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Abstract: Mushrooms have a long history of use as food and medicine. They are rich in var-
ious nutrients and bioactive compounds, particularly phenolic compounds. In this study, ten
mushroom species were selected, and solvent extraction using 80% ethanol was used to extract
phenolic compounds. Total phenolic content (TPC), total flavonoid content (TFC) and total con-
densed tannin content (TCT) were measured to evaluate phenolic content in different mushroom
varieties. In the mushroom varieties tested, brown portobello mushroom had the highest TPC
(396.78 + 3.12 ug GAE/g), white cup mushroom exhibited the highest TFC (275.17 & 9.40 ug CE/g),
and shiitake mushroom presented the highest TCT (13.80 4 0.21 pug QE/g). Antioxidant capac-
ity was evaluated using 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reducing antioxidant power
(FRAP), 2,2'-azino-bis-3ethylbenzothiazoline-6-sulfonic acid (ABTS) and total antioxidant capacity
(TAC) assays. The highest DPPH free radical scavenging ability was found in white cup mushroom
(730.14 + 55.06 ug AAE/g), while the greatest iron-reducing ability (FRAP) was recorded for shiitake
mushroom (165.32 + 10.21 ug AAE/g). Additionally, Swiss brown mushroom showed the highest
ABTS antioxidant capacity (321.31 £ 5.7 ug AAE/g), and the maximum TAC value was found in
shiitake mushroom (24.52 + 1.2 ug AAE/g). These results highlight that most of the mushroom
varieties studied showed high phenolic contents and demonstrated strong antioxidant activity, with
shiitake mushrooms standing out due to their high TCT and FRAP values, and the highest TAC value
among the varieties studied. In addition, LC-ESI-QTOF-MS/MS was used to characterize the mush-
room samples, and tentatively identified a total of 22 phenolic compounds, including 11 flavonoids,
4 lignans, 3 phenolic acids, 2 stilbenes and 2 other phenolic compounds in all mushroom samples.
The research results of this study showed that mushrooms are a good source of phenolic compounds
with strong antioxidant potential. The results can provide a scientific basis for the development of
mushroom extracts in functional food, health products, and other industries.
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1. Introduction

Mushrooms are a common type of fungi found in nature and are one of the most widely
consumed foods worldwide. They are popular for their unique flavor, rich nutritional
value, and extensive commercial cultivation. According to a report by Expert Market
Research (2023), the global mushroom market reached USD 54 billion in 2020. The market
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is expected to grow at a Compound Annual Growth Rate (CAGR) of 8%, in the forecast
period of 2023-2028, to reach a value of USD 86 billion by 2026 [1].

The nutritional value of mushrooms has been extensively studied. In recent years,
evidence has shown that mushrooms can reduce the risk of certain chronic diseases, in-
cluding cancer, cognitive impairment, inflammatory bowel disease, and metabolic-related
diseases [2]. The benefit of mushrooms is that they are rich in bioactive compounds, such
as vitamins (vitamin B and vitamin D), minerals (selenium, phosphorus, and copper),
and polysaccharides (3-glucans) [3]. Moreover, Kalaras et al. showed that mushrooms
rich in endogenous ergosterol, which is converted to vitamin D, (ergocalciferol) under
sunlight or ultraviolet radiation, are a good source of vitamin D, [4]. In recent years,
researchers have become increasingly interested in studying the antioxidant properties
of mushrooms. Some studies have shown that mushrooms are capable of accumulating
secondary metabolites, such as phenolic compounds, carotenoids, and steroids, which give
them potent antioxidant properties [5,6]. For instance, Barros et al. detected a variety of
phenolic acids, such as protocatechuic acid, p-hydroxybenzoic acid, p-coumaric acid, and
vanillic acid, in 16 different wild mushrooms from Portugal [7].

Polyphenols are important secondary metabolites in the plant kingdom. They can be
classified into the following four categories based on their structure: flavonoids, phenolic
acids, stilbenes, and lignans [8]. Polyphenols are known for their strong antioxidant
properties. They have the capacity to inhibit lipoxygenase, chelate metals, and scavenge free
radicals [9,10]. In addition, polyphenols play a defensive role in plants and are important
substances with antibacterial, antiviral, and antifungal activities [11]. There are many
methods for extracting polyphenols from food, with the most common being the traditional
solvent extraction method. In addition, new extraction technologies, including pressurized
liquid extraction, ultrasound-assisted extraction, microwave extraction, and supercritical
fluid extraction, have also been gradually applied to polyphenol extraction [12]. To evaluate
the amount of polyphenolic compounds in food, it is useful to measure the contents of
total phenols, total flavonoids, and total tannins concurrently. Assays used to identify
the potential antioxidant activity of polyphenol compounds in food typically involve
free radical scavenging assays, such as ABTS (2,2'-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid)) and DPPH (2,2-diphenyl-1-picrylhydrazyl), as well as TAC (total antioxidant
capacity) and FRAP (ferric reducing antioxidant power) assays. Due to the wide variety and
complex structures of polyphenol compounds, the liquid chromatography—electrospray
ionization quadrupole time-of-flight mass spectrometry (LC-ESI-QTOF-MS/MS) method is
commonly used to tentatively characterize extracts [13].

While some studies have explored the antioxidant properties of mushrooms, the ma-
jority have focused on the antioxidant properties of multiple wild mushroom species or a
single species of cultivated mushrooms. As a result, there is still a significant research gap
in the comprehensive analysis and comparative discussion of phenolic compounds across a
variety of commercially cultivated mushrooms. This article explores the diverse phytochem-
icals found in mushrooms, including nutrients, phenolic compounds, and their biological
activities, as well as the potential commercial applications of mushroom polyphenols. To
this end, the study selected 10 common commercial mushrooms in the Australian market
to extract phenolic compounds. Various methods were used to determine the phenolic
compound content in mushroom samples and evaluate their antioxidant capacity. The
study also tentatively characterized the phenolic compounds in mushrooms using LC-ESI-
QTOF-MS/MS, a powerful analytical technique used to identify and characterize phenolic
compounds in food samples [14]. It can detect a wide variety of phenolic compounds,
including phenolic acids, flavonoids, lignans, stilbenes, and other polyphenols [15]. The
goal of this study was to comprehensively compare the phenolic compound content and
potential antioxidant capacity of common commercial mushroom varieties in the Australian
market. The findings can help optimize their utilization and development for commercial
applications.
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2. Materials and Methods
2.1. Chemical and Reagents

Almost all of the chemicals used for sample extraction and characterization were of
analytical grade and obtained from Sigma Aldrich (Castle Hill, NSW, Australia). Quercetin,
catechin, gallic acid, and L-ascorbic acid used for the standard curve were purchased from
Sigma Aldrich (St. Louis, MO, USA). In addition, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
aluminium chloride, Folin—Ciocalteu’s phenol reagent, 2,4,6-tripyridyl-s-triazine (TPTZ),
ferric (III) chloride anhydrous, and 2,2'-azino-bis(3-ethylbenz-thiazoline-6-sulphonate)
(ABTS) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Sodium carbonate
anhydrous was purchased from Gillman, SA, Australia, and sulfuric acid 98% was obtained
from RCI Labscan Limited (Bangkok, Thailand). Sodium acetate hydrate was obtained
from Ajax Finechem, Scoreby, VIC, Australia. Vanillin was obtained from Glentham Life
Science (Wiltshire, United Kingdom), and analytical grade methanol was from Fisher
Chemical Company (San Jose, CA, USA). For the mobile phases of LC-ESI-QTOF-MS/MS,
LiChrosolv (Darmstadt, Germany) and Sigma-Aldrich (St. Louis, MO, USA) provided
acetonitrile and acetic acid, respectively. Standards of phenolic acids and flavonoids used
for characterization, including gallic acid, syringic acid, chlorogenic acid, caffeic acid,
p-hydroxybenzoic acid, coumaric acid, quercetin, catechin, protocatechuic acid, quercetin-
3-O-glucuronide, kaempferol-3-O-glucoside, epicatechin gallate, and kaempferol, were
supplied by Sigma-Aldrich (St. Louis, MO, USA).

2.2. Sample Preparation and Extraction of Phenolic Compounds

In this study, a diverse selection of mushrooms was procured from the Australian sales
market. These types, including brown portobello, shiitake, white button, organic white,
white flat, white cup, portobello flat, Swiss brown, oyster, and needle, were specifically
chosen due to their widespread consumption, commercial availability, and to ensure a
broad representation of common mushrooms. Fresh mushroom samples were washed and
weighed at 500 g. Each mushroom sample was then ground to a slurry using a blender
and stored at —20 °C for further study. The polyphenol compounds of the mushroom
samples were extracted using a method referenced from Buruleanu et al. with slight
modifications [16]. First, the samples were mixed with 80% ethanol and homogenized
using an Ultra-Turrax T25 homogenizer (IKA, Staufen, Germany) at 10,000 rpm for 30 s.
The mixtures were then incubated in the ZWYR-240 incubator shaker (Labwit, Ashwood,
Vic, Australia) at 150 rpm at 4 °C for 16 h. Next, all the samples were centrifuged twice
using the Hettich Refrigerated Centrifuge (ROTINA 380R, Tuttlingen, Baden-Wiirttemberg,
Germany) at 5000 x g for 15 min. The supernatant was collected and stored at 4 °C for
further antioxidant analysis.

2.3. Polyphenol Estimation

All polyphenol evaluations were performed using the Multiskan® Go microplate
photometer (Thermo Fisher Scientific, Waltham, MA, USA) with triplicate measurements.
In addition, the standard curves were established with R? > 0.995.

2.3.1. Determination of Total Phenolic Content (TPC)

The TPC was measured using a modified version of the method outlined by Stojanova,
etal. [17]. In a 96-well plate (Costar, Corning, NY, USA), 25 uL of the extract was mixed
with 25 pL of 25% (v/v) Folin-Ciocalteu reagent and 200 pL of Milli-Q water. The mixture
was incubated for 5 min at 25 °C, after which 25 pL of 10% (w/w) sodium carbonate was
added. The mixture was then incubated in the darkroom for 1 h at room temperature. The
absorbance of the reaction mixture was measured at 765 nm and the results were converted
to total polyphenol content using a gallic acid standard calibration curve (ranging from 0
to 200 pg/mL). The results were presented as pg equivalents of gallic acid per gram of the
sample (ug GAE/g of raw material) based on fresh weight (FW).
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2.3.2. Determination of Total Flavonoids Content (TFC)

The TFC was measured using a modification of the aluminum chloride method de-
veloped by Alj, et al. [18]. To perform the assay, 80 puL of the extract, 80 puL of a 2% (w/v)
ethanolic solution of aluminum chloride, and 120 pL of a 50 g/L aqueous solution of
sodium acetate were mixed in a 96-well plate. The plate was then incubated for 1 h at
25 °C in a dark room. The reaction mixture was subjected to an absorbance measurement
at 440 nm, and the TFC value was determined by converting the absorbance to TFC using
the calibration curve prepared with the quercetin standard in a concentration range of 0 to
50 pg/mL. The TPC value was expressed as g equivalents of quercetin per gram of fresh
weight (ug QE/g FW).

2.3.3. Determination of Total Condensed Tannin Content (TCT)

TCT was performed by modifying the method of Ma, et al. [19]. First, 25 pL of the
extract and 150 pL of a methanolic vanillin solution (4% w/v) were mixed in a 96-well plate.
Then, 25 pL of 32% sulfuric acid (diluted with methanol) was added. The reaction mixture
was incubated in the dark at room temperature for 15 min. The absorbance was measured
at 500 nm, and the results were converted to a concentration of tannins (ug CE/g FW) using
the calibration curve. The calibration curve was plotted with different concentrations of
catechin standards ranging from 0 to 1000 pg/mL.

2.4. Antioxidant Assays
2.4.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Antioxidant Assay

The DPPH free radical scavenging capacity was determined by using the method of
Wan Mahmood, et al. [20] with some modifications. A concentration of 0.1 mM DPPH
methanol solution was used. In addition, 40 pL of the extracts and 260 uL of the DPPH
methanol solution were mixed in a 96-well plate. The reaction mixture was incubated
for 30 min at room temperature in the dark. The absorbance of the reaction mixture was
measured at 517 nm. The results were given as pg of ascorbic acid equivalent per gram
of dry weight (mg AAE/g FW) based on the standard curve, which was prepared using
ascorbic acid standards with concentrations ranging from 0 to 50 pg/mL.

2.4.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP of samples was measured by modifying the method of Sogi, et al. [21]. The
FRAP reagent was freshly prepared by mixing 300 mM of sodium acetate solution, 10 mM
of TPTZ solution (in 40 mM of HCl solution), and 20 mM of FeCl;-6H,0 solution at a ratio
of 10:1:1 (v:v:v). To measure the FRAP, 20 uL of the extract was mixed with 280 uL of FRAP
reagent and incubated at 37 °C for 10 min. The absorbance of the reaction mixture was then
measured at 593 nm. The results were expressed as pug ascorbic acid equivalents per gram
of fresh sample weight (ug AAE/g FW) based on the standard curve, which was prepared
using the ascorbic acid standard with concentrations ranging from 0 to 50 pg/mL.

2.4.3. 2,2'-Azino-bis-3-ethylbenzothiazoline-6-sulfonic Acid (ABTS) Radical
Scavenging Assay

The ABTS radical scavenging capacity was measured according to Queiroz, et al. [22]
with some modifications. First, 5 mL of 7 mM ABTS solution and 88 uL of 140 mM potas-
sium persulfate solution were mixed and then the mixture becomes the ABTS" solution
after incubating for 16 h in the dark. The stock ABTS* solution was further diluted by
ethanol until the absorbance of the ABTS cation solution was measured as 0.70 £ 0.02 at
734 nm. In addition, 10 puL of the extract and 290 pL of the ABTS cation solution were mixed
in a 96-well plate. After the reaction mixture was incubated at room temperature for 6 min,
at the absorbance was measured as 734 nm. The results were expressed as pug equivalents
of ascorbic acid per gram of the sample (ug AAE/g FW) based on the standard curve,
prepared by the ascorbic acid standard with concentrations ranging from 0 to 200 pg/mL.
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2.4.4. Total Antioxidant Capacity (TAC) Assay

The TAC assay has been modified from the method used by Suleria, et al. [23]. First,
260 pL of phosphomolybdate reagent (0.6 M HpSOy4, 0.028 M sodium phosphate, and
0.004 M ammonium molybdate) was added to each 40 uL sample extract. The mixture
was then incubated at 95 °C for 10 min and cooled to 25 °C. The absorbance of the sample
solution at 695 nm was measured using a spectrophotometer. Each measurement was
repeated three times for each sample. Ascorbic acid (0200 ug/mL) was used as the
standard curve. The TAC of the mushroom samples was expressed as pg equivalents of
ascorbic acid per gram of the sample (ug AAE/g FW).

2.5. LC-ESI-QTOF-MS/MS Characterization of Phenolic Compounds

The LC-ESI-QTOF-MS/MS assay was carried out by modifying the method of Tang, et al. [24].
The samples were tentatively characterized with an Agilent 1200 HPLC (Agilent Tech-
nologies, Santa Clara, CA, USA) equipped with an Agilent 6520 Accurate-Mass Q-TOF
LC-MS/MS (Agilent Technologies, CA, USA). Each compound was separated using a
Synergi Hydro-RP 80 A reverse phase column (250 mm X 4.6 mm, 4 um particle size)
with a protected C180DS (4.0 x 2.0 mm) guard column (Phenomenex, Lane Cove, NSW,
Australia). The column was operated at 25 °C and the sample temperature was set at
10 °C. The mobile phase consisted of eluent A (water/acetic acid, 99.5:0.5, v:v) and eluent
B (acetonitrile/acetic acid /water, 50:49.8:0.2, v:v:v). The gradient profile was as follows:
0-10% B (0-5 min), 10-25% B (5-25 min), 25-35% B (25-35 min), 35-40% B (35-45 min),
40-55% B (45-75 min), 55-80% B (75-80 min), 80-90% B (80-82 min), 90-100% B (82-85 min)
and isocratic 0% B (85-90 min). Each sample extraction was injected into 6 pL of liquid, and
the mobile phase flow rate was 0.8 mL/min. Nitrogen gas atomization was set at 300 °C
with a flow rate of 5 L/min at 45 psi, while the sheath gas was set at 11 L/min at 250 °C. The
nozzle and capillary voltages were set at 500 V and 3.5 kV, respectively. A complete mass
scan ranging from m/z 50 to 1300 was used. Material peaks were identified in positive and
negative mode, and processing was performed using LC-ESI-QTOF-MS/MS. MassHunter
workstation software (Qualitative Analysis, 152 version B.06.01, Agilent Technologies,
Santa Clara, CA, USA) was used for data processing.

