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Abstract

The mycelium of Lentinula edodes produces enzymes which may degrade xenobiotics including steroid hormones. The aim
of the study was to determine whether the mycelium from in vitro cultures of L. edodes are able to degrade endocrine disrup-
tors such as testosterone and 17a-ethynylestradiol. To prove the possibility of xenobiotics degradation, cultures of L. edodes
were cultivated in an Oddoux liquid medium with the addition of synthetic 17a-ethynylestradiol and synthetic testosterone.
The endocrine disruptors were extracted from the mycelium and determined qualitatively by RP-HPLC. The degradation
products of testosterone and 17a-ethynylestradiol were identified using a UPLC/MS/MS analysis. Undegraded testosterone
was determined at the amount of 2.97 mg/g dry weight but only in one of the L. edodes extracts from in vitro cultures sup-
plemented with 50 mg of this compound. In turn, 17a-ethynylestradiol was not determined in any samples. Additionally in
all extracts, mushroom sterols (ergosterol peroxide and ergosterol) were determined. Their total amounts were significantly
lower in samples containing the abovementioned steroids than in extracts from mycelium L. edodes without the addition of
steroid hormones. The results demonstrated that the mycelium of L. edodes can be used in the biodegradation process of a
water environment contaminated with endocrine disruptors.
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Introduction

Environmental pollution with xenobiotics (including ster-
oid hormones) has become a serious problem on a global
scale. This problem could be solved using white rot fungi
(WRF), represented by Lentinula edodes. The species has
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been extensively studied, because its fruiting bodies contain
compounds exhibiting anticancer, antioxidant, and antimi-
crobial effects (Braga 2011; Mleczek et al. 2017; Muszynska
et al. 2017).

Moreover, the mycelium of L. edodes produces enzymes
with oxidative effects, which may degrade xenobiotics (Kry-
czyk et al. 2017). White rot mushrooms can transform dura-
ble contaminants such as polycyclic aromatic carbohydrates
(Lang et al. 1995). These properties can also be used to treat
soil contaminated with petroleum. WRF are also efficient
in the biodegradation of soils contaminated especially with
heavy metals, owing to their capacity to accumulate such
metals in the fruiting bodies (Cerniglia et al. 1992; Lang
et al. 1995). The efficiency of mushrooms in biodegradation
processes is further caused by their rapid growth, production
of large amounts of biomass and the widespread occurrence
of hyphae in the soil (Ashoka et al. 2002; Wong 2009).

The most important mechanism for the decomposition of
xenobiotics by mushroom enzymes is related to the decom-
position of lignin. Extracellular enzymes modifying lignin
possess low substrate specificity; thus, they can decompose
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large amounts of highly resistant organic contaminants
with a structure similar to that of lignin (Dabrowska et al.
2018; Mansur et al. 2003). The major enzymes of the
lignin degradation system are lignin peroxidase, laccase,
manganese-dependent peroxidase, and enzymes produc-
ing H,0,, although not all ligninolytic fungi synthesize
them to the same degree (Hofrichter 2002; Kirk and Farrell
1987). Mushroom laccase has been proved able to degrade
many pharmaceuticals (for example: naproxen, ketoprofen,
diclofenac) (Taheran et al. 2016).

There are numerous sