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Abstract Mushrooms have garnered immense popularity
for their nutritional as well as medicinal values. The
therapeutic potential of mushrooms in Nepal, a country
well known for its biodiversity and natural medicinal
resources, remains largely unstudied. Therefore, this study
attempts to unveil the antioxidative properties of Nepalese
wild mushrooms. Sixty-two wild mushroom samples were
collected from several forests in different parts of Nepal.
Ethanol and water extracts of the dried samples were
tested for their antioxidative activities using total phenolic
content (TPC), oxygen radical absorbance capacity
(ORAC) assay, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), and reducing power (RP) assays. Ethanol
extracts of samples belonging to the order Hymenochae-
tales showed significantly high activity in all the assays.
Inonotus clemensiae had an exceptionally high TPC of
643.2 mg gallic acid equivalent (GAE)/g extract and also
exhibited the lowest ECsy values in DPPH (0.081 mg/
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mL), ABTS (0.409 mg/mL), and ECy 5 value in reducing
power (RP; 0.031 mg/mL) assays. High-performance lig-
uid chromatography (HPLC) analysis of the top ten
samples with the highest TPC was done to identify the
phenolic compounds in the extracts, followed by liquid
chromatography—mass spectrometry (LC-MS) analysis for
some unknown compounds. These findings highlight the
very strong antioxidative activity of Nepalese mushrooms,
and paves the way for further research to explore their
economic potential.

Keywords Nepal - Wild mushrooms - Antioxidants -
TPC - HPLC

Introduction

Free radicals such as the reactive oxygen species (ROS) are
formed as a byproduct of normal metabolic processes, such
as electron transport chain reactions [1]. Under normal
conditions, a fine balance is maintained between the pro-
duction of the ROS and its elimination by the antioxidative
system of the body [2]. However, certain conditions, such
as excessive exercise [3], chronic inflammation, exposure
to pollutants, and other xenobiotic substances, cause a
disturbance in this balance [4], leading to a condition
commonly known as oxidative stress. Oxidative stress can
have detrimental effects on cellular lipids, proteins, and
DNA, consequently, leading to a number of diseases, such
as diabetes, Alzheimer’s, cancer, and other cardiovascular
and neurological diseases [5].

Dietary antioxidants can play an important role to mit-
igate the unfavorable effects of oxidative stress [6].
Moreover, due to the ambiguity in the use of synthetic
antioxidants such as BHA and BHT for being potentially
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carcinogenic [7], the prominence of the natural antioxi-
dants from food sources has been heightened even further.

One of the potential sources of dietary antioxidants is
mushrooms. Mushrooms have been valued not only for
their nutritional properties [8, 9] but also for various
medicinal benefits [10—12]. In recent years, much research
has been directed towards elucidating the therapeutic
capabilities of a wide variety of mushrooms, antioxidative
properties being one of the most important among them.

Nepal, a country nestled between India and China, has
wide variations in geographic elevations and climatic
conditions [13]. As a result, it is extremely rich in biodi-
versity. This diversity is also represented in the mushrooms
found in different parts of the country [14]. However, apart
from the consumption of a few species, and some tradi-
tional medicinal uses [15], the therapeutic value of Nepa-
lese mushrooms remains largely unexplored. The present
study aims to unveil the antioxidative potential of the wild
mushrooms of Nepal, to promote their usage as therapeutic
agents or nutraceuticals.

Materials and methods
Mushroom samples

Mushrooms which developed basidiomata were collected
from several forests in different parts of Nepal. In this
study, 62 samples were investigated. The botanical origin,
location, and habitat of the samples are provided as sup-
plementary data in Table S1. The pictures of the dried
samples are also provided as supplementary data in Fig. S1.

Reagents

2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), gallic acid,
2,2'-azobis(2-amidinopropane)dihydrochloride ~ (AAPH),
potassium ferricyanide, trichloroacetic acid, ferric chloride,
sodium carbonate, and the standards used for high-perfor-
mance liquid chromatography (HPLC) analysis were
obtained from Wako Pure Chemical Industries (Japan).
Fluorescein and potassium persulfate were purchased from
Sigma-Aldrich Co. (USA), and Folin—Ciocalteu’s reagent
from Merck (Germany). All the reagents used had a min-
imum purity of 95 %. The solvents acetonitrile, ethanol,
and methanol were of analytical grade and were obtained
from Wako Pure Chemical Industries (Japan).

Sample identification

The samples were identified on the basis of morphological
features and/or genetic analysis. The dried fungal materials
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were mounted in 3 % (w/v) KOH or Melzer’s reagent and
measurements of spore, basidia, cystidia, and other tissue
features were made for each specimen using a Nikon
Eclipse E600 stereomicroscope. For genetic analysis, the
DNA was extracted following the procedure described by
Hosaka and Castellano [16], with slight modifications. The
internal transcribed spacer (ITS) region was amplified by
polymerase chain reaction (PCR) using the primers ITS1
and ITS4B [17, 18]. Amplifications were performed with
KOD-Plus-Neo polymerase (Toyobo Co. Ltd., Japan). The
PCR products were purified using the illustra ExoProStar
kit (GE Healthcare, UK). Both PCR reactions and purifi-
cation steps were performed in accordance with the man-
ufacturer’s protocol. The purified samples were sequenced
by Hokkaido System Science Co., Ltd. The sequences were
subjected to a basic local alignment search tool (BLAST)
search via the National Center for Biotechnology Infor-
mation (NCBI). The ITS sequence of the samples that were
successfully sequenced were deposited in the DNA Data
Bank of Japan (DDBJ). The scientific names and their
taxonomic positions used in the present study were
described in accordance with the descriptions of the
MycoBank Database.