2.6. Statistical Analysis

All analyses were performed in triplicate. The results of the antioxidant assays and
phenolic contents are presented as an average + standard error (n = 3). One-way analysis
of variance (ANOVA) with Tukey’s post-hoc test, as provided by Minitab® 19 for Windows
(Minitab, NSW, Australia), was used to analyze data and a p-value less than 0.05 indicates
a significant difference between samples. Graphs were generated using GraphPad Prism®
software (version 9).

3. Results
3.1. Phenolic Content Estimation (TPC, TFC, TCT)

Mushrooms are rich in phenolic compounds, such as gallic acid, protocatechuic acid,
and cinnamic acid, which have been widely studied as antioxidants [25,26]. Figure 1 shows
the results of determining the total polyphenols, total flavonoids, and total tannins in ten
different types of mushroom samples.

Ten types of mushrooms were analyzed for their total phenol content, and signif-
icant differences were observed. Brown portobello mushroom had the highest content
(396.78 + 3.12 ug GAE/¢g), followed by shiitake (389.16 £ 5.35 ng GAE/g), Swiss brown
mushroom (371.43 & 3.47 ug GAE/g), and white cup mushroom (370.60 £ 7.14 ug GAE/g).
The lowest content was found in organic white mushroom and white flat mushroom
(234.57 £ 4.58 and 242.14 + 5.18 ug GAE/g, respectively). Our results demonstrate that
brown portobello and shiitake mushrooms have relatively higher TPC, which aligns with
previous studies [27,28]. In the study by Berna$ [27], the TPC for brown portobello mush-
rooms was reported as 417 mg/100 g DM, which aligns closely with our results. Similarly,
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the high TPC in shiitake mushrooms is in agreement with the findings by Boonsong
et al. [28], who reported a TPC of 24.25 mg GAE/g DW for shiitake mushrooms. However,
it should be acknowledged that there are differences in the extraction methods and units
of measurement across studies. For instance, the TPC in the cited study was calculated
based on dry weight and employed a 50% (v/v) ethanol ratio for extraction. Despite these
methodological differences, our results reinforce the idea that brown portobello and shi-
itake mushrooms are notably rich in phenolic compounds. Indeed, some studies have also
shown that the use of different extraction solvents can significantly affect the extraction
of polyphenols from mushrooms [29]. On the other hand, the result of the lowest TPC of
organic white mushrooms was opposite to the results reported by Popa, et al. [30], who
pointed out that organically cultivated foods have higher nutritional value than traditional
crops, especially in terms of phenolic compounds, vitamins and minerals. However, there
seems to be a lack of research on organic mushrooms in terms of phenolic compounds.
Cheung et al. suggested that the total phenol content is closely related to the antioxidant
activity [31]. Therefore, the total phenol content plays an important role in the antioxidant
properties of mushrooms.

400 -
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¢ 250 -
200
o 150
£ 100 -
50
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A a
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e
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1 I
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TCT (ug QE/g)

I I I

Figure 1. The estimation of phenolic content of ten kinds of mushrooms. (A) Total phenolic content
(TPC). (B) Total flavonoids content (TFC). (C) Total condensed tannin content (TCT). The data pre-
sented represent the mean =+ standard deviation of three replicates from accession. ANOVA and
Tukey’s test were used to determine the statistically significant difference at p < 0.05 as identified by
different letters. The codes for the mushroom samples are as follows: SM: shiitake mushroom; WBM:
white button mushroom; OM: oyster mushroom; SBM: Swiss brown mushroom; NM: needle mush-
room; WFM: white flat mushroom; OWM: organic white mushroom; WCM: white cup mushroom;
BPM: brown portobello mushroom; PEM: portobello flat mushroom.

Flavonoids are an important class of secondary metabolites of plant polyphenols.
They possess anti-oxidation, anti-inflammatory and anti-cancer properties, and regulate
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the function of key cell enzymes [32]. As shown in Figure 1, the white cup mushroom had
the highest TFC (275.17 £ 9.40 ug CE/g), which was significantly higher than the other
nine mushrooms. The portobello flat mushroom (223.88 & 9.56 ug CE/g), brown portobello
mushroom (218.34 + 6.74 ug CE/g), and organic white mushroom (210.47 £ 3.15 ug CE/g)
followed closely behind. In contrast, shiitake mushroom had the lowest total flavonoid
content (102.93 £ 13.69 ug CE/g). In a separate study, Buruleanu et al. found that white cap
mushroom had the highest TFC with 7.83 + 4.18 mg QE/g [16]. They also noted that the
total flavonoid content varies according to the type of mushroom. Contrastingly, a study
by Palacios et al. revealed that Agaricus bisporus (white button mushroom) and Pleurotus
ostreatus (oyster mushroom) had relatively lower flavonoid contents, approximately around
1 mg/g of catechin equivalents [33]. They also observed that the concentration of total
flavonoids varies with mushroom species, but the content of total flavonoids does not cor-
relate with the content of phenols. It is speculated that the phenolic compounds contained
in mushrooms may vary due to different cultivation substrates and environments.

