac cha ride – protein com plexes ( Komura et al., 2010 ; Leung et al., 
2009 ). 

Ox ida tive stress caused by re ac tive oxy gen species (ROS) can cause 
cel lu lar dam age and is thus im pli cated in a num ber of dis or ders such 
as ag ing, in flam ma tion, ath er o scle ro sis, and can cer ( Kozarski et al., 
2015 ). Re cent in ter est in the de vel op ment of ef fec tive and safe nat - 
ural an tiox i dants high lights the im por tance of re plac ing syn thetic an - 
tiox i dants due to their side ef fects such as eczema, gas troin testi nal up - 
sets, cho les terol in blood, and hy per ki ne sis ( Lidon and Silva, 2016 ). 
Hence, an tiox i dants iso lated from nat ural sources such as mush rooms 
rep re sent ben e fi cial nu traceu ti cals and func tional foods for health and 
dis ease pre ven tion ( Brewer, 2011 ; Kofuji et al., 2012 ; Munir et al., 
2013 ; Wan - Mohtar et al., 2017 ). Sev eral stud ies have shown the poly - 
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Fig. 3 . Neigh bour - joining phy lo ge netic tree show ing the re la tion ships of tiger milk mush room Lig no sus rhinocerus iso late 515bp (strain ABI) and top - 9 BLAST 
species based on 18S rRNA gene se quences. The iso late lo cated at clade A and evo lu tion ary dis tance ( K nuc ) was at 0.03 clos est to Lig no sus rhinocerus . Bar 0.0050. 

Fig. 4 . Com par i son of β - glucan IR spec tra. A: stan dard glu can from lam i narin ( Lam i naria dig i tata ); B: glu can (G) de rived from tiger milk mush room Lig no sus 
rhinocerus strain ABI (LRSA) mycelium. 

sac cha ride frac tions of the fruit ing body and mycelial bio mass of L. 
rhinocerus pos sess sig nif i cant an tiox i dant ac tiv i ties ( Jamil et al., 2018 ; 
Kong et al., 2016 ; Lau et al., 2014 ; Yap et al., 2013 ). How ever, the 
prop er ties of ex opolysac cha ride pro duced in liq uid or sub merged fer - 
men ta tion for L. rhinocerus are not well char ac ter ized. 

The ob jec tive of the pre sent study was to iso late wild Malaysian 
tiger milk mush room us ing mor pho log i cal, poly merase chain re ac tion 
(PCR) mol e c u lar se quenc ing, phy lo ge netic Mol e c u lar Evo lu tion ary 
Ge netic Analy sis (MEGA) soft ware, and plas mid match ing soft ware 
meth ods. The iso lated strain was cul tured in a con trolled biore ac tor to 
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Fig. 5 . 1 H NMR spec tra of (1 – 3) - β - D - glucan. A: stan dard glu can from lam i narin ( Lam i naria dig i tata ) in D 2 0 - d 6 at 80  °C; B: glu can (G) de rived from batch cul tures 
of tiger milk mush room Lig no sus rhinocerus strain ABI in D 2 0 - d 6 at 25  °C. 

Fig. 6 . 13 C NMR spec tra of (1 – 3) - β - D - glucan of Lig no sus rhinocerus strain ABI. 

gen er ate the mycelial bio mass, which was used for the ex trac tion of 
(1,3) - β - D - glucan (G), sub se quent spec tropho to met ri cal char ac ter i za - 
tion us ing Fourier - Transform In frared Spec troscopy (FT - IR) and one - 
dimensional (1D) and two - dimensional (2D) nu clear mag netic res o - 
nance (NMR), and elu ci da tion of the struc tural as pects of the iso lated 
ma te ri als. The bi o log i cal ac tiv ity of the G com pound was also eval u - 
ated for its an tiox i dant prop er ties. To our knowl edge, this study is the 
first to re port a char ac ter ized glu can from the mycelium of L. 
rhinocerus orig i nat ing from a cul tured biore ac tor. 

2 . Materials and methods 

2. 1 . Material 

The tiger milk mush room sam ple was ob tained from a trop i cal for - 
est in Lata Iskan dar on July 7, 2018 (4.3244° N, 101.3249° E), Pa - 
hang, Malaysia ( Fig. 1 ). The wild mush room was trans ported to the 
Biore ac tor and Prop a ga tion Lab, Agro - Biotechnology In sti tute (ABI), 
Ser dang, Malaysia for fur ther analy sis. Upon ar rival from the site, the 
scle rotium was cul tured on potato dex trose agar (PDA) me dia plates 
to as sure vi a bil ity and pre vent con t a m i na tion. The plates were sub se - 
quently in cu bated un der dark con di tions at 30  °C for 10 days and then 
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Fig. 7 . 1 H/ 1 H COSY cor re la tion of mycelial (1, 3) - β - D glu can of Lig no sus rhinocerus strain ABI. 

Fig. 8 . 1 H/ 1 H TOCSY cor re la tion spec trum for a spec trum of mycelial (1, 3) - β - D glu can of Lig no sus rhinocerus strain ABI. 
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Fig. 9 . 1 H/ 13 C HMQC cor re la tion of mycelial (1, 3) - β - D glu can of Lig no sus rhinocerus strain ABI. 

main tained at 4  °C ( Wan - Mohtar et al., 2016a ). The strain was stored 
on PDA slants for preser va tion pur poses. 

2. 2 . Fungal isolation and phylogenetic tree analysis 

2. 2. 1 . DNA extraction of mycelium 
Fun gal DNA ex trac tion was car ried out us ing an im pro vised 

method ( Liu et al., 2000 ). The mycelia of tiger milk mush room ( L. 
rhinocerus strain ABI) sam ple cul tured on PDA plates was trans ferred 
asep ti cally us ing a ster ile tooth pick into ly sis buffer (500  μL) in 
1.5  mL Ep pen dorf tube [60  mM EDTA [pH 8.0], 400  mM Tris - HCl (pH 
8.0), 150  mM NaCl, and 1% sodium do de cyl sul phate]. The tubes 
were then placed at room tem per a ture for 10  min, af ter which 150  μL 
of potas sium ac etate (60  mL of 5  M potas sium ac etate, 11.5  mL of 
glacial acetic acid, and 28.5  mL of dis tilled wa ter, pH 4.8) was added 
and the sam ples were mixed briefly by vor tex ing and then cen trifuged 
at 11,000× g for 60  s. The su per natant was trans ferred into a new 
1.5  mL Ep pen dorf tube, fol lowed by adding iso propyl al co hol in a 1:1 
ra tio and the sam ple was mixed by in ver sion. The tube was cen - 
trifuged at 10,000× g for 120  s, the su per natant was re moved, and 
70% ethanol (300  μL) was used to wash the DNA pel let be fore it was 
cen trifuged again at 10,000× g for 60  s. The su per natant was re - 
moved, and the re sult ing DNA pel let was air - dried. 