Sample preparation

The samples were firstly air-dried and then dried in an air-
ventilated oven at 35 °C for 10 h, followed by at 45 °C for
1 h. The dried samples were ground to a fine powder and
extracted separately in ethanol and water. The extractions
were performed by the shake flask method in an orbital
shaker at 200 rpm, for 24 h at room temperature, and then
filtered. Water extracts were freeze-dried and the ethanol
extracts were rotary evaporated at 45 °C, and reduced
pressure. The extract yield was calculated as the percentage
of dried extract obtained from the dry weight of ground
mushroom used for extraction. The dried extracts were
used for all the analyses.

Total phenolic content

The total phenolic content (TPC) was determined by the
Folin—Ciocalteu method [19], with some minor modifica-
tions. In a 1.5-mL microfuge tube, 50 pL of the sample
solution or standard or sample solvent (blank) and 100 pL.
of 10 % Folin—Ciocalteu reagent was mixed thoroughly.
After 2-3 min, 400 puL of 7.5 % Na,CO3z was added and
vortexed for a few seconds. The reaction mixture was
incubated at room temperature for 60-90 min and then
centrifuged at 6000 rpm for 2 min. Two hundred micro-
liters of the supernatant was transferred to the respective
wells in a 96-well plate and the absorbance was read at
765 nm using a Molecular Devices FlexStation 3
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Microplate Reader. Gallic acid was used as the standard
and the results are expressed as mg gallic acid equivalent
(GAE)/g extract.

Free radical scavenging assay
ORAC assay

The oxygen radical absorbance capacity (ORAC) assay
measures the fluorescence degradation of the fluorescein
compound due to the peroxyl radicals generated by the heat
treatment of AAPH solution. Antioxidants protect the flu-
orescein from this oxidative degradation. The method
described by Ou et al. was followed, with some minor
modifications [20]. The extracts were dissolved in 75 mM
phosphate buffer (pH 7.4). In a 96-well plate, 20 pL of the
sample solution, phosphate buffer (blank), and trolox (s-
tandard) solutions were added into the respective wells.
Two hundred microliters of fluorescein solution was then
added to each well and the plate was incubated at 37 °C for
10 min. After incubation, 75 pL. of prewarmed AAPH
solution was added and the fluorescence degradation was
measured over a period of 90 min at 30-s intervals using a
Molecular Devices FlexStation 3 Microplate Reader. The
excitation and emission wavelengths were 485 and
535 nm, respectively. After the fluorescence degradation,
the values for the area under the curve (AUC) were
obtained from the SoftMax® Pro Data Acquisition and
Analysis Software. The AUC value of the blank was
reduced from that of the samples as well as the standards.
Standard curve was prepared using 0-25 umol trolox
solutions. The results are expressed as pmol trolox equiv-
alent (TE)/g extract.

DPPH assay

The ability of the samples to scavenge the DPPH radicals
was determined using the method described by Miliauskas
et al. [21], with some minor modifications. A 1-mL portion
of DPPH solution (60 pM), freshly prepared in methanol,
was mixed with 33 pL of the methanolic sample solution
or methanol (blank). A sample concentration of 2.5 mg/mL
was used for the ethanol extracts and 2 mg/mL was used
for the water extracts. The reaction mixture was then
incubated at 37 °C for 20 min, in dark conditions. The
decolorization was monitored by checking the absorbance
using a spectrophotometer (UVmini-1240, Shimadzu,
Kyoto, Japan) at 515 nm. The inhibition percentage was
calculated using the following equation:

Inhibition % = [(Ay — A,)/Ap] x 100 (1)

where Ay and A, are the absorbances of the reaction mix-
tures containing the blank and the samples, respectively.

ABTS assay

The free radical scavenging ability of the mushroom
extracts was also tested using the ABTS assay, following
the method described by Zhu et al. [22]. The ABTS radical
cation (ABTS') was generated by reacting 5 mL of
aqueous ABTS solution (7 mM) with 88 pL of potassium
persulfate (K,S,0g), followed by incubation for 12—-16 h at
room temperature in dark conditions. The working solution
was then prepared by adjusting the absorbance at
0.7 £ 0.02 at 734 nm. A 1-mL portion of the working
solution was mixed thoroughly with 10 pL. of the sample
solution or sample solvent (blank). A sample concentration
of 2 mg extract/mL was used for ethanol extracts and
5 mg/mL was used for water extracts. After 4 min of
incubation at 30 °C, the absorbance was read at 734 nm.
The percentage of inhibition was calculated by the formula
in Eq. (1).

Reducing power assay

The reducing power (RP) of the extracts were tested by the
method described by Oyaizu [23], with minor modifica-
tions. In a 1.5-mL microfuge tube, 100 pL of the sample
solution or sample solvent (blank) was mixed with 100 pL
of phosphate buffer (200 mM; pH 6.6) and 100 pL of 1 %
potassium ferricyanide solution. A sample concentration of
1 mg/mL was used for both ethanol and water extracts. The
reaction mixture was placed in a water bath at 50 °C for
20 min, followed by rapid cooling in an ice bath and
addition of 100 pL of trichloroacetic acid solution (10 %).
It was then centrifuged at 3000 rpm for 10 min. A 100-pL
portion of the supernatant was added to the respective wells
in the 96-well plate and mixed with 100 pL of ultrapure
Milli-Q water and 20 pL of 0.1 % FeCl; solution. It was
then incubated at room temperature in dark conditions for
10 min, after which the absorbance was measured at
700 nm using a Molecular Devices FlexStation 3 Micro-
plate Reader. The RP is expressed as the absorbance
reading.