Tannins are a type of polyphenol compound found widely in plants. They have the
ability to bind to and precipitate proteins and other compounds, such as certain amino
acids, alkaloids, nucleic acids, and polysaccharides [34]. This study found significant dif-
ferences in TCT among various mushroom samples. Contrary to the TFC results, shiitake
mushrooms had the highest TCT (13.80 £ 0.21 ug QE/g), while white cup mushrooms
had the lowest (4.95 £ 0.14 pug QE/g). Following shiitake mushrooms were oyster mush-
rooms (11.15 & 0.47 ug QE/g) and needle mushrooms (10.18 £ 0.31 pg QE/g). Organic
white mushrooms, Swiss brown mushrooms, and portobello flat mushrooms had no sig-
nificant differences in their tannin content, which were 9.53 + 0.31, 9.14 + 0.17, and
9.01 &+ 0.16 ug QE/g, respectively. The TCT of mushrooms has been measured in many
studies. For example, the study by Sifat, et al. [35] found that the TCT of oyster mush-
rooms was 36-40 mg TAE/g. Additionally, a new mushroom species called Rubroboletus
himalayensis sp. nov. (Boletaceae, Boletales, Basidiomycota), found in the Himalayas of
Pakistan, showed high TCT in methanol extraction with 441.0 mg TAE/g [36]. However, no
additional research data have been found for the mushroom species studied in this study.
Further research is needed to obtain more data on the TCT of mushroom:s.

3.2. Antioxidant Activity (DPPH, FRAP, ABTS and TAC)

Based on the estimated results above, it can be concluded that mushrooms are an
important source of phenolic active substances. To evaluate the antioxidant capacity of the
mushroom samples, this study used DPPH, FRAP, ABTS, and TAC assay methods. The
results are shown in Figure 2 and are expressed as pg ascorbic acid/g FW (ug AAE/g FW).

One of the most important functions of antioxidants is to scavenge free radicals.
In the current study, the potential radical scavenging activity of the studied mushroom
samples was determined using the DPPH method. The research results showed that the
white cup mushroom sample had a significantly higher free radical scavenging ability
than the other mushroom samples (p < 0.05), with a value as high as 730.14 & 55.06 pg
AAE/g. The white button mushroom and portobello flat mushroom had similar results,
with values of 309.68 £+ 7.48 ug AAE/g and 309.04 & 42.15 ug AAE/g, respectively. These
findings contrast with those of previous studies conducted by Buruleanu et al. [16] and
Bach et al. [37]. Both studies indicated that brown Agaricus bisporus, especially portobello
mushrooms, have a greater ability to scavenge free radicals than white species. Additionally,
the DPPH scavenging levels of other mushrooms such as shiitake mushrooms were lower
than those of Agaricus bisporus. Considering various factors, such as the choice of extraction
solvent and the different growth environments of mushroom samples, the reason for these
differences may vary. However, in general, white cup mushrooms demonstrate strong
DPPH free radical scavenging activity.
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Figure 2. The estimation of antioxidant potential of ten kinds of mushrooms. (A) 2,2-diphenyl-
1-picrylhydrazyl (DPPH). (B) Ferric reducing antioxidant power (FRAP). (C) 2,2'-azino-bis-3-
ethylbenzothiazoline-6-sulfonic acid (ABTS). (D) Total antioxidant capacity (TAC). The data presented
represent the mean =+ standard deviation of three replicates from accession. ANOVA and Tukey’s
test were used to determine the statistically significant difference at p < 0.05 as identified by different
letters. The codes for the mushroom samples are as follows: SM: shiitake mushroom; WBM: white
button mushroom; OM: oyster mushroom; SBM: Swiss brown mushroom; NM: needle mushroom;
WEFM: white flat mushroom; OWM: organic white mushroom; WCM: white cup mushroom; BPM:
brown portobello mushroom; PFM: portobello flat mushroom.

The results of FRAP indicate that shiitake mushrooms exhibited the strongest iron-
reducing ability (165.32 4= 10.21 ug AAE/g), while the reducing ability of white cup mush-
rooms was significantly lower than that of other mushroom samples (97.84 & 3.45 ug AAE/g).
These results differed markedly from those of other studies. Sharpe, et al. [38] found that
the FRAP value of shiitake mushrooms was lower than that of the other mushroom varieties
they examined. Islam, et al. [39] confirmed this point as well. They noted that among the
43 selected Chinese mushrooms, shiitake mushrooms did not demonstrate the strongest
antioxidant properties. The FRAP assay measures the ability of an antioxidant in a sample
to reduce the Fe>* complex to the Fe>* complex, thus determining the sample’s antioxidant
capacity. In general, researchers believe that in most cases, the results of antioxidant capac-
ity determination are consistent with the value of TPC [40]. In our study, we found that
the portobello flat mushroom has a TPC value of 276.98 + 10.17 ug AAE/g, but it has the
lowest reducibility. On the other hand, the FRAP results of white flat mushrooms, brown
portobello mushrooms, and organic white mushrooms are consistent with the TPC value.
Further research is needed to understand the causes of these and similar conditions.
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ABTS free radical scavenging is a sensitive test method used to evaluate the free
radical scavenging ability of phenolic compounds [39]. Antioxidants donate electrons
or hydrogen atoms to inactivate ABTS* ions, causing a color change. According to the
ABTS test results, the strongest antioxidant capacity is demonstrated by the Swiss brown
mushroom (321.31 + 5.7 ug AAE/g), followed by white cup mushroom (293.88 + 14.61 ug
AAE/g) and needle mushroom (292.90 &+ 6.08 ug AAE/g), and the weakest is the organic
white mushroom (201.47 + 6.57 ug AAE/g). Bach et al. [37] found a strong correlation
between the ABTS free radical scavenging activity and the TPC in mushrooms, confirming
that the TPC has a direct impact on the antioxidant activity of mushroom samples.

The total antioxidant capacity (TAC) in mushroom samples is a comprehensive param-
eter that measures the cumulative effect of all antioxidants in the sample, rather than the
simple sum of various antioxidants [41]. The results of the TAC assay in this study indicate
that shiitake mushrooms have a significantly higher TAC value (24.52 + 1.2 ug AAE/g)
compared to other mushroom varieties. The TAC values of portobello flat mushroom,
Swiss brown mushroom, and brown portobello mushroom were found to be similar, at
8.70 £0.78,7.84 £ 0.1, and 6.78 & 0.17 ug AAE/g, respectively. Some studies suggest that
this may be due to the fact that the stems of shiitake mushrooms are rich in true chitosan,
which is the source of potential antioxidant properties of shiitake mushrooms [42].

3.3. Tentative Phenolic Characterization by LC-ESI-QTOF-MS/MS

This study used LC-ESI-QTOF-MS/MS to tentatively characterize phenolic com-
pounds in ten mushroom samples. The isolated compounds were tentatively identified
using Agilent LC-ESI-QTOF-MS/MS Mass Hunter Qualitative Software and the Personal
Compound Database and Library (PCDL), by considering the MS spectra of m1/z in the
positive and negative ion mode, and retention time (RT). Compounds with screening scores
greater than 80 (PCDL scores) and mass errors of £5 ppm were listed in Table 1 for tentative
characterization and m/z validation. Overall, 22 phenolic compounds were identified in all
mushroom samples, including 11 flavonoids, 3 phenolic acids, 4 lignans, 2 stilbenes, and
2 other phenolic compounds.

3.3.1. Phenolic Acids

In the studied mushroom samples, three different phenolic acids were tentatively
characterized, belonging to two subclasses of phenolic acids, hydroxycinnamic acids
and hydroxyphenylpropanoic acids, respectively. Two compounds, cinnamic acid and
p-coumaroyl malic acid, were tentatively identified in the hydroxycinnamic acids subclass.
Cinnamic acid was detected in a variety of mushroom samples, including shiitake mush-
room, needle mushroom, white flat mushroom, brown portobello mushroom, portobello
flat mushroom, organic white mushroom and oyster mushroom, under the following con-
ditions: retention time RT = 4.53 min, and negative ion mode m/z = 147.0463. In a study
to identify phenolic compounds in 26 mushroom species, cinnamic acid was detected in
the majority of mushroom samples [43]. However, p-coumaroyl malic acid, with its unique
retention time of 3.65 min and negative ion mode ([M-H] ™ m/z = 279.0511), was mainly
identified in white flat mushroom, organic white mushroom, portobello flat mushroom,
and shiitake mushroom. This discovery is particularly innovative, as p-coumaroyl malic
acid has not been previously reported in mushroom studies, but was noted in the North
American herb, Echinacea purpurea (L.) Moench [44]. Compound 1 has a negative ion mode
at m/z = 357.0837 and was tentatively identified as dihydrocaffeic acid 3-O-glucuronide,
which was previously detected in hops and juniper berries [24].
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Table 1. Liquid chromatography—electrospray ionization quadrupole time-of-flight mass spectrometry (LC-ESI-QTOF-MS/MS) and tentative characterization of
mushroom polyphenolic compounds.

Proposed

Molecular

RT Ionization

Molecular

Theoretical

No Compound Formula (min) Mode Weight (m/z) Observed (m/z) Mass Error Sample
Phenolic acids
Hydroxyphenylpropanoic acids
Dihydrocaffeic acid ot _ * WBM, SM,
1 3-O-glucuronide C15H15010 4.16 [M-H] 358.0910 357.0837 357.0837 0 WEM
Hydroxycinnamic acids
. p-Coumaroyl malic - B *WEM, OWM,
2 acid C13H1207 3.65 [M-H] 280.0586 279.0513 279.0511 0.7 PEM, SM
*SM, NM,

. S _ WEM, BPM,

3 Cinnamic acid CyHgO, 4.53 [M-H] 148.0538 147.0465 147.0463 -1.4 PEM, OWM,
OM
Flavonoids
Isoflavonoids
4 Dalbergin C16H1204 3.88 [M-H]~ 268.0734 267.0661 267.0666 1.9 *SM, PFM, NM
2/,7-Dihydroxy-4',5'- - + * BPM, NM,
5 dimethoxyisoflavone C17H1404 3.83 [M+H] 314.0787 315.0860 315.0860 0 WBM
6 6”-O-Acetyldaidzin Cp3H22019 3.96 [M-H]~ 458.1202 457.1129 457.1151 4.8 SM
Flavonols

Kaempferol _

7 7-O-glucoside Cp1H19011 3.35 [M-H] 447.0910 446.0837 446.0858 4.7 WBM
Flavanones
8 Eriocitrin Cy7H3,015 54.24 [M-H]~ 596.1713 595.1640 595.1638 -0.3 *WFM, OM
Flavanols

(+)-Catechin 1 B *WBM, OWM,

9 3-0-gallate CpHji5010 3.72 [M-H] 442.0857 441.0784 441.0783 0.2 PEM
4'-O-Methyl-(-)-
10 epigallocatechin CpoH24013 54.71 [M-H]~ 496.1233 495.1160 495.1164 0.8 *WCM, WEM
7-O-glucuronide
Dihydroflavonols

11 Dihydroquercetin Cy1HpOn 3.61 [M-H]~ 450.1144 449.1071 449.1069 —04 *SM, WEM

3-O-rhamnoside
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Table 1. Cont.

Proposed Molecular RT Ionization Molecular Theoretical
No ComI])pound Formula (min) Mode Weight (m/z) Observed (m/z) Mass Error Sample
3-Hydroxyphloretin
12 2/-O-xylosyl- CaH3015 59.78 [M-H]~ 584.1766 583.1693 583.1692 -0.2 BPM
glucoside
Anthocyanins
*SBM, NM, SM,
s 3s "
13 (;thr;ldgl‘uioiléi) Ca3Ha301, 3.06 [M-HI- 491.1176 490.1103 490.1102 —0.2 &?&V“féﬁ
OWM, OM
s i
14 %% I;e;‘;idglﬁliogléi) i Co4Has5013 3.80 [M+H]* 521.1297 522.1370 522.1396 5.0 PFM
Lignans
15 Todolactol A Ca0Ha407 443 [M-H] 376.1519 375.1446 375.1435 -29 NM
16 Schisandrin C CyoHp404 41.09 # [M+H]* 384.1540 385.1613 385.1607 ~16 *OM
*
17 Deoxyschisandrin Cp4H3,06 311 # [M-H] - 416.2196 4152123 4152133 24 B‘I;vl\éﬁM’
18 Schisandrin Ca4Hz3,0; 4.84 # [M+H]* 432.2154 433.2227 433.2222 ~12 *SM, NM
Stilbenes
*WCM, WBM,
19 Trans-Resveratrol C14H1,03 458 [M-H]~ 228.0780 227.0707 227.0706 04 OWM, NM,
WFM
20 5%_5;‘;?;;?56 CooH2 05 3.81 [M-H]~ 390.1311 389.1238 389.1240 05 NM
Other polyphenols
Tyrosols
21 3,4-DHPEA-EDA Ci17Hz004 4.87 [M-H]~ 320.1276 319.1203 319.1195 -25 * PFM, WFM
Phenolic terpenes
o _ *SM, NM,
22 Carnosic acid C0Has0y 57.83 + [M-H] 332.1997 331.1924 331.1923 ~03 WeM

* The same phenolic compound was detected in more than one mushroom sample and the data shown in this table are from the asterisked samples. ** Compounds were detected in both
negative [M-H]™ and positive ion [M+H]* modes and only single mode data are provided in this table. *** Compounds identified for the first time in this study. As shown in the
last column of the table, the codes for the mushroom samples are as follows: BPM: brown portobello mushroom; SM: shiitake mushroom; WBM: white button mushroom; OWM:
organic white mushroom; WEM: white flat mushroom; WCM: white cup mushroom; PFM: portobello flat mushroom; SBM: Swiss brown mushroom; OM: oyster mushroom; NM:
needle mushroom.



Processes 2023, 11, 1711

12 of 16

3.3.2. Flavonoids

Flavonoids are the main class of phenolic compounds. In this study, six flavonoid sub-
classes were tentatively characterized, including anthocyanins, dihydrochalcones, flavanols,
flavones, isoflavonoids. Of these, isoflavonoids detected three compounds, flavonols and
dihydrochalcones each detected two, and the remaining subclasses each detected one.

Isoflavonoids

Dalbergin was preliminarily characterized in the extracts of shiitake mushroom, por-
tobello flat mushroom and needle mushroom. The compound showed [M-H]™ atan m/z
of 267.0666 and the chemical formula was C1cH;2O4. Dalbergin is a natural flavonoid
isolated from Dalbergia sissoo, Machaerium spp., Oxytrops falcate, Dalbergia odorifera and
some other plants [45]. Compound 5 was tentatively characterized as 2’,7-dihydroxy-4’,5'-
dimethoxyisoflavone under the condition of m/z of 315.0860 in the positive ion mode and a
retention time of 3.833 min. The compound was detected in brown portobello mushroom:s,
needle mushrooms and white button mushrooms. It has also been detected in Lepidium
sativum, as reported by Kadam, et al. [46]. In addition, compound 6 with [M-H]™ at
m/z = 457.1151 was identified as 6”-O-acetyldaidzin, which was only detected in shiitake
mushroom. 6”-O-acetyldaidzin is an ortho-glycosylated derivative of isoflavonoids, which
was detected in some soybeans and their products by LC-MS [47].

Flavanones and Flavonols

In the [M-H]™ mode, flavonols (kaempferol 7-O-glucoside) was tentatively detected in
white button mushroom, and flavanones (eriocitrin) were detected om white flat mushroom
and oyster mushroom. Kaempferol 7-O-glucoside and eriocitrin were characterized at
m/z = 446.0858 and 595.1638, with retention times of 3.35 min and 54.24 min, respectively.
Research has shown that kaempferol 7-O-glucosinolates, which can be isolated from herba-
ceous plants, have effective anti-HSV-1 activity [48]. Eriocitrin is a disaccharide derivative
of eriodictyol. It was previously isolated and identified in lemon peel and pulp vesicles
using HPLC, 'H-NMR and *C-NMR analyses [49].

Flavanols and Dihydroflavonols

Catechin is a flavanol commonly found in fruits and vegetables. Two catechin deriva-
tives were identified in mushroom samples. Compound 9 was initially characterized as (+)-
catechin 3-O-gallate with a retention time of 3.72 min and [M-H]™ mode at m/z = 441.0783,
which was found in white button mushroom, organic white mushroom, and portobello flat
mushroom. Compound 10 was tentatively characterized as 4'-O-methyl-(-)-epigallocatechin
7-O-glucuronide with a retention time of 54.71 min and [M-H]™ mode at m/z = 495.1164. It
was detected in white cup mushroom and white flat mushroom. These two compounds
were also identified by Peng, et al. [50] in their study of phenolic compounds in Aus-
tralian mangoes (Mangifera indica L.). In addition, two compounds, dihydroquercetin
3-O-rhamnoside and 3-hydroxyphloretin 2’-O-xylosyl-glucoside, were preliminarily char-
acterized in mushroom samples. Dihydroquercetin 3-O-rhamnoside was present in shiitake
mushroom and white flat mushroom, while 3-hydroxyphloretin 2'-O-xylosyl-glucoside
was only detected in brown portobello mushroom. Both compounds showed a nega-
tive ion mode at m/z of 449.1069 and 583.1692, respectively. Suprun, et al. [51] reported
that dihydroquercetin 3-O-rhamnoside is the main dihydroflavonol in white wine, while
Ramirez-Ambrosi et al. [5] identified 3-hydroxyphloretin 2'-O-xylosyl-glucoside in apple
products.

Anthocyanins

Two anthocyanins were tentatively identified in ten mushroom samples, both belong-
ing to anthocyanin cations (compounds 13 and 14). Compound 13, cyanidin 3-O-(6"-acetyl-
glucoside), exhibits the [M-H]™ mode at m/z of 490.1102 and is detected in almost all
mushroom samples, except brown portobello mushroom. Previous research has shown
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that it is found in multiple species of Zinnia elegans [52]. Remarkably, compound 14, identi-
fied as petunidin 3-O-(6"-acetyl-glucoside), was uniquely characterized in the portobello
flat mushroom, displaying an [M-H]* mode at an m/z of 522.1396. This is an innovative
discovery, as this specific compound has not been previously reported in mushrooms
according to the existing literature. Therefore, our study contributes novel insights to the
field, augmenting the knowledge of phenolic compounds present in different varieties of
mushrooms.

3.3.3. Lignans

In this study, four lignans (compounds 15-18) from ten mushroom samples were
tentatively characterized, and compounds 16-18 were detected in both [M-H]~ and [M-H]*
modes. Schisandrin C was detected in oyster mushroom as compound 16 with [M-H]~
at m/z 383.1501 and [M+H]* at m/z 385.1607. Compound 17 was detected in the [M+H]*
mode at m/z 417.2290 and 417.2282, and [M-H]™ at m/z 415.2133. It was preliminarily
characterized as deoxyschisandrin and detected in brown portobello mushroom, shiitake
mushroom and white cup mushroom, while compound 18 was detected in the [M-H]*
mode at m/z 433.2222 and [M+H]~ at m/z 431.2046 and 431.2100. It was preliminarily
characterized as schisandrin and detected in shiitake mushroom and needle mushroom.
Schisandrin, schisandrin C and deoxyschisandrin are anti-inflammatory active compounds
isolated from the fruit of Schisandra chinensis Baill. [53,54]. Compound 15 with [M-H] ™ at
m/z 375.1435 was detected in needle mushroom samples and preliminarily characterized
as todolactol A. This compound has been previously identified in Norway spruce by
Piispanen et al. [55].

3.3.4. Stilbenes and Other Polyphenols

The stilbenes composition identified only two compounds in negative ionization mode,
trans-resveratrol (m/z = 227.0706) and resveratrol 5-O-glucoside (m/z = 389.1240). Resvera-
trol is a phenolic compound with various biological activities. Kang, et al. [56] reported
that they had cultivated transgenic enoki mushrooms with resveratrol-producing ability.
Beekwilder, et al. [57] used transgenic Saccharomyces cerevisiae to produce trans-resveratrol
in culture. In addition, phenolics were characterized by using UHPLC-ESI/QTOF-MS on
Calligonum azel Maire, a Tunisian desert plant, and resveratrol 5-O-glucoside was detected
in this plant [58]. On the other hand, polyphenolic compound 21 exhibited [M-H]~ at
m/z 319.1195 and was preliminarily characterized as 3,4-DHPEA-EDA. Compound 22
also exhibited [M-H]™ at m/z 331.1923 and was initially identified as carnosic acid. The
mushroom samples containing 3,4-DHPEA-EDA were portobello flat mushroom and white
flat mushroom, while the mushroom samples containing carnosic acid were shiitake mush-
room, needle mushroom, and white cup mushroom. According to Akazawa, et al. [59],
3,4-DHPEA-EDA, the main phenolic compound of olive leaves was detected in cold-water
extracts of the leaves, in the form of an aglycone derivative. Carnosic acid is a diterpene
compound commonly found in sage and rosemary [60], which has not been previously
reported in mushroom species.

4. Conclusions

This study provides a comprehensive analysis of the antioxidant activities, phenolic
content, and LC-ESI-QTOF-MS/MS-based characterization of phenolic compounds in ten
distinct mushroom varieties. The analysis revealed significant differences in the total
polyphenols, flavonoids, and tannins among the tested mushroom varieties, as well as their
antioxidant activities. The strength of this study lies in its comprehensive assessment of the
phenolic compounds and antioxidant activities in various mushroom samples, contributing
to the robustness of the findings and expanding our knowledge of the phenolic content in
mushrooms. In addition, 22 phenolic compounds, including flavonoids, phenolic acids,
lignans, stilbenes, and other phenolic compounds, some of which have not been previously
reported in the literature, have been tentatively identified. Particularly noteworthy in
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underlining the innovative aspect of this research is the discovery of previously unreported
compounds, including p-coumaroyl malic acid and petunidin 3-O-(6"-acetyl-glucoside),
in a diverse selection of mushroom varieties such as organic white mushrooms, thereby
filling a significant gap in the existing literature. The findings of this study not only inform
consumers, researchers, and industry professionals about the potential health benefits
of mushrooms but also pave the way for future research on their potential therapeutic
applications or as functional ingredients in food products. However, it is essential to
consider the influence of various factors, such as extraction solvents, growth environments,
and cultivation substrates, on the phenolic content and antioxidant activities of mushrooms.
Further research on mushrooms in terms of phenolic compounds is needed to better
understand these effects. Overall, this study highlights the importance of mushrooms as a
source of health-promoting phenolic compounds and antioxidants, which can contribute to
the development of functional foods and nutraceuticals.
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