2. 2. 2 . PCR amplification 
The re sult ing DNA pel let was dis solved in 1X Tris - EDTA (50  μL) to 

form a pu ri fied fun gal gDNA. For fun gal iden ti fi ca tion, two in ter nal 
tran scribed spacer (ITS) primers, which were ITS1: 5′ - 
TCCGTAGGTGAACCTGCGG - 3′ and ITS4: 5′ - 
TCCTCCGCTTATTTGATATGC - 3′, were used for the PCR. The mod i - 

fied PCR pro ce dure of Liu et al. (2000) and Tamura et al. (2013) was 
fol lowed us ing 25  μL of re ac tion mix ture. The PCR mix ture in cluded 
0.5  pmol of both primers, 0.5 U DNA poly merase (Promega, Madi son, 
USA), 200 μM of dNTP mix (Promega), PCR buffer (Ther moFisher Sci - 
en tific, Waltham, USA), and wa ter. The tar geted frag ments were am - 
pli fied us ing an Ep pen dorf Mas ter cy cler gra di ent (Ep pen dorf, Ham - 
burg, Ger many) with the fol low ing pro ce dure: 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 fi nal ex ten sion. 

2. 2. 3 . Data analysis 
The re sul tant PCR prod ucts were sep a rated on an agarose gel (1%) 

at 80  V for 1  h. The PCR prod ucts pu ri fied us ing a PCR Pu rifi ca tion 
Kit (Tian gen Biotech Co., China) and BigDye® Ter mi na tor v3.1 Cy cle 
Se quenc ing Kit (Ap plied Biosys tems Co., USA) for bidi rec tional se - 
quenc ing. BLAST analy sis was per formed against se quences from the 
same or dif fer ent species and matched to the 10 clos est species in the 
data base. 

2. 2. 4 . Phylogenetic tree and species verification 
A phy lo ge netic tree di a gram was es tab lished ac cord ing to the 

method de scribed by Ab Kadir et al. (2016) . Evo lu tion ary dis tance 
( K nuc ) among se quences of the same fun gal species was cal cu lated us - 
ing the neigh bour - joining (NJ) method with MEGA soft ware ver sion X 
( Tamura et al., 2013 ). The clos est K nuc of the iso lated com mer cial fun - 
gus was clas si fied as the same species. To ver ify the species, se quence 
of the clos est K nuc species and the se quence of gDNA were com pared 
for mis matches us ing A plas mid Ed i tor (ApE) soft ware. The re sults ac - 
quired were sub mit ted to Gen Bank and analysed via BLAST search 
( http:// blast. ncbi. nlm. nih. gov/ ) on the Gen Bank data base. 

http://blast.ncbi.nlm.nih.gov/
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Fig. 10 . 1 H/ 13 C HMBC cor re la tion of mycelial (1, 3) - β - D glu can of Lig no sus rhinocerus strain ABI. 

2. 3 . Batch fermentation 

A seed cul ture for batch fer men ta tion was pre pared in a baf fled 
shake flask. First, two mycelia agar squares (1  cm  ×  1  cm) were cut 
from the cul ture plate us ing a ster ile scalpel in a lam i nar flow cham - 
ber and in oc u lated into 100  mL medium con sisted of 4% (w/ v) of glu - 
cose, 0.1% (w/ v) of yeast ex tract, 0.2% (w/ v) of pep tone, 0.046% (w/ 
v) of potas sium di hy dro gen phos phate (KH 2 PO 4 ), 0.1% (w/ v) of 
dipotas sium hy dro gen or thophos phate (K 2 HPO 4 ), and 0.05% (w/ v) of 
mag ne sium sul phate (MgSO 4 ). Flasks were placed on a ro tary in cu ba - 
tor shaker at 30  °C, 200  rpm speed for 11 days with an ini tial pH of 
5.5. 

The fer men ta tion was per formed in a 10  L stirred - tank biore ac tor 
(STR) (Lab fors, In fors H - T, Switzer land). The seed cul ture (10% v/ v) 
was in oc u lated into the medium. The me dia com po si tion was sim i lar 
to the shake flask me dia. The fer men ta tion pa ra me ters were tem per a - 
ture (30  °C), aer a tion rate (1 vvm), ag i ta tion speed (200  rpm), dis - 
solved oxy gen (30% – 40%), and ini tial pH (5.5). The mycelium was 
cul tured in the biore ac tor for 14 days and the re sult ing mycelial pel - 
lets were iso lated. 

2. 4 . Analytical methods 

2. 4. 1 . Extraction of crude (1, 3) - β - D - glucan (G) 
The ex opolysac cha ride - derived β - glucan (G) was ex tracted ac cord - 

ing to the pro to col of Supramani et al. (2019a) . The mycelia were fil - 
tered from the fer mented cul ture broth and rinsed with dis tilled wa - 
ter. The fil trate ob tained was added to 95% (v/ v) ethanol at a ra tio of 
1:4 (g/ mL) and left overnight at 4  °C for the pre cip i ta tion of macro - 
mol e cules. The sam ple was then cen trifuged at 10,000  rpm for 
15  min. The su per natant was dis carded, and the pel let was dry ing in a 

food de hy dra tor at 35  °C un til con stant weight. The dried brown pow - 
der ob tained was kept at room tem per a ture for fur ther analy sis. 

2. 4. 2 . Measurement of β - D - glucan content 
The level of β - D - glucan in the sam ple was mea sured us ing a 

Megazyme kit (Cat. no. K - YBGL) ac cord ing to the man u fac tur er's pro - 
to col. The kit was used to eval u ate en zy matic hy drol y sis for mea sure - 
ment of to tal glu can and acid hy drol y sis for α - glucan. Ap prox i mately 
100  mg of sam ple was used to de ter mine the to tal glu can (in clud ing 
α - glucan, β - glucan, d - glucose in oligosac cha ride, su crose and free d - 
glucose). 

Next, for the α - glucan (in clud ing phy to glyco gen, starch, d - glucose 
in su crose and free d - glucose) de ter mi na tion, an other 100  mg of sam - 
ple was re - run ac cord ingly. For glu cose con tent analy sis for both to tal 
and α - glucan; 0.1  mL of the su per natant was in cu bated with 3.0  mL of 
GO POD reagent at 40  °C for 20  min. The d - glucose so lu tion was used 
as stan dard (1  mg/ mL) and the ac etate buffer (200  mM, pH 5) as 
reagent blank, both were also in cu bated with GO POD reagent. The 
glu cose con tent analy sis was car ried out us ing UV – Visible spec tropho - 
tome ter (Var ian, Cary 50, USA) and the ab sorbance was mea sure at 
510  nm. Fi nally, the β - glucan con tent [unit: g/ 100  g dry weight 
(DW)] was cal cu lated by sub tract ing the per cent age of to tal glu can 
and α - glucan by us ing Equa tion (1) as fol lows: 

(1) 
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Table 1 
Chem i cal shifts (ppm) of 1 H and 13 C NMR sig nals for G recorded in D 2 O at 
25  °C. 

Sugar residue H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6 H6′ 

(1  →  3) - β - D - glucan 4.60 3.23 3.47 3.92 3.37 3.89 3.69 
 98.80 77.09 78.85 74.46 72.52 63.64 

2. 5 . Structural characterization 

2. 5. 1 . Infrared spectroscopy 
An FT - IR spec trum of the G sam ple (5  mg) was taken us ing Ag i lent 

Cary 630 equipped with di a mond ATR (At ten u ated To tal Re flectance) 
FT - IR spec tropho tome ter (Ag i lent Cary 630 equipped with di a mond 
ATR). The wave length was recorded in the range of 4000 – 650  cm −1 

and analysed us ing a real - time Mi cro - Lab soft ware. 

2. 5. 2 . NMR spectroscopy 
The spec tra of 1D NMR ( 1 H and 13 C), and 2D NMR (cor re la tion 

spec troscopy (COSY), to tal cor re la tion spec troscopy (TOCSY), Het - 
eronu clear Mul ti ple - Quantum Co her ence (HMQC) and Het eronu clear 
Mul ti ple Bond Cor re la tion (HMBC)) ex per i ments were per formed us - 
ing 600 - MHz NMR spec trom e ter (Ag i lent, USA). The G sam ple 
(10  mg) was mixed with 0.375  mL of tetradeuteromethanol (CD 3 OD) 
and 0.375  mL buffer in D 2 O (pH 6.0) con tain ing TSP [0.1% (w/ w)] in 
a 1.5 - mL Ep pen dorf tube. The sam ple was vor texed for 60  s and son i - 
cated at room tem per a ture for 20  min be fore cen trifuged at 10,000× g 
for 10  min to ob tain a clear su per natant. The su per natant (600  μL) 
was trans ferred to an NMR tube (5  mm, Norell, Sigma Aldrich, 
Canada) for NMR analy sis. The com par i son stan dard for 1 H NMR used 
for G was lam i narin ( Lam i naria dig i tata , Sigma - Aldrich, Dorset, UK) 
and per formed at 80  °C to gen er ate a bet ter sep a ra tion of spec tra. 
While all other ex per i ments for G were con ducted at 25  °C. A pre - 
saturation pulse se quence (PRE SAT) ex per i ment was per formed to re - 
move the large sig nal for the HOD to de ter mine 1 H NMR spec tra. 

2. 6 . Antioxidant activity 

2. 6. 1 . Total phenolic content (TPC) 
To tal phe no lics con tent (TPC) of the ex opolysac cha ride was de ter - 

mined by us ing Folin - Ciocalteou (F – C) (R & M Chem i cals, UK.) 
reagent method with slight mod i fi ca tions ( Sulaiman and Ooi, 2012 ). 
10  μl of ex opolysac cha ride was di luted in dis tilled wa ter (50  mg/ mL) 
and mixed with 25  μl of fresh F – C reagent in the well of 96 - well plate. 
Af ter 5  min, the so lu tion was mixed with 25  μl of 20% sodium bi car - 
bon ate (Na 2 CO 3 ) (R & M Chem i cals, UK) so lu tion and left for 30  min 
at room tem per a ture. Ab sorbance was read at 760  nm with mi croplate 
reader (Thermo Sci en tific Mul ti skan GO, Van taa, Fin land). The TPC of 
each ex tract was cal cu lated by com par ing the ab sorbance with the 
gal lic acid cal i bra tion curve (0 – 1  mg/ mL) ac cord ing to Equa tion (2) : 

(2) 

where, C is con cen tra tion of the gal lic acid equiv a lent from stan dard 
curve (mg/ ml); V is vol ume of the ex tract (ml) and g is weight of ex - 
tract (g). The con tents were ex pressed as Gal lic acid equiv a lent (mg 
GAE/ g). 

2. 6. 2 . Ferric reducing antioxidant power (FRAP) 
The FRAP as say was mod i fied from the method of Sulaiman and 

Ooi (2012) . FRAP reagent was freshly pre pared by mix ing 300  mM 
ac etate buffer pH 3.6, 10  mM TPTZ in 40  mM HCl, and 20  mM Fe - 
Cl3·6H2O in a vol ume ra tio of 10:1:1 (v/ v), re spec tively. To de ter - 
mine FRAP ac tiv ity, 20  μl of EPS (50  mg/ mL) was di luted in dis tilled 
wa ter, mixed with 180  μl of FRAP reagent wells of a 96 - well plate, 
and in cu bated for 30  min at room tem per a ture in the dark. Ab - 

sorbance was mea sured at 593  nm us ing a plate reader (Thermo Sci - 
en tific Mul ti skan GO, Van taa, Fin land). Fer rous sul phate (FeSO 4 ) so lu - 
tion (0.1, 0.2, 0.4, and 0.6  mM) was used as the stan dard and FRAP 
ac tiv ity was cal cu lated as fer rous equiv a lent (mM FE (II)/ mg). Ascor - 
bic acid was used as a pos i tive con trol. 