Indicators for antioxidative activity (ECs, values
for DPPH and ABTS, EC, s for RP)

The top ten samples with the highest TPC were selected for
the determination of the ECsq values for the DPPH and
ABTS assays and ECys for the RP assay. The sample
concentration resulting in 50 % inhibition in the DPPH and
ABTS assays and 0.5 absorbance value in the RP assay
were considered as ECs, values and ECgs, respectively
[24]. The inhibition percentage for the DPPH and ABTS
assays and the absorbance for the RP assay were plotted
against various sample concentrations, and the equations
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thus obtained were used to calculate the ECsy and ECg 5
values.

Statistical analysis

All the assays were conducted at least three times, and the
results are expressed as mean =+ standard deviation. Sig-
nificant differences between sample groups, grouped on the
basis of their taxonomic order, were analyzed by the
Kruskal-Wallis test, followed by the Dunn-Bonferroni
test. Correlation between the TPC and the antioxidative
assays were calculated by Spearman’s rank correlation.
The statistical analyses were performed using SPSS
Statistics version 23. p-Values less than 0.05 were con-
sidered statistically significant.

HPLC analysis

The HPLC analysis was done for the top ten samples with
the highest TPC, using the 1220 infinity LC system, Agi-
lent Technologies, equipped with a diode array detector,
and fitted with a YMC-Triart C18 column (250 mm x
4.6 mm i.d., 5 um particle size). The method described by
Kim et al. [25] was followed, after some modifications. The
solvent system comprised of water with 0.15 % formic acid
as solvent A and acetonitrile with 0.15 % formic acid as
solvent B. The analysis was carried out at room tempera-
ture with a flow rate of 1 mL/min. The gradient flow of the
mobile phase was set as: 0—12 min, 5-15 % B; 12—18 min,
15-17 % B; 18-20 min, 17-20 % B; 20-35 min, 20-25
% B; 35-40 min, 25-40 % B; 40-60 min, 40-42 % B;
60-68 min, 42-90 % B; 68-70 min, 90-100 % B; 70-72
min, 100 % B; 72-75 min, 100-5 % B; and 75-85 min,
5 % B. The preferred wavelength of detection was 280 nm
and the UV-vis spectra were recorded from 190 to 400 nm.
The peaks obtained from the ethanol extracts of mush-
rooms were compared to the chromatogram of 21 standard
phenolic compounds with respect to the retention time and
UV-vis spectra. Phenolic compounds present in extracts
were quantified by the preparation of standard curves for
each standard compound.

LC-MS analysis

Liquid chromatography—mass spectrometry (LC-MS)
analysis was done to elucidate the unknown compounds
from the HPLC analysis. LCMS-IT-TOF, Shimadzu,
Tokyo was used for the analysis. All the chromatographic
conditions were the same as for the HPLC analysis, apart
from the flow rate, which was reduced to 0.5 mL/min to
maintain pressure within permissible limits of the device.
For MS, the ESI source was used in positive and negative
ionization mode with m/z values of 100-2000 for MS and
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50-1500 for MS/MS. A probe voltage of £4.5 kV, nebu-
lizer gas flow of 1.5 L/min, CDL temperature of 200 °C,
and heat block temperature of 200 °C were used.

Results and discussion
Sample identification

The mushroom samples were identified to the species or
genus level on the basis of morphological and/or genetic
analyses. The scientific names of the samples are listed in
Table 1, along with the extract yield and the antioxidative
activities. Samples belonging to the same species can be
differentiated by their sample numbers (SN). The DDBJ
accession number of genetically identified samples are
provided in Table S1.

Antioxidative activities

Ethanol and water extracts of the 62 samples were tested
for their antioxidative activity by using four kinds of assays
based on the radical scavenging and reducing capabilities.
The samples were grouped into four groups, based on their
taxonomic order: Hymenochaetales, Polyporales, Agari-
cales, and Others. Since the majority of the samples
belonged to the first three groups, the few remaining
samples were grouped as “Others”. The water extracts
showed a much weaker antioxidative activity than the
ethanol extracts. So, only the results for the ethanol extracts
have been shown in Table 1. The results for the antiox-
idative activity of the water extracts are provided as sup-
plementary data in Table S2.

Total phenolic content

The TPC was measured using the Folin—Ciocalteu method.
Samples in the Hymenochaetales group showed a signifi-
cantly greater phenolic content compared to the other three
groups. However, Oxyporus sp. (SN 13) was a notable ex-
ception in this group, with a TPC value of only 7.9 mg
GAE/g extract. Oxyporus sp. is the only sample that does
not belong to the Hymenochaetaceae family, within this
order. Although there is a lack of detailed research into this
mushroom, the major compounds are reported to be sterols
and triterpenes in Oxyporus populinus [26]. The highest
phenolic content was seen for Inonotus clemensiae (SN 1),
with 643.2 mg GAE/g extract. The TPC of Inonotus
clemensiae was higher than that reported for the ethanol
extract of [Inonotus obliquus from Thailand, with
590.87 mg GAE/g extract [27], which is one of the highest
phenolic contents reported for mushrooms. The Gano-
derma species exhibited the highest TPC values within the
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Table 1 Antioxidative activities and percentage yield of the ethanol extracts of 62 wild mushrooms of Nepal

SN Order TPC ORAC DPPH” ABTS® RP¢
Scientific name (% yield) mg GAE/g uM TE/g Inhibition % Inhibition % Absorbance 700 nm
Hymenochaetales c bc df bc ce

1 Inonotus clemensiae (16.89) 6432 £21.32  31,966.9 + 198.6 83.2 + 0.06 92.2 + 0.05 1.73 £ 0.03

2 Inonotus cuticularis (5.19) 102.8 + 1.73 13,228.5 &+ 125.5 82.3 £ 0.17 39.8 £ 1.25 0.88 £+ 0.01

3 Inonotus sp. (1.73) 155.7 £ 14.55 6015.9 £+ 90.2 89.9 £ 0.11 18.7 £ 0.21 1.00 £ 0.01

4 Inonotus sp. (1.90) 58.1 £ 1.09 1917.9 £ 27.3 60.3 £ 0.25 18.4 £ 043 0.58 £ 0.00

5 Cyclomyces setiporus (1.91) 423.7 £+ 19.65 11,017.9 £+ 401.3 86.1 £ 0.11 833 +0.79 1.64 £ 0.03

6 Cyclomyces setiporus (0.64) 245.0 £ 2.73 6570.9 £+ 169.7 853 £ 0.17 67.3 £ 1.14 1.77 £ 0.11

7 Cyclomyces setiporus (1.96) 204.5 £+ 0.10 29523 £ 71.6 88.0 £+ 0.07 70.9 £ 0.58 2.01 £ 0.10

8 Cyclomyces setiporus (1.11) 155.3 + 8.73 9988.7 £ 664.5 85.1 £ 0.09 75.2 £ 0.65 2.20 £ 0.06

9 Cyclomyces setiporus (1.20) 145.0 £ 17.07 7548.79 £ 261.17 86.1 £ 0.10 75.5 £ 0.87 1.97 £ 0.14

10 Phellinus sp. (1.25) 116.8 £+ 5.63 42199 £ 71.9 87.4 + 0.38 46.8 £ 0.56 0.75 £ 0.02

11 Phellinus sp. (2.10) 66.0 £ 1.77 1829.5 £ 56.6 52.1 £ 1.87 8.6 £ 0.18 0.54 £ 0.07

12 Phellinus adamantinus (0.72) 91.0 £ 224 2470.1 £+ 389.3 77.2 £ 0.57 17.6 £ 0.16 0.84 £ 0.01

13 Oxyporus sp. (6.14) 7.9 £ 0.48 328.7 £ 14.7 23 +£0.11 - 0.11 £ 0.00
Polyporales ad a be a ad

14 Ganoderma sp. (6.89) 124.2 £ 4.59 3546.6 + 212.8 90.9 £ 047 63.2 + 0.45 1.22 + 0.04

15 Ganoderma sp. (1.39) 61.1 £ 1.05 2640.2 £ 40 64.4 + 0.89 20.0 + 0.98 0.81 £ 0.00

16 Ganoderma lingzhi (4.90) 63.1 £ 1.13 1450.8 £+ 50.3 56.7 £+ 0.52 20.5 + 041 0.43 £ 0.01

17 Ganoderma lingzhi (3.43) 41.2 £ 0.36 936.7 £ 7.9 26.0 £ 0.11 12.8 £ 0.23 0.43 £ 0.01

18 Ganoderma endochroum (3.01) 50.2 £ 0.06 1730.4 £ 26.54 40.5 £ 0.90 14.2 £ 0.58 0.43 £ 0.01

19 Ganoderma multipileum (2.19) 39.5 £ 0.84 2035.7 + 65.7 350 £ 1.19 6.0 £ 0.26 0.32 £+ 0.00

20 Amauroderma calcigenum (2.53) 61.8 £ 0.07 17954 £+ 28.3 46.8 £ 0.53 15.4 £+ 0.68 0.60 £ 0.01

21 Microporus xanthopus (1.08) 14.5 £ 0.33 562.9 £+ 38.4 7.0 £ 0.39 1.2 £0.25 0.15 £ 0.00

22 Microporus xanthopus (1.11) 13.3 £ 0.30 196.7 £ 11.9 6.8 +0.43 1.5 £ 0.45 0.14 £ 0.01

23 Fomes fomentarius (4.26) 324 +2.89 144.6 £ 29.2 50.8 £ 1.16 24.1 £ 0.05 0.59 + 0.01

24 Trichaptum abietinum (1.22) 9.5+ 0.34 782.5 + 19.9 65.8 + 0.58 - 0.10 £ 0.00

25 Trichaptum biforme (1.23) 5.7 £ 0.60 2219 £ 41.0 40 +£0.18 1.6 £ 0.29 0.12 £ 0.00

26 Bjerkandera adusta (2.63) 51.6 £ 2.39 2042.0 £+ 180.7 48.3 £1.03 9.7 £ 0.08 0.33 £ 0.01

27 Abortiporus biennis (2.93) 20.7 £ 0.34 698.5 £+ 24.6 114 £0.14 2.8 £0.37 0.18 £ 0.00

28 Phlebia tremellosa (2.23) 19.7 £ 1.17 649.3 £+ 38.3 17.6 £ 0.10 6.1 £0.37 0.21 £ 0.05

29 Mycorrhaphium sp.(0.79) 8.3 +0.23 360.6 £+ 56.4 2.9 +0.16 - 0.15 £ 0.00

30 Antrodiella zonata (1.05) 7.5 £0.12 201.3 £ 27.0 33 +0.38 - 0.13 £ 0.00

31 Antrodiella zonata (1.61) 13.8 £ 0.35 441.0 £ 30.6 6.6 + 0.48 - 0.13 £ 0.00

32 Antrodiella zonata (3.49) 13.6 £ 0.32 679.9 £ 51.9 5.0 £ 0.07 1.5 £ 0.44 0.18 £ 0.00

33 Laetiporus versisporus (4.53) 6.6 £ 0.25 413.7 £ 46.6 2.0 £0.18 1.8 £0.53 0.16 &+ 0.00

34 Laetiporus versisporus (7.36) 8.6 £ 0.50 478 £ 36.8 48 £0.18 - 0.13 = 0.00

35 Laetiporus montanus (5.68) 8.4 + 0.21 167.8 + 14.0 3.8 £ 0.18 - 0.17 £ 0.00

36 Grifola frondosa (4.95) 4.1 £ 0.61 193.9 + 37.606 2.9 +0.03 - 0.14 £ 0.00

37 Polyporus arcularius (5.28) 4.3 +0.26 3833 £ 314 9.2 +0.10 1.0 &+ 0.08 0.12 £ 0.00

38 Lentinus sp. (4.68) 32 £0.79 119.1 £ 1.9 4.2 +0.04 - 0.13 £ 0.00
Agaricales a a a a a

39 Marasmius sp. (8.75) 23.6 £ 0.99 647.5 £ 11.0 11.5 £ 0.10 5.1 £0.10 0.26 £ 0.00

40 Marasmius mavium (8.16) 33+0.12 309.3 £ 46.7 29 £ 0.26 1.6 £ 0.44 0.11 £ 0.00

41 Pholiota nameko (5.02) 12.5 £ 0.49 1107.8 £ 91.5 43 +£0.13 - 0.10 £ 0.00

42 Pholiota nameko (7.75) 1.6 £ 0.20 1777 £ 174 1.7 £ 0.15 - 0.14 £ 0.00

43 Gymnopus sp. (4.41) 11.8 £ 0.42 182.3 £ 21.0 33+0.15 03+ 1.17 0.21 £ 0.01

44 Pleurotus ostreatus (4.16) 8.9 £+ 0.54 9459 + 37.4 3.4 4+ 0.03 1.2 £ 0.25 0.12 £+ 0.00
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Table 1 continued

SN Order TPC ORAC DPPH” ABTS® RP¢
Scientific name (% yield) mg GAE/g uM TE/g Inhibition % Inhibition % Absorbance 700 nm
45 Pleurotus ostreatus (4.84) 8.2 = 0.89 386.0 + 8.7 2.7 £ 0.15 - 0.11 £ 0.00
46 Pleurotus ostreatus (3.66) 8.1 £ 0.23 694 + 17.4 2.3 £ 0.09 1.9 + 0.42 0.13 £ 0.01
47 Pleurotus ostreatus (4.94) 5.6 £0.19 309.9 £ 27.9 2.0 £ 0.81 - 0.12 £ 0.01
48 Lentinula edodes (3.98) 43 £ 0.04 4288 £ 11.9 2.0 £0.38 - 0.14 £ 0.00
49 Lentinula edodes (2.94) 6.2 £ 0.63 98.8 £453 3.0 £ 0.10 1.7 £ 0.39 0.13 £ 0.00
50 Inocybe sp. (6.08) 6.0 £ 0.26 343.5 £ 19.1 2.5 £ 0.50 1.8 £ 0.44 0.11 £ 0.00
51 Panellus edulis (13.23) 6.1 £0.52 556.4 £+ 44.9 24 +£0.24 0.7 £ 0.26 0.09 £+ 0.00
52 Mucidula mucida (5.19) 04 £ 0.42 943.15 £+ 43.6 0.3 £0.39 09 £ 0.22 0.12 £ 0.00
Others bd cef ac ac bde

53 Pseudomerulius curtisii (14.61) 131.6 £ 0.48 11,204.9 + 414.9 89.0 £ 0.29 53.0 £ 0.34 1.10 £ 0.07
54 Xylobolus princeps (2.80) 126.6 £ 6.62 12904 £+ 16.4 83.3 £ 0.25 47.8 £ 0.62 1.19 £ 0.12
55 Xylobolus princeps (2.65) 97.7 £ 2.31 2949.3 £ 265.1 85.1 £ 0.01 56.7 £ 0.56 1.02 £ 0.05
56 Xylobolus princeps (2.56) 944 £ 1.32 2349.5 £ 340.53 86.3 £ 0.22 543 £ 0.61 1.19 £ 0.01
57 Xylobolus princeps (3.67) 57.9 £5.29 257.65 £ 29.4 86.3 £+ 0.08 44.1 £ 0.11 0.50 £ 0.02
58 Engleromyces goetzii (6.54) 30.6 + 0.14 4666.6 + 81.88 30.5 £ 0.51 7.8 £ 0.38 0.31 £ 0.03
59 Neolentinus lepideus (5.41) 22.7 £ 1.57 631.3 + 38.3 9.7 + 0.60 2.1 + 0.05 0.27 £ 0.04
60 Lactarius sp. (3.60) 11.7 £ 0.64 209.0 £ 16.6 74 + 042 0.2 +0.19 0.14 £ 0.00
61 Russula brevipes (7.67) 99 £ 274 414 £ 315 3.6 £0.19 - 0.13 £ 0.01
62 Cantharellus ferruginascens (4.08) 6.3 £ 0.09 170.1 £ 30.8 3.1 £ 0.09 - 0.13 + 0.00

The values are expressed as “mean =+ standard deviation” and n = 3. — means that the activity was not detected at the tested concentration.
Differences between letters in each column means that there is a statistical difference between groups at a significance level of p < 0.05

A-C Sample concentrations of 2.5, 2, and 1 mg/mL were used for the respective assays

Polyporales group. The lowest phenolic content was seen
in Agaricales, with Mucidula mucida (SN 52) showing the
lowest TPC value of 0.4 mg GAE/g extract. Some samples
in the Others group, such as Pseudomerulius curtisii (SN
53) and Xylobolus princeps (SN 54), showed a relatively
high phenolic content of 131.6 mg GAE/g extract and
126.6 mg GAE/g extract, respectively.

The major antioxidant compounds found in mushrooms
belong to the phenolic group [28]. Reducing agents like
ascorbic acid are sometimes known to contribute to the
seemingly elevated values [29]. However, total phenolics
continue to thrive to be good indicators of the antioxidative
activity.

Free radical scavenging assay

The radical scavenging capacity of the extracts was studied
using the ORAC, DPPH, and ABTS assays. Again, the
Hymenochaetales group showed a much higher ORAC
activity compared to Polyporales and Agaricales. The
highest ORAC value was shown by Inonotus clemensiae
(SN 1) (31,966.9 uM TE/g extract), which outperformed
the previously reported highest ORAC value [30] for
Inonotus andersonii (21,015 uM TE/g extract). Significant
differences between groups were not seen for Polyporales,
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Agaricales, and Others. In the Others group, Pseu-
domerulius curtisii (SN 53) showed a very high ORAC
value of 11,204.9 uM TE/g extract. The ORAC assay is
one of the few assays that monitors the free radical scav-
enging from the time of sample addition, throughout reg-
ular intervals, until the completion of the reaction. This
enables complete assessment of the reaction, providing
information about the inhibition time as well as degree of
inhibition [31].

The Hymenochaetales group also outperformed the rest
of the groups in the DPPH and ABTS assays. However,
Oxyporus sp. (SN 13) remained a notable exception within
the group, with negligible DPPH and ABTS radical scav-
enging activity. In the Polyporales group, several Gano-
derma species showed high DPPH inhibition percentage,
with Ganoderma sp. (SN 14) showing the highest inhibi-
tion percentage of 90.9 %. Agaricales showed the least
DPPH inhibition. In the Others group, a very high DPPH
inhibition percentage was seen in Pseudomerulius curtisii
(SN 53) (89.0 %) and Xylobolus princeps (SN 54-57)
(83.3-86.3 %).

In the case of the ABTS assay, SN 1 Inonotus clemen-
siae showed the highest inhibition percentage of 92.2 %.
However, other Inonotus sp. could not show comparable
activity. Also, considerable variations were seen among the
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Ganoderma sp. of the Polyporales group (6 %—63.2 %). In
the Others group, high ABTS activity was observed for
Pseudomerulius curtisii (SN 53) (53.0 %) and Xylobolus
princeps (SN 54-57) (44.1-56.7 %).

The DPPH and ABTS assays are known for its repro-
ducibility, ease of application, and low cost [5]. However,
attempts to check the activity at maximum dissolved con-
centration were hindered due to sample color interference,
especially for highly pigmented samples. Although reports
for the phenomenon of color interference with regard to
mushrooms could not be found, it has been reported for
plant extracts [32, 33], especially for DPPH assay. While
performing these assays for extracts with unknown com-
position, it has been recommended to avoid using sample
concentrations greatly exceeding the concentrations of
DPPH and ABTS solutions [34].

Reducing power

The ability of the extracts to reduce the ferricyanide
complex to its ferrous form was measured by the RP or
sodium nitroprusside assay. Significant differences were
seen between the Hymenochaetales, Polyporales, and
Agaricales groups. In the Hymenochaetales group, Cy-
clomyces setiporus (SN 5-9) along with Inonotus clemen-
siae (SN 1) showed the highest RP values (1.64-2.20).
Among Polyporales, Ganoderma sp. (SN 14) exhibited the
highest RP value (1.22). Also, in the Others group, Pseu-
domerulius curtisii (SN 53) and Xylobolus princeps (SN
54-56) showed relatively high RP values (1.02-1.19). A
very low variation was seen in the RP values among all
samples. This could be due to the lower sensitivity of the
method compared to other antioxidative assays. The RP of
mushrooms has been attributed to their ability to donate
hydrogen atoms, thereby pacifying the free radicals [35].

Correlation between TPC and the antioxidative
assays

In order to illustrate the relationship between the antiox-
idative activity and the phenolic content, the antioxidative
assays were correlated with the TPC values for each group,
using the Spearman’s rank correlation. Table 2 shows the
correlation coefficient between TPC and each of the
antioxidative assays for all four groups. Significant corre-
lations were observed for all the assays in the Hyme-
nochaetales, Polyporales, and Others groups. The highest
degree of correlation was seen in the Others group, fol-
lowed by Polyporales and Hymenochaetales. However, in
Agaricales, only DPPH and TPC could correlate signifi-
cantly. The major bioactive compounds in Agaricales are
known to be ergosterol, lectin, terpenes, and [-glucans
[36]. Also, it must be considered that the translation of the

phenolic compounds into antioxidative activity is depen-
dent on several factors, such as the availability of hydroxyl
group, and the synergistic, additive, or antagonistic activ-
ities in the sample matrix [37].

Determination of EC5y and EC, s values

To further clarify the activity of the mushroom samples
showing the highest TPC, the ECsq values (for the DPPH
and ABTS assays) and ECgys values (for the RP assay)
were determined. Table 3 shows the ECsy and ECgys
values expressed as sample concentration in mg/mL for
the DPPH and ABTS and the RP assays, respectively. The
lower EC5o/ECy s values indicate stronger antioxidative
activity. Inonotus clemensiae (SN 1) required the least
sample concentration to obtain the ECsy values for both
the DPPH and ABTS assays, as well as EC 5 value in the
RP assay, with 0.081 mg/mL for the DPPH assay,
0.409 mg/mL for the ABTS assay, and 0.031 mg/mL for
the RP assay.

All of the antioxidative assays tested revealed a very
high activity for the Hymenochaetales group. Although
commonly studied species such as Inonotus obliquus have
been extensively reported for their antioxidative and other
biological activities, the antioxidative activities of Inonotus
clemensiae and Cyclomyces setiporus have not been
reported previously. Within the Polyporales group, samples
of Ganoderma species exhibited a relatively higher activity
than other members. The Others group contained a mixture
of samples from different orders. However, the antioxida-
tive assays and the TPC correlated well in this group. Also,
Pseudomerulius curtisii (SN 53) and Xylobolus princeps
(SN 54-56) consistently showed high activity for almost all
of the assays tested. Parallels can be observed between the
pattern of antioxidative activity in the previous study of the
antioxidative activities of 29 wild mushroom samples of
Nepal [30], where Inonotus sp., Phellinus sp., and Gano-
derma sp. had the most predominant antioxidative activity.
These findings elucidate the presence of high antioxidative
activity in previously unreported mushroom species in
Nepal.

HPLC analysis

In order to identify and quantify the phenolic compounds
present in the ethanol extracts of the top ten samples with
the highest TPC values, HPLC analysis was performed.
Twenty-one phenolic compounds, reported to be com-
monly found in mushrooms [28] (5-sulfosalicylic acid,
gallic acid, pyrogallol, 3,4-dihydroxybenzoic acid, chloro-
genic acid, (+)-catechin, p-hydroxybenzoic acid, vanillic
acid, caffeic acid, vanillin, rutin, p-coumaric acid, ferulic
acid, veratric acid, naringin, benzoic acid, abscisic acid,
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Table 2 Spearman’s rank correlation coefficients for the total
phenolic content (TPC) and the antioxidant assays oxygen radical
absorbance capacity (ORAC), 2,2-diphenyl-1-picrylhydrazyl (DPPH),

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and
reducing power (RP)

Order TPC-ORAC TPC-DPPH TPC-ABTS TPC-RP
Hymenochaetales 0.731%* 0.674* 0.8527%* 0.753%*
Polyporales 0.812%* 0.821%#* 0.786%* 0.851%#*
Agaricales 0.327 0.854%*%* 0.165 0.102
Others 0.806** 0.888%** 0.900%* 0.927%**

#p < 0.05, #p < 0.01

Table 3 ECs, values of the

DPPH and ABTS assays, and SN Scientific name DPPH (ECs) ABTS (ECsp) RP (ECys)

ECos values of the RP assay for Inonotus clemensiae 0.08 + 0.004 0.40 + 0.012 0.03 + 0.003

ten samples with the highest .

TPC values 5 Cyclomyces setiporus 0.14 £+ 0.003 0.71 &£ 0.012 0.07 £ 0.030
6 Cyclomyces setiporus 0.20 £ 0.008 0.84 £ 0.016 0.17 £ 0.041
7 Cyclomyces setiporus 0.29 £ 0.041 1.19 £ 0.045 0.13 £ 0.061
3 Inonotus sp. 0.66 £ 0.035 1.24 £ 0.016 0.30 £ 0.256
8 Cyclomyces setiporus 0.15 £ 0.002 0.87 + 0.003 0.10 £ 0.033
9 Cyclomyces setiporus 0.18 + 0.013 0.92 £+ 0.007 0.11 £ 0.074
53 Pseudomerulius curtisii 0.73 £ 0.004 2.03 £ 0.024 0.38 £ 0.021
54 Xylobolus princeps 0.57 + 0.006 2.21 £ 0.041 0.64 + 0.339
14 Ganoderma sp. 0.47 £ 0.011 1.52 £ 0.015 0.26 £+ 0.026

ECs is the sample concentration required for 50 % inhibition in the DPPH and ABTS assays, and ECy 5 is
the sample concentration required for 0.5 absorbance units (700 nm) in the RP assay. The results are
expressed as sample concentration in mg/mL

quercetin, trans-cinnamic acid, naringenin, and kaemp-
ferol), were used as standards. Table 4 shows a list of the
standard compounds, along with their retention time and
the amount present in the respective samples. Also, the
HPLC chromatograms of the standards and the samples are
provided as supplementary data in Fig. S2.

The ten selected samples showed the presence of 12 out
of 21 standard phenolic compounds. Flavonoids such as
(+)-catechin, naringin, quercetin, naringenin, and kaemp-
ferol, along with some other phenolic compounds com-
monly found in mushrooms, such as p-hydroxybenzoic
acid, benzoic acid, caffeic acid, and ferulic acid, were not
detected in any of the samples. Also, the presence of some
unknown compounds (UC1-4) were found to be in high
abundance, as indicated by the peak intensity in HPLC
chromatograms. The presence of such major unknown
compounds in the respective samples and their retention
times are provided in Table 3. The compound UC3 was
detected in four of the tested extracts, SN 3, 6, 8, and 9.
Although SN 5, 6, 7, 8, and 9 belonged to the same species,
Cyclomyces setiporus, the HPLC chromatograms of only
SN 8 and 9 were similar. The possible reason for this
variation may be traced back to the origin of the samples.
As can be seen in supplementary Table S1, SN 5, 6, and 7
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were collected from different locations, whereas SN 5, &,
and 9 were collected from the same location. Yet, the
chromatogram of SN 5 was quite different from those of
SN 8 and 9. Interestingly, SN 5 was collected from the
wood of a living tree, unlike SN 8 and 9, which were
collected from the wood of dead trees. From these results,
we can speculate that the environmental factors have a
profound effect on the chemical composition of the wild
mushrooms. Additionally, other factors such as growth
stage [38], time of collection, and abiotic stress [39] must
also be considered.

LC-MS analysis

The major compounds present in some of the samples did
not match with the standards used in the HPLC analysis.
Therefore, LC-MS analysis was performed to elucidate the
unknown compounds (UC1-4). The retention time and
molecular ion m/z values are shown in Table 5. Although
clear fragmentation patterns could not be obtained, the
molecular ion peaks provided some hint for the tentative
identification of the unknown compounds. High antiox-
idative activity of mushrooms belonging to Inonotus sp.
have been largely attributed to styrylpyrone-class
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Table 4 Retention time and quantification of standard phenolic compounds in the top ten samples with the highest TPC value

Peak no.  Phenolic compound Rt (min) SN1 SN5 SN6 SN7 SN3 SN8 SN9 SN53 SN54 SNI14
1 5-Sulfosalicylic acid 6.3 - — - — — - — - 16.1 -

2 Gallic acid 8.3 - — 1.4 - 22 — — - - —

3 Pyrogallol 8.9 - - - - - — - - — 10.9
4 3,4-Dihydroxybenzoic acid  13.0 - — 11.6 32 22 7.1 — — - -

5 Chlorogenic acid 17.1 - 54.1 - 24.6 - - - - - -

6 (4)-Catechin 17.4 — - — - - — - — — —

7 p-Hydroxybenzoic acid 18.0 - — - — — - - - - -

8 Vanillic acid 20.1 — - 32 — — — — — — —

9 Caffeic acid 20.6 — — — — — — — — — —
10 Vanillin 25.5 — — 2.1 — — — — — 2.0 —
11 p-Coumaric acid 27.3 — - 2.1 - - — - — — -
12 Rutin 28.0 — - — — — 23.1 - — — —
13 Ferulic acid 29.5 — = — - — — = — . —
14 Veratric acid 30.0 - — — 30.8 - - - - - -
15 Naringin 33.1 — — — — — — — — - -
16 Benzoic acid 34.0 — — — - - — - — — —
17 Abscisic acid 423 — - — 2.6 - — - — — -
18 Quercetin 444 — - - - - — - - — —
19 trans-Cinnamic acid 44.7 — - — - - — - 30.9 — —
20 Naringenin 47.7 — — — — — — — — — —
21 Kaempferol 49.2 - - - - — - — - - -
22 UCl 323 + - - - - - - - - -
23 uc2 434 — + - - - - - - - -
24 ucCs3 16.5 — - + - + + + - - -
25 uc4 28.5 +

+ indicates the presence of an unknown major compound in the respective sample, — indicates not detected. The values of phenolic compound in

each sample is expressed as pg/mg extract

Rt retention time, UC unknown compound

Table 5 Retention time and m/z values of the molecular ions of the
unknown compounds

Compound Rt (min) M + H]" M — H™
UC1 44.25 247.0477 245.0369
ucC2 48.17 491.0598 489.0869
UcC3 26.52 - 251.0259
uc4 38.67 303.0443 301.0024

Rt retention time, UC unknown compound, — not detected

compounds, such as hispidin, inoscavin, phelligridin, and
others [40]. Therefore, it can be predicted that UC1 with an
mlz value of 247.0477 in positive mode and 245.0369 in
negative mode is hispidin (exact mass 246.0528 g/mol)
[41]. The molecular ion m/z values of the rest of the
unknown compounds were detected as follows: 491.0598
in positive mode and 489.0869 in negative mode for UC2,
251.0259 in negative mode for UC3, and 303.0443 in
positive mode and 301.0024 in negative mode for UC4.

Conclusion

A wide range of antioxidative activities was observed
among the various orders of wild mushrooms species of
Nepal. Hymenochaetales was the most active group, which
included the exceptionally potent species Inonotus
clemensiae. It was found to exceed the antioxidative
activity of even Inonotus obliquus (chaga), a mushroom
highly revered for its strong antioxidative activity among
food products. Pseudomerulius curtisii (SN 53), Xylobolus
princeps (SN 5-56), and Ganoderma sp. (SN 14) emerged
as other promising candidates with high antioxidative
activity from the rest of the groups. The correlation
between the phenolic content and the various antioxidative
assays across the four groups suggest that the phenolic
compounds are largely responsible for the antioxidative
activity of the mushrooms. As evident from the HPLC and
LC-MS analyses, the presence of high concentrations of
particular phenolic compounds in some species and the
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absence of several commonly found phenolic compounds
indicates the uniqueness of the phenolic profile of Nepalese
mushrooms. This could be a result of its exclusive habitat
and growing conditions. Covering 62 samples from the
forest areas of different geographic regions of Nepal, this
study provides a deep insight into the potential of a largely
untapped, yet rich, resource of wild mushrooms. Studies on
other biological activities and detailed analysis of the
active compounds shall further enhance our knowledge on
the capability of these mushrooms and open up paths for
their use as nutraceuticals.
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