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Summary

Fungal metabolites are known to have potent and diverse properties such as antiviral,
antidiabetic, antitumour, antioxidant, free radical scavenging, and antibacterial effects which
can be utilized to treat diseases. In this study, we investigated the functional activity of
stereumamide A (StA) derived from a culture broth of Trichaptum fuscoviolaceum during the in
vitro fertilization (IVF) of pig oocytes, to determine its effects on sperm penetration. Oocytes
matured in vitro were fertilized in the absence or presence of varying concentrations of StA
(0-50 μg/ml StA). When StA was directly added into the IVF medium, significantly lower
fertilization rates were seen with the 20 or 50 μg/ml StA (2.0–17.5%) treatments compared with
those of 10 μg/ml StA or the controls (60.9–62.3%), whereas StA had no influence on the
survival of oocytes and spermatozoa throughout the IVF process. For evaluating the control of
sperm entry, mature oocytes were pre-incubated in a medium containing 20 μg/ml StA for 1 h,
and then IVF was subsequently performed. The incidence of polyspermy was significantly
reduced when oocytes were pre-incubated with StA (15.0% vs. 50.4–57.5% in controls).
In conclusion, sperm penetration was inhibited in the medium in the presence of StA during
IVF, while StA did not affect sperm motility and fertility competence. Fertilization was
controlled when mature oocytes were incubated with StA prior to IVF, suggesting the possible
use of the fungal metabolite in assisted reproductive technology for humans and animals.

Introduction

Subfertility is a leading global health issue affecting individuals of reproductive age worldwide.
Available data over the past few years suggests that the percentage of infertile couples is steadily
increasing in the world. Infertility may occur due to female or male factors or complications
involving both (Malina and Pooley, 2017). It is a very sensitive issue of social concern, andmany
pharmacological, surgical, and assisted reproductive techniques (ART) have been developed to
enable couples to have children. In vitro fertilization (IVF) is a type of ART commonly used in
this field (Klemetti et al, 2004; Malina et al., 2016). The use of porcine models in research is more
popular due to their physiological similarity to humans. Many factors affect the success of the
in vitro fertilization technique, including the condition of the sperm and the eggs. When
conducting IVF with boar spermatozoa, the occurrence of polyspermy is of major concern
(Alcântara-Neto et al., 2020). The term polyspermy is simply defined as the interaction of more
than one male sperm nucleus with the female nucleus (Markert, 1979). The incidence of
polyspermy can reach up to 30–40% with boar sperm compared to other mammalian species
and under IVF conditions it can reach up to 65% (Xia et al., 2001). The reasons for polyspermy
are still unclear and several articles have suggested that it could occur due to factors such as the
quality of mature oocytes, IVF conditions, and the semen quality at fertilization (Sirard et al.,
1993; Wang et al., 1994; Marchal et al., 2001), as well as variations within the same species and
the influence of the ejaculate on the sperm penetration and the polyspermy (Almiñana et al.,
2005; Gil et al., 2007; Alcântara-Neto et al., 2020). Polyspermy results in nuclear chromosomal
abnormalities, a reduced number of cells in the blastocyst, and an overall reduction in the
success rate of IVF (Nguyen et al., 2020). Therefore, researchers are paying attention to the use of
artificially derived or naturally derived compounds to enhance the success rate of IVF.

Plant-derived compounds have been in use for many years and there is considerable ongoing
research with regard to the medicinal uses of different plant extracts (Lee et al., 2019). A wide
variety of mushrooms are commonly considered nutritious foods with unique properties
including their medicinal value (Wasser, 2011; Ma et al., 2013). Secondary metabolites derived
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from the fungal strains of mushroom origin have antibacterial,
antitumour, antiviral, anti-inflammatory, immunomodulatory,
and antioxidant activities (Lindequist et al., 2005; Lee and Yun,
2006; Wasser, 2011; Yi et al., 2016). The fungal species Trichaptum
fuscoviolaceum, commonly known as the violet tooth is of the order
Hymenochaetales and is widely disseminated on coniferous trees in
the temperate regions of the world (Seierstad et al., 2021).
However, little is known about its functional activity. In this study,
while exploring the effects of fungal metabolites on pig oocytes, we
found that stereumamide A (StA) derived from the culture broth of
T. fuscoviolaceum exhibited activity in regulating sperm penetra-
tion during IVF.

Materials and methods

Isolation and purification of StA from the culture broth of
T. fuscoviolaceum

The fungal strain T. fuscoviolaceum was cultured on potato
dextrose agar at 27°C for two weeks. Small pieces of freshmycelium
were inoculated into 20 one-litre flasks containing 400ml of potato
dextrose broth and cultured on a rotary shaker at 120 rpm and
27°C for four weeks. The culture broth was filtered to separate
mycelium and the broth filtrate. The broth filtrate was subjected to
Diaion® HP-20 column chromatography eluted with 50% aqueous
methanol (MeOH), followed by silica gel column chromatography
with stepwise chloroform (CHCl3)-MeOH (30:1→0:100, v/v) to
form fractions labelled A-C. Fraction B was chromatographed on a
column of Sephadex® LH-20 eluted with MeOH. The fraction
containing StA was separated using medium pressure liquid
chromatography eluted with a gradient of an increasing amount of
methanol in water. Finally, StA (142 mg) was obtained using a Sep-
Pak C18 cartridge eluted with 10% aq. MeOH (Figure 1).

Structure determination of StA

The chemical structure of the isolated compound was determined
by electrospray ionization (ESI)-mass spectrometry and nuclear
magnetic resonance (NMR) measurements. The molecular weight
was established as 345 by the ESI-mass spectrometry, which
showed a quasi-molecular ion peak at m/z 245.9 [MþH]þ in the
positive mode. The 1H NMR spectrum in dimethyl sulfoxide
(DMSO)-d6 exhibited signals due to three aromatic methines at
δ 9.31, 9.12 (d, J= 5.4 Hz), and 8.27 (d, J= 5.4 Hz), one olefinic
methine at δ 6.90, three methines at δ 5.00 (d, J= 4.2 Hz), 4.51 (m),
and 3.69 (m), one methylene at δ 1.97 (dd, J= 13.2, 8.4 Hz)/1.88
(dd, J= 13.2, 7.8 Hz), and four methyls at δ 1.21, 1.19, 1.10,
and 0.98 (d, J= 6.6 Hz) (Figure 2). In the 13C NMR spectrum,
19 carbon peaks including two carbonyl carbons at δ 180.7 and
165.0, four sp2 methine carbons at δ 153.4, 148.5, 144.7, and 122.6,
three sp2 quaternary carbons at δ 168.4, 136.3, and 128.8, two

oxygen- or nitrogen-conjugated methines at δ 80.6 and 66.5, one
oxygenated quaternary carbon at δ 72.3, one methine at δ 51.9, one
quaternary carbon at δ 45.4, one methylene at δ 39.2, and four
methyls at δ 28.0, 27.1, 24.8, and 20.7 were evident (Figure 2A).
All the proton-bearing carbons were assigned by the heteronuclear
multiple quantum correlation spectrum, and the 1H-1H homo-
nuclear correlation spectroscopy spectrum revealed three partial
structures. Further structural elucidation was performed with the
aid of the Heteronuclear Multiple Bond Correlation spectrum,
which showed long-range correlations from H-1 to C-8 and C-9,
from H-3 to C-1, C-5 and C-9, from H-10 and H-11 to C-1, C-2,
and C-3, from H-12 to C-4, C-5, and C-6, from H-13 to C-5 and
C-7, from H-14 to C-6 and C-15, and from H-15 to C-6, C-8, and
C-14, establishing the presence of sterostrein Q moiety. Finally,
the long-range correlations from H-14 and H-15 to C-2´ and H-2´
to C-1´ indicated that the threonine moiety was connected to
sterostrein Q via a carbon-nitrogen bond (Figure 2B). Therefore,
the structure of the isolated compound was identified as a
zwitterionic alkaloid StA (Duan et al., 2018).

Assessment of boar sperm motility

Liquid boar semen was purchased from a local artificial
insemination (AI) centre. Sperm motility was examined using a
computer-assisted sperm analysis system (CASA; Sperm Class
Analyzer®, Microptic, Barcelona, Spain). Spermatozoa were
incubated for 2 h at 37.5°C with or without StA (controls; without
addition of StA [w/o] or a solvent control with DMSO), and a 1 μl
aliquot of sperm sample was then placed on a pre-warmed (38°C)
Leja counting slide (Leja products B.V., Nieuw-Vennep, The
Netherlands). Ten fields were analyzed at 37.5°C, assessing a
minimum of 500 spermatozoa per sample. The proportion of total
motile spermatozoa (%), progressive motile spermatozoa (%), and
hyperactive spermatozoa (%) was determined. The kinetic
parameters measured for each spermatozoon included: curvilinear
velocity (VCL, μm/s), straight-line velocity (VSL, μm/s), average
path velocity (VAP, μm/s), the percentage of linearity (LIN, %), the
percentage of straightness (STR, %), and the wobble percentage
(WOB, %).

Figure 1. Structure of the isolated compound.

Figure 2. 1H (italic) and 13C peaks assignments and two-dimensional nuclear
magnetic resonance (NMR) data.
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Collection and in vitro maturation (IVM) of pig oocytes

Ovaries were collected from prepubertal gilts at a local
slaughterhouse and transported to the laboratory. Cumulus-
oocyte complexes (COCs) were aspirated from the antral follicles
(3-6 mm in diameter), washed three times in N-2-hydroxyethyl-
piperazine-N’-2-ethanesulfonic acid (HEPES)-buffered Tyrode
lactate (TL-HEPES) medium supplemented with 0.01% (w/v)
polyvinyl alcohol (PVA), (TL-HEPES-PVA), followed by three
washes with the oocyte maturation medium (Abeydeera et al.,
1998). A total of 50 COCs were transferred to 500 μl of the
maturation medium and layered with mineral oil in a 4-well multi-
dish equilibrated at 38.5°C in a 5% CO2 atmosphere. The oocyte
maturation medium used was the tissue culture medium
199 supplemented with 0.1% PVA, 3.05 mM D-glucose,
0.91mM sodium pyruvate, 0.57mM cysteine, 0.5 μg/ml luteinizing
hormone (Sigma-Aldrich, Seoul, Korea), 0.5 μg/ml follicle-
stimulating hormone (Sigma), 10 ng/ml epidermal growth factor
(Sigma), 75 μg/ml penicillin G, and 50 μg/ml streptomycin.
The oocytes were cultured in TCM199 for 44 h at 38.5°C and 5%
CO2 in air.

In vitro fertilization (IVF) and culture (IVC) of pig oocytes

After IVM, cumulus cells were removed by treating with 0.1%
hyaluronidase in the TL-HEPES-PVA medium (Abeydeera et al.,
1998), and metaphase II oocytes were selected by observation
under a stereomicroscope. Thereafter, in a 35-mm polystyrene
culture dish, oocytes were placed into four 100 μl drops of modified
Tris-buffered medium (mTBM) and covered with mineral oil. One
millilitre of liquid semen preserved in Beltsville Thawing
Solution was washed twice with phosphate-buffered saline (PBS)
containing 0.1% PVA (PBS-PVA), at 800 x g for 5min. The washed
spermatozoa were resuspended in mTBM, appropriately diluted,
and 1 μl of the sperm suspension was added to the medium
containing the oocytes to give a final sperm concentration
of 1 × 105 spermatozoa/ml. Oocytes were co-incubated with
spermatozoa for 5 h at 38.5°C in an atmosphere containing 5%
CO2. To observe the effects of StA on IVF, the following
experiments were performed: i) Oocytes were inseminated in the
absence or presence of StA (0–50 μg/ml), ii) Spermatozoa were
incubated with 20 μg/ml StA for 30 min, and were then used for
IVF, and iii) Oocytes were incubated with 20 μg/ml StA for 1 h, and

then were used for IVF. After IVF, oocytes were transferred to
500 μl porcine zygote medium (PZM-3; Yoshioka et al., 2002)
supplemented with 0.4% bovine serum albumin (BSA, A0281,
Sigma), and cultured for an additional 20, 48, or 144 h. The IVM,
IVF, and IVC studies were repeated five times for each treatment
regimen.

Evaluation of fertilization and embryonic development

Oocytes/embryos were fixed with 2% formaldehyde for 40 min at
room temperature, washed twice with PBS, permeabilized with
PBS-Triton X-100 for 30 min, and stained with 2.5 mg/ml
4 0,6-diamidino-2-phenylindole (DAPI; DNA staining; Molecular
Probes, Eugene, OR, USA) for 40 min. The fertilization status of
the zygotes (unfertilized, fertilized-monospermic, or fertilized-
polyspermic), cleaved embryo number, blastocyst formation, and
the cell number per blastocyst were assessed under a fluorescence
microscope (Nikon Eclipse Ci microscope; Nikon Instruments
Inc., Tokyo, Japan).