2. 6. 3 . 2, 2 - diphenyl - 1 - picrylhydrazyl (DPPH) 
The DPPH free rad i cal scav eng ing ac tiv ity as say was car ried out 

ac cord ing to the method de scribed by Sulaiman and Ooi (2012) with 
slight mod i fi ca tion. EPS (50  μl) was di luted in dis tilled wa ter (0 – 
50.0  mg/ mL) and mixed with 150  μl of 0.3  mM DPPH so lu tion in 
methanol in the wells of a 96 - well plate. The plate was kept in the 
dark for 30  min be fore ab sorbance of the so lu tion was mea sured at 
517  nm. Ascor bic acid was used as a pos i tive con trol. An tiox i dant ac - 
tiv ity was de ter mined over a range of con cen tra tions to es tab lish IC50 
(the con cen tra tion that re duced DPPH ab sorbance by 50%). Per cent - 
age in hi bi tion of the DPPH scav eng ing ef fect was cal cu lated ac cord ing 
to equa tion (3) : 

(3) 

2. 7 . Statistical analysis 

All ex per i ments were per formed in trip li cate, and the cor re spond - 
ing mean  ±  stan dard de vi a tion (SD) was cal cu lated us ing Graph Pad 
Prism 5 soft ware, ver sion 5.0, and in di cated as er ror bars. Er ror bars 
smaller than the sym bol or icon size, do not ap pear in the fig ures. 

3 . Results and discussion 

3. 1 . Morphological characteristics of an identified tiger milk mushroom 

The dif fer ent mor pho log i cal stages of iden ti fied wild tiger milk 
mush room L. rhinocerus strain ABI (LRSA) are shown in Fig. 1 . The di - 
a gram il lus trates the ba sid io carp of LRSA found in Lata Iskan dar, 
Malaysia with its un der ground scle rotium ( Fig. 1 A). Mor pho log i cally, 
L. rhinocerus can be dis tinc tively char ac ter ized by its woody and hard 
ap pear ance with an um brella - shaped stip i tate ba sid io carp in the cen - 
tre, emerg ing from a scle rotium. The pileus is con cen tri cally zonate 
with an asym met ri cal shape, glabrous, and tea - brown in colour. The 
shape of the iden ti fied LRSA re sem bles L. tigris and L. camero nen sis 
( Tan et al., 2013 ). How ever, L. rhinocerus has a smaller pore size (6 – 8 
per mm) com pared with L. tigris (0.5 – 1 per mm) and L. camero nen sis 
(2 – 3 per mm) ( Fung and Tan, 2019 ). Fur ther more, com mon L. 
rhinocerus has larger and dis tinctly broader el lip soid ba sidiospores 
com pared with L. tigris and L. camero nen sis ( Yap et al., 2013 ). 

The pileus and stipe of L. rhinocerus are woody in form while the 
scle rotium is a hard, dense rest ing body, con sist ing of a com pact ag - 
gre gated hy phal mass ( Georgiou et al., 2006 ). The scle ro tia are asex - 
ual, mul ti cel lu lar, spe cialised re pro duc tive fea tures hold ing food re - 
serve ma te ri als for mush room sus te nance in un suit able growth con di - 
tions ( Cheung, 2013 ). The scle ro tia have an ir reg u lar spher i cal shape 
of about 4 – 5  cm in di am e ter ( Abdullah et al., 2013 ). The sur face of 
the scle rotium is rough and wrinkly and white to pale brown in colour 
( Fig. 1 B). The in ter nal struc ture is white and pow dery ( Fig. 1 C), 
which is in agree ment with Abdullah et al. (2013) . 

Mycelia dif fer sig nif i cantly from fruit ing bod ies. When the scle ro - 
tia of L. rhinocerus were cul tured on PDA me dia, the mycelium tex ture 
ap peared furry and cot tony with a colony colour of white to beige or 
light yel low, as shown in Fig. 1 D. As de scribed by Yap et al. (2014) , 
the ex pan sion of the germ tube of mycelium even tu ally de vel ops into 
a ring or spher i cal shape, re ferred to as “tiger eyes” ( Fig. 1 D). Mo bi - 
liza tion of the grow ing mycelium en ables nu tri ent up take through 
cross - linking of the ex pand ing hy phae. Tiger milk mush room can be 
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Table 2 
An tiox i dant prop er ties of G. 

Concentration of G TPC FRAP DPPH 

 Gallic Acid (mg 
GAE/g) 

Ferrous sulphate (mM 
Fe (II)/g) 

IC50 (mg/ml) 

 1  g/mL 50  mg/mL 0 – 50  mg/mL 

L. rhinocerus strain 
ABI 

4.47  ±  0.06 0.56  ±  0.02 11.48  ±  0.50 

Ascorbic acid (0 – 
0.1  mg/mL) 

– 0.18  ±  0.01 0.022  ±  0.002 

cul tured on other types of agar me dia, where it pre sents a sim i lar ap - 
pear ance to that when grown on PDA me dia ( Abdullah et al., 2013 ). 
How ever, un der liq uid cul ti va tion, the mycelia grow in a sta ble pel let 
struc ture form as il lus trated in Fig. 1 E. 

3. 2 . Molecular characteristics of identified tiger milk mushroom 

In the pre sent study, LRSA was se lected for the con struc tion of a 
phy lo ge netic tree and bio mol e c u lar iden ti fi ca tion. Thus, the DNA of 
LRSA was ex tracted and PCR was per formed to am plify the par tial re - 
gion of LRSA rDNA us ing ITS1 and ITS4 primers. As a re sult, an am - 
pli fied PCR prod uct of rRNA of ap prox i mately 515 bp in size was ob - 
tained as shown in Fig. 2 . NCBI BLAST analy sis was used to se quence 
and align the prod uct with the top 9 re lated species, with 14 Gan o - 
derma species as the out group. The L.  rhinocerus strain ABI se quence 
was found to be 99% sim i lar to (FJ899143.1) L. rhinocerus strain 
CH31 and (FJ3380871.1) L. rhinocerus strain CH2 lo cated at clade A 
( Fig. 3 ). Sub se quently, the evo lu tion ary dis tance ( K nuc ) was cal cu lated 
be tween se quences of sim i lar fun gus species us ing MEGA soft ware 
ver sion X for fur ther in ves ti ga tion. A phy lo ge netic tree was con - 
structed us ing the neigh bour - joining (NJ) method from K nuc data us ing 
the same soft ware. The clos est evo lu tion ary dis tance K nuc val ues in di - 
cated that the fun gal iso late was closely re lated to L. rhinocerus ( K nuc 
0.003) at clade A. The fun gal species was ver i fied by us ing a plas mid 
match ing soft ware (ApE) in which the iso lated fun gal was found to 
be long to the L. rhinocerus species (see the sup ple men tary data Fig. 
S1 ), which aligned with L. rhinocerus strain CH2 and L. rhinocerus 
strain CH31 se quences. 

3. 3 . β - D - glucan content 

In the pre sent study, ap prox i mately 100  mg of sam ple was used to 
de ter mine the to tal glu can (in clud ing α - glucan, β - glucan, d - glucose in 
oligosac cha ride, su crose and free d - glucose). The re sults for to tal glu - 
can, α - glucan, and β - D - glucan or d - glucose con tent from the mycelium 
of Lig no sus rhinocerus were 40.49  ±  5.7% (w/ w), 4.19  ±  2.6% (w/ w) 
and 36.3  ±  1.50% (w/ w), re spec tively. Other poly sac cha ride 
monomers (63.7%, cal cu lated by dif fer ence) iden ti fied in fun gal EPS 
would po ten tially be hex oses (glu cose, man nose, galac tose, fu cose, 
rham nose, talose) but also pen toses (ara bi nose, ri bose, xy lose) ( Jaros 
et al., 2018 ; Kim et al., 2000 ). As the struc ture is poly sac cha ride - 
protein com plex, 59.51% would be the pro tein struc ture that holds 
the poly sac cha ride. In our re search, an tiox ida tive d - glucose or D - 
glucan was the key ac tive com pound which specif i cally re lated to its 
an tiox ida tive strength. Ac cord ing to Mcleary and Draga (2016) , med i - 
c i nal mush rooms key ac tive com po nents were iden ti fied as 1,3:1,6 - β - 
glucan, triter penoids and er gos terol. 

From this re sult, it ap peared that β - D - glucan rep re sented al most 
90% of the to tal glu can con tent of the aque ous ex tracts of mycelium 
of LRSA and mostly com posed of d - glucose as com pared with the 
stan dard. It was re ported by McCleary and Draga (2016) that ma jor 
struc tural fea ture of mush room species con sists of (1,3) - β - glucan 
back bone with d - glucose as the mono sac cha ride. Pre vi ous stud ies on 

scle ro tia of Lig no sus rhinocero tis (Cooke) Ry var den (syn onym: Lig no sus 
rhinocerus ) ver i fied the poly sac cha ride ex tracted from the tu ber con - 
sists of poly sac cha ride - protein com plex and a glu can with glu cose 
con tent of 98.6% ( Lai et al., 2008 ). In ad di tion, Lau et al. (2013a, b) 
also re ported that 82 – 93% of to tal glu cans of tu ber L. rhinocerus were 
β - D - glucan which com posed of ma jor ity of d - glucose. To gether, our 
mycelial - based glu can showed close com pa ra bil ity with tu ber - based 
glu can. 

3. 4 . IR spectroscopy 

FT - IR spec troscopy is a valu able tech nique for the struc tural char - 
ac ter i za tion of ex opolysac cha rides ( Prado et al., 2005 ) and can be 
used to analyse fun gal glu cans from var i ous mush room and fun gal 
sources due to its sen si tiv ity to the po si tion and anomeric con fig u ra - 
tion of gly co sidic link ages in glu cans ( Synytsya and Novak, 2014 ). 

The FT - IR spec trum of com pound G is pre sented in Fig. 4 B. By 
com par i son with lam i narin ( Fig. 4 A), the broad and in tense ab sorp - 
tion peak at 3277  cm −1 was found to rep re sent the stretch ing vi bra - 
tion of a hy droxyl group (O – H), which in di cated the pres ence of a 
poly hy drox ilic com pound ( Liu et al., 2007 ). The ab sorp tion peak at 
2919  cm −1 was as signed to the stretch ing vi bra tion of C – H bonds, in - 
di cat ing a meth yl ene group (CH 2 ) ( Paulo et al., 2012 ). The spec tra 
also showed ad sorbed wa ter bend ing vi bra tion at 1638  cm −1 ( Miao et 
al., 2014 ). Other ma jor ab sorp tion bands iden ti fied at 1545  cm −1 and 
1400  cm −1 were at trib uted to amide group and - CH3 stretch ing vi bra - 
tion, re spec tively ( Ji et al., 2013 ). The ab sorp tion band at ap prox i - 
mately 1078  cm −1 can be as signed to C – O stretch ing vi bra tion and a 
pyra nose ring (C – O – C) ( Hu et al., 2017 ). The ab sorp tion peaks re - 
spon si ble for O – H, C – H, and C – O groups were char ac ter is tic of the FT - 
IR ab sorp tion of poly sac cha ride ( Wang and Zhang, 2009 ). The ‘fin ger - 
print’ re gion for car bo hy drates in the range of 850 – 1000  cm −1 can be 
used to de ter mine poly sac cha ride type and con fig u ra tion ( Hu et al., 
2017 ). Thus, the spe cific ab sorp tion peak at 896  cm −1 cor re spond ing 
to the pres ence of β - configuration in the ‘anomeric re gion’, in di cat ing 
that the com pound G con tained β - type gly co sidic link ages ( Wan - 
Mohtar et al., 2016b ). 

3. 5 . NMR spectroscopy 

3. 5. 1 . 1D NMR ( 1 H and 13 C) analysis 
The struc ture of G was fur ther elu ci dated us ing NMR spec tral 

analy sis. Fig. 5 shows the 1 H NMR spec tra us ing D 2 O as a sol vent. 1 H 
NMR spec tra pro fil ing pre sents a broad fin ger print of a bio mol e cule in 
so lu tion ( Pomin, 2012 ). Gen er ally, for d - glucose or D - glucan analy sis, 
the anomeric re gion ap pears at the most down field re gion of the spec - 
tra, which is usu ally lo cated be tween 4.0 - 6.0  ppm ( Fig. 5 ) with most 
of the β - anomeric pro tons ap pear in the range of 4.0 – 5.0  ppm while 
most of the α - anomeric pro tons ap pear in the range of 5.0 – 6.0  ppm 
( Hu et al., 2016 ). In the 1 H NMR spec tra of our ex opolysac cha ride 
LRSA ( Fig. 5 ), a sig nal at 5.20  ppm with the cou pling con stant ( J ) of 
3.73  Hz in di cated the H1 - ɑ anomer. An other peak at 4.60  ppm ex hib - 
ited a sig nif i cantly larger J value (7.93  Hz) as ex pected for the H1 - β 
anomer, which ap peared up field from the hy dro gen of the ɑ anomer. 
An other ob vi ous sig nals was at 3.23  ppm, in di cat ing the H2 - β anomer 
( Gurst, 1991 ). The 1 H NMR spec tra of LRSA had a sim i lar pat tern to 
the spec tra ob tained in pre vi ous stud ies for glu copy ra nose (Glcp), af - 
ter achiev ing anomeric equi lib rium in so lu tion ( Pomin, 2012 ). At 
equi lib rium, the per cent age of each anomer of d - glucopyranose was 
64% for the β - anomer and 36% for the ɑ anomer, with the β - d - 
glucopyranose re ported to be the more sta ble anomer ( Gurst, 1991 ). 
This find ing was com pa ra ble with pre vi ous study by Ji et al. (2013) 
which analysed lam i narin in the area of 1 H NMR spec trum of δ 4.49 – 
5.5  ppm. Be sides, it was also com pa ra ble with its clos est coun ter part 
genus Lig no sus rhinocero tis scle ro tia ( Hu et al., 2017 ) β - D - glucan with 
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Table 3 
Com par i son of char ac ter ized tiger milk mush room mycelial glu can with the lit er a ture. 

Organism name Geographical 
Origin 

DNA source Fungal 
size 

Polysaccharide 
linkages 

Total 
cultivation 
time (day) 

β - glucan 
content 
(w/w) % 

FT - IR (wavelength, 
cm −1 ) 

1 H 
NMR 

Reference 

L. rhinocerus strain 
ABI 

Lata Iskandar, Malaysia Mycelium (Liquid 
fermentation) 

515 
bp 

(1,3) - β - D - glucan 25 36.3 3277, 2919, 1638, 
1545, 1400, 1078, 
896 

OH - 2, 
OH - 4, 
OH - 6 

Current 
work 

L.rhinocerus Lata Iskandar, Malaysia Sclerotium (cultivated) NA β - D - glucan 132 63.51 NA NA Jamil et 
al. (2018) 

L. tigris Selangor, Malaysia Sclerotium (cultivated) NA β - glucans 180 5.85 – 16.74 NA NA Kong et 
al. (2016) 

L. rhinocerotis strain 
TM02 

Selangor, Malaysia Sclerotium (cultivated) NA β - glucans 180 1.1 and 3.2 NA NA Lee et al. 
(2014) 

Lignosus spp. strain 
M26/08, M49/07, 
M23/08 

Kuala Lumpur, 
Semenyih & Kuala Lipis, 
Malaysia. 

Sclerotium (wild) NA β - D - glucans NA NA 1680, 1657, 1639, 
1620, 
1471 

NA Choong 
et al. 
(2014) 

L. rhinocerotis Negeri Sembilan, 
Malaysia 

Fruit body (cultivated), 
Sclerotium (cultivated), 
Mycelium 
(Liquid fermentation) 

NA (1,3) and (1,6) - 
β - D - glucans 

111 9.3 to 13.2 NA NA Lau et al. 
(2013a) 

L. rhinocerotis Negeri Sembilan, 
Malaysia 

Sclerotium (cultivated) NA (1,3) - β - and 
(1,6) - β glucans 

111 38.93 NA NA Lau et al. 
(2013b) 

L. rhinoceru s Pahang, Malaysia Fruit body (wild) NA (1,3) and (1,6) - 
β - D - glucans 

NA 33.9 NA NA Jamil et 
al. (2013) 

*NA  =  not avail able. TMM  =  Tiger Milk mush room. Bp  =  Base pair. 

our Lig no sus rhinocerus mycelium show ing also β - D - glucan. Eval u a tion 
of the ‘anomeric re gion’ of 1 H NMR spec tra in this study with those 
de scribed pre vi ously spec i fies that they are of sim i lar pat tern ( Hu et 
al., 2017 ; Kim et al., 2000 ; Liu et al., 2014 ; Wagner et al., 2003 ). 
Thus, these spec tra in di cate that the gly co sidic bonds in glu can ( Fig. 
5 ) was β - type. In ad di tion, in the 1 H NMR spec tra of com pound G of 
LRSA, the chem i cal shifts at 4.6, 3.9, and 3.8  ppm were at trib uted to 
the hy droxyl groups OH - 2, OH - 4, and OH - 6, re spec tively ( Supramani 
et al., 2019b ; Wagner et al., 2003 ). 

Mul ti ple com pressed, over lap ping, and un re solved pro ton sig nals 
in the 1 H NMR spec tra mean that the ap pli ca tion of other nu clei such 
as 13 C is im por tant for the char ac ter i za tion of poly sac cha rides. Fig. 6 
il lus trates the 13 C NMR spec trum ob tained for G com pound of LRSA. 
It can be ob served that the pat tern ob tained for 13 C NMR from this 
study has sim i lar pat tern to the 13C NMR achieved for d - glucose with 
anomeric re gion is be tween 90 - 110  ppm and the β - anomer ap peared 
the most down field in the spec tra ( Brown et al., 2018 ; Gurst, 1991 ; 
Kim et al., 2000 ; Pomin, 2012 ). This in di cated that glu can has β - 
configuration of d - glucosyl residues at peak 98.80  ppm for C1 ( Fig. 
6 ). Hence, the 13 C spec trum ( Fig. 6 ) clearly re vealed the shifts in car - 
bons (C1 – C6) char ac ter is tic of a β - 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 agree ment with pre vi ous stud ies ( Gonzaga et al., 2013 ; Liu et 
al., 2014 ; Pomin, 2012 ). Ac cord ing to Emwas et al. (2018) , the qual - 
ity of spec tra and their sub se quent in ter pre ta tion in NMR are in flu - 
enced by mul ti ple fac tors such as sam ple char ac ter is tics, NMR setup, 
and pro cess ing pa ra me ters. In the pre sent study, the 13 C NMR spec - 
trum of G showed that the chem i cal shifts of C1 and C3 had moved 
down field com pared with those of glu cose, in di cat ing that the gly co - 
sidic bond in G was of the β - (1  →  3) type, which was in agree ment 
with Ji et al. (2013) . 

3. 5. 2 . 2D NMR (COSY, TOCSY, HMQC & HMBC) structural analysis 
Two - dimensional (2D) NMR spec tra were used to con firm the at tri - 

bu tions recorded by 1 H and 13 C in 1D NMR spec tra to re veal the char - 
ac ter is tics of the ex opolysac cha ride. 2D NMR is a pow er ful tool for 
struc ture elu ci da tion, and has been shown to pro vide con clu sive ev i - 
dence for β - (1,3) link ages ( Ensley et al., 1994 ; Lowman et al., 2011 ). 
Al though many stud ies have used methy la tion analy sis to de ter mine 
the gly co sidic link ages of β - glucans, this ap proach is more time - 

consuming and re quires care ful pre - treatment and in ter pre ta tion of 
the gen er ated data ( Hakamori, 1964 ; Sims et al., 2018 ). 

Fig. 7 and Fig. 8 show the bidi men sional COSY and TOCSY spec tra 
with iden ti fi ca tion of the cou plings be tween the pro tons ( 1 H/ 1 H). 
Based on COSY and TOCSY spec tra analy sis, all 1 H - chemical shifts can 
be fully iden ti fied and as signed ac cord ingly for the 1D 1 H NMR spec - 
trum in align ment with pre vi ous stud ies ( Gonzaga et al., 2013 ; Nie et 
al., 2011 ). Fig. 9 rep re sents the NMR spec tra for HMQC, with a record 
of the cou plings be tween car bons and hy dro gens of the gly co sidic ring 
( 13 C/ 1 H). Us ing a car bon - related ex per i ment for the HMQC spec trum, 
all 1 H - linked car bons sig nals can also be as signed through cor re la tion 
with one - bonded 1 H – 13 C J - couplings. The HMQC spec trum ( Fig. 9 ) re - 
vealed the spec trum of dis tinct cross peaks in the anomeric re gion of 
G. The C1, C2, C3, C4, C5, and C6 sig nals at 98.8, 77.1, 78.8, 74.2, 
72.5, and 63.6  ppm cross - link to the pro ton sig nals H1, H2, H3, H4, 
H5, and H6 at chem i cal shifts 4.60, 3.23, 3.47, 3.92, 3.37, and 
3.89  ppm, re spec tively, con firm ing the re sults ob tained in 1D NMR. 
These val ues are fully con sis tent with the lit er a ture ( Liu et al., 2014 ; 
Nie et al., 2011 ; Pomin, 2012 ). HMBC ( 1 H/ 13 C) pro vides cor re la tions 
be tween pro tons and car bons that are sep a rated from each other by 
two or three bonds or up to five - bond cor re la tions ( Vasavi et al., 
2011 ). The link age se quence of the ad ja cent gly co syl residues were 
de duced by the cross - peaks in the HMBC spec trum ( Fig. 10 ). The 
cross - peak be tween H1 (4.60  ppm) and C3 (78.8  ppm) and be tween 
H5 (3.37  ppm) and C3 (78.8  ppm) in di cated that residue was linked 
to residue G via a β - (1  →  3) - linked gly co sidic bond ( Wu et al., 2019 ). 
Fi nally, by com pil ing the in for ma tion from 1D and 2D NMR, a com - 
plete as sign ment of all link age pat terns was ob tained, as shown in 
Table 1 . With the re sults of 2D NMR, the mycelial of LRSA was con - 
firmed to con sist of (1,3) - β - D - glucan link ages. 

3. 6 . Antioxidant activity 

The an tiox i dant prop er ties of G were ac cessed us ing three an tiox i - 
dant as says ( Table 2 ): TPC, FRAP, and DPPH as says. Phe nols are im - 
por tant plant con stituents be cause of their scav eng ing abil ity, at trib ut - 
able to their hy droxyl groups. In the pre sent study, to tal phe no lic con - 
tent was de ter mined to in ves ti gate whether the an tiox i dant ac tiv i ties 
of G im pli cated its phe no lic com pounds. TPC of the 1  g/ mL of ex - 
opolysac cha ride con tained 4.47  ±  0.06  mg GAE/ g, a level slightly 
lower than that of pre vi ously re ported stud ies ( Lau et al., 2014 ). How - 
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ever, the con cen tra tion of to tal phe nols in med i c i nal mush rooms has 
been re ported as rang ing be tween 4.45  mg GAE/ g and 14.44  mg 
GAE/ g ( Abugri and Mcelhenney, 2013 ). Thus, the an tiox i dant ca pac - 
ity of G was de ter mined to be within the ex pected range and may be 
re lated to the pres ence of phe no lic com pounds ( Wan - Mohtar et al., 
2018 ). 

The re duc ing po ten tial (re duc tion of Fe 3+ to the Fe 2+ ) of ex - 
opolysac cha ride was de ter mined by FRAP as say. The re duc ing power 
for the 50  mg/ mL of ex tract was 0.56  ±  0.02  mM Fe (II)/ g, which was 
higher than that of L. rhinocerus (wild type) and L. rhinocerus TM02 
(0.006 – 0.016  mM Fe (II)/ g) ( Yap et al., 2013 ). How ever, the re duc ing 
value was com pa ra ble to that of L. rhinocerus KUM61075 (0.21 – 
0.85  mM Fe (II)/ g) ( Lau et al., 2014 ). In ad di tion, the ex tract ex hib ited 
a rel a tively higher FRAP value in com par i son with the pos i tive con - 
trol, the known an tiox i dant ascor bic acid (0.18  ±  0.01  mM Fe (II)/ g). 
A higher FRAP value in ex tracts, re gard less of their phe no lic con tent, 
may in di cate the ex is tence of other less po lar com pounds such as to - 
co pherols and flavonoids, which may pos si bly con tribute to the re duc - 
ing/ elec tron - donating ac tiv i ties of the com pounds ( Yap et al., 2013 ). 

The DPPH rad i cal scav eng ing as say is a widely used method to 
eval u ate an tiox i dant ac tiv i ties more rapidly com pared with other 
meth ods. DPPH, a sta ble free rad i cal, has a char ac ter is tic ab sorp tion 
at 517  nm. As an tiox i dants do nate pro tons to these rad i cals, the ab - 
sorp tion de creases. The de crease in ab sorp tion is taken as a mea sure 
of the ex tent of rad i cal scav eng ing ( Kalyoncu et al., 2010 ). Free rad i - 
cal scav eng ing val ues of G are shown in Table 2 as per cent ages. In the 
DPPH as say, the abil ity of G to re duce the sta ble DPPH rad i cal into a 
non - radical form of DP was eval u ated and IC 50 of G was found to be 
11.48  ±  0.50  mg/ mL, in di cat ing a higher free rad i cal scav eng ing ac - 
tiv ity com pared with pre vi ously re ported stud ies of the an tiox i dant 
ac tiv i ties of L. rhinocerus ( Lau et al., 2014 ; Yap et al., 2013 ). The ex - 
tract showed higher rad i cal scav eng ing ac tiv ity than that of the pos i - 
tive con trol ascor bic acid (0.022  ±  0.002  mg/ mL). These re sults in di - 
cate that the G com pound of LRSA ob tained in sub merged cul ti va tion 
may rep re sent a valu able source of an tiox i dant com pounds. Few stud - 
ies to date have in ves ti gated the mycelium and broth cul ture and 
most all com par i son stud ies have used scle ro tia for in ves ti ga tion of 
bioac tiv i ties. 

3. 7 . Comparison of characterized tiger milk mushroom glucan with the 
literature 

The tiger milk mush room mycelial glu can char ac ter ized in the pre - 
sent work was com pared with that of pre vi ous stud ies, as shown in 
Table 3 . The pre sent study is the first com pre hen sive char ac ter i za tion 
of tiger milk mush room in terms of strain de ter mi na tion us ing mol e c - 
u lar iden ti fi ca tion, fun gal PCR prod uct size, se quence length, poly sac - 
cha ride link ages, β - glucan con tent, FT - IR spec troscopy, and struc tural 
char ac ter i za tion us ing NMR. Six pre vi ous stud ies in volv ing β - glucan 
stud ies have pri mar ily con sid ered the scle rotium of L. rhinocerus 
specif i cally orig i nat ing from Malaysia ( Choong et al., 2014 ; Jamil et 
al., 2013 , 2018 ; Lau et al., 2013a , 2013b ; Lee et al., 2014 ). How ever, 
the pro duc tion of scle ro tia us ing a solid - state fer men ta tion tech nique 
re quires a long cul ti va tion pe riod which is eco nom i cally un fea si ble 
and sus cep ti ble to con t a m i na tion ( Leskosek - Cukalovic et al., 2010 ). 
Few stud ies have used solid - state fer men ta tion as scle ro tia cul ti va tion 
takes about 3 – 6 months ( Jamil et al., 2018 ; Kong et al., 2016 ; Lau et 
al., 2013a ; Lee et al., 2012 ), in con trast with the pre sent study, in 
which the mycelium was pro duced in ap prox i mately 25 days. This 
mo ti vated fur ther in ves ti ga tion into the po ten tial of the mycelium as 
an al ter na tive to cul ti vated or wild scle ro tia. The pro duc tion of 
mycelium through sub merged liq uid fer men ta tion has sev eral ad van - 
tages, in clud ing a shorter cul ti va tion time, higher yields, and de - 
creased con t a m i na tion. Hence, a more ef fi cient pro duc tion of the de - 
sired prod ucts, par tic u larly mycelial bio mass and poly sac cha rides, can 

be ob tained ( Lau et al., 2014 ; Liu et al., 2014 ; Yang et al., 2013 ). The 
rel e vance of mycelium as a sub sti tute for the scle ro tia is sup ported by 
the cur rent find ings, in which the β - glucan con tent ex tracted from 
mycelium (36.3% w/ w) was com pa ra ble with or higher than that ob - 
tained from scle ro tia in pre vi ous stud ies (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 ob ser va tion is also sup - 
ported by the study of Lau et al. (2014) , which re ported that the 
mycelium of L. rhinocero tis had bio - activities com pa ra ble with those of 
the scle ro tia, prompt ing fur ther con sid er a tion of the mycelium as an 
al ter na tive source of func tional com po nents. The cur rent work also in - 
cludes FT - IR spec troscopy analy sis to in ves ti gate the ex opolysac cha - 
ride link ages of the mycelium of L. rhinocerus in con trast to pre vi ous 
stud ies. (1,3) - β - D - glucan was iden ti fied as the main link age in com - 
pound G and was ex tracted from a mycelium sam ple, un like the work 
de scribed by Choong et al. (2014) which in ves ti gated only the ex tent 
of β - D - glucan link age in a scle ro tia sam ple. 

4 . Conclusion 

The Malaysian tiger milk mush room Lig no sus rhinocerus strain ABI 
(LRSA) was mor pho log i cally iden ti fied through bio mol e c u lar char ac - 
ter i za tion. The struc ture of its bioac tive com pound, (1,3) - β - D - glucan 
(G) from the ex tracted mycelium cul tured in a biore ac tor, was suc - 
cess fully char ac ter ized and elu ci dated spec tropho to met ri cally us ing 
FT - IR and NMR. NMR struc tural analy sis in the pre sent study rep re - 
sents the first struc tural char ac ter i za tion of (1,3) - β - D - glucan of L. 
rhinocerus. Fur ther more, the eval u a tion of an tiox i dant ac tiv ity showed 
that LRSA has ef fec tive an tiox i dant prop er ties with high free rad i cal 
scav eng ing ac tiv ity. 
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