Statistical analysis

Values are exhibit as the mean ± standard error of the mean
(SEM). Data analyses were conducted using one-way analysis of
variance with SAS package 9.4 (SAS Institute Inc., Cary, NC, USA).
The completely randomized design was used, and Duncan’s
multiple range test was performed to compare values of individual
treatments when the F-value was significant (p< 0.05).

Results

StA did not interfere with sperm movement during incubation

The boar spermatozoa were incubated in the presence of StA at
concentrations of 10, 20 and 50 μg/ml for 2 h, or controls (W/O
addition of StA or a solvent control with DMSO), and then sperm
motility and progression were examined using a CASA system
(Figure 3). As shown in Figure 3A, there was no significant
difference in the percentage of motile spermatozoa between the
treatment groups, and the controls. On the other hand, a
significantly lower rate of progression was observed in sperma-
tozoa incubated with 50 μg/ml StA, compared to those of
spermatozoa incubated with 10 and 20 μg/ml StA or the controls
(p< 0.05, Figure 3B).

Figure 3. Incubation of boar spermatozoa in the absence (W/O) or presence of StA or DMSO (a solvent control). Motile (A) And progressive (B) Spermatozoawere assessed after 2 h of
incubation. Values are expressed as themean ± SEM. The different superscripts (a&b) in each groupof columns denote a significant difference at p< 0.05. StA: stereumamide A; DMSO:
dimethyl sulfoxide.
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StA inhibited sperm penetration during IVF, affected oocytes
but not spermatozoa

To observe the effects of StA on IVF, oocytes were inseminated in
the IVF medium in the absence or presence of StA for 5 h.
Significantly lower rates of fertilization were observed in oocytes
inseminated in the presence of 10–50 μg/ml StA compared with the
fertilization rate of the controls (p< 0.05, Figure 4A). In addition,
spermatozoa were pre-incubated with 20 μg/ml StA for 30 min
and were then used for IVF (Figure 4B). When compared with the
groups wherein StA was present in the IVF medium during
insemination, the direct addition of StA inhibited sperm
penetration significantly (p< 0.05, Figure 4B), while there were
no differences in the fertilization rate of spermatozoa pre-
incubated with or without StA (Figure 4B). Therefore, it is
believed that StA affects oocytes rather than sperm during IVF.

Incidence of polyspermy was reduced when IVF was
performed with oocytes pre-incubated with StA

Based on the results, oocytes pre-incubated with 20 μg/ml
StA for 1 h prior to the IVF process exhibited a significantly
lower total fertilization rate, where controls showed above
60% of total fertilization (p < 0.05, Figure 5A). However,
the incidence of polyspermy was significantly decreased in the
oocytes pre-incubated with StA, and a higher percentage of
monospermic oocytes was observed, compared with the
controls (p < 0.05, Figure 5B). Further, in the fertilized
oocytes cultured for 144 h, a higher rate of blastocyst
formation was observed in oocytes pre-incubated with StA
(p < 0.05, Figure 5C). Thus, StA at various concentrations
and periods of incubation could reduce the frequency of
polyspermy in IVF using pig oocytes.

Figure 4. Oocytes were inseminated in the IVF medium with different concentrations of StA or controls (without addition of StA [w/o] or a solvent control with DMSO) (A). StA
(20 μg/ml) was directly added into the IVF medium or boar spermatozoa were incubated with 20 μg/ml StA, and then IVF was subsequently performed (B). Values are expressed as
the mean ± SEM. The different superscripts (a&b) in each group of columns denote a significant difference at p < 0.05. StA: stereumamide A; DMSO: dimethyl sulfoxide; IVF: In vitro
fertilization.

Figure 5. Oocytes were incubated with 20 μg/ml StA or DMSO (a solvent control), and then IVF was performed subsequently. The rate of total fertilization (monospermicþ
polyspermic oocytes; (A), Polyspermy rate (B), And blastocyst formation (C) were examined after embryo culture for 16, and 144 h, respectively. Values are expressed as the
mean ± SEM. The different superscripts (a&b) in each group of columns denote a significant difference at p < 0.05. StA: stereumamide A; DMSO: dimethyl sulfoxide; IVF: In vitro
fertilization.
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Discussion

IVF is a type of ART that involves retrieving oocytes after ovarian
stimulation and combining them with sperm to accomplish
fertilization in a well-established laboratory, and implanting one or
more fertilized embryos in the uterine cavity. Among the factors
that result in the success of IVF, the use of spermatozoa with good
motility is one of the most important (Eskandar, 2002; Xie et al,
2010). Similarly, the survival of the oocyte also directly affects the
success of the IVF process (Catalá et al., 2012; Ingilizova et al.,
2014; Lonergan and Fair, 2016). Factors that reduce the success of
IVF include impairments in the cumulus cell penetration, sperm/
oocyte binding, sperm /oocyte fusion oocyte activation, sperm
processing, and pronuclear formation (Swain and Pool, 2008).
Even though sperm penetration is a positive factor, polyspermy is a
persistent obstacle to the success of IVF. Polyspermy could depend
on the quality of oocyte and sperm, and their sperm number at the
fertilization site (Hunter, 1991). In general, polyspermy is higher in
IVF than in the IVM system and it is necessary to avoid
polyspermy for successful fertilization and embryo development
(Coy and Avilés, 2010). Polyspermy leads to abnormal embryo
development, early embryonic death, or spontaneous abortions
(Jacobs et al., 1978). Within the body, several mechanisms prevent
polyspermy such as oviduct-based mechanisms which prevent the
entrance of a large number of spermatozoa into the proximity of
the oocytes, the egg-based mechanisms that alter the membrane,
and the zona pellucida (ZP) reaction to the fertilizing sperm
(Coy and Avilés, 2010). However, in in vitro systems, it is
somewhat difficult to prevent polyspermy (Funahashi, 2003; Li
et al., 2003). Alcântara-Neto et al. (2020) stated that supplemen-
tation of extracellular vesicles (EVs) can decrease polyspermy and
improve embryo production because EVs are the key components
in the oviductal fluid. Chemical compounds that have the ability to
inhibit sperm hyaluronidase activity and increase ZP hardening
can reduce polyspermy (Tatemoto et al., 2006; Coy et al., 2008).
Similar findings in the literature have shown that the resistance of
ZP to proteolysis reduces the incidence of polyspermy (Coy et al.,
2008; Mondéjar et al., 2013a; Mondéjar et al., 2013b). Also, the
pre-incubation of the oocytes or sperm with oviductal epithelial
cells prior to IVF can reduce penetration by multiple sperm (Wang
et al., 2003). Several studies have shown that polyspermy is very
commonly seen in pigs rather than in other mammals (Li et al.,
2003; Hao et al., 2006; Kitaji et al., 2015). In the current study, we
have observed that the polyspermy was significantly reduced in the
StA incubated group (Figure 5B). This result indicates that StA has
the ability to control polyspermy, which is commonly seen during
IVF.Moreover, we observed that varying concentrations of StA did
not affect sperm motility or the overall survival of the sperm and
the oocytes and the percentage of the blastocysts was higher in the
StA-treated group (Figure 3–5). Many studies have shown that a
higher number of quality blastocysts help in carrying out the IVF
process successfully (Gardner et al., 2000; Xiong et al., 2020).
Currently, researchers are focusing on the use of different
compounds extracted from plant materials to improve ART.
Medicinal mushrooms have beneficial compounds like polysac-
charides, triterpenoids, steroids, phenolic components, cordyce-
pin, etc. that have anticancer, anti-inflammatory, antioxidant, anti-
hypertensive, and immunomodulatory effects (Wasser, 2011;
Johnson et al., 2019). Lin et al. (2019) stated that the nutritive
and essential trace elements, and/or concentrated compounds of
medicinal plant extracts have the ability to improve fertility, but the
underlying scientific mechanism is unclear. We can conclude from

our results that the extracts of T. fuscoviolaceum have the ability to
improve some aspects of the IVF process and we need more studies
to identify the compounds responsible and their scientific
mechanism during IVF. Also, these results indirectly indicate
the possible benefits of the compounds derived from this medicinal
mushroom in ART programmes.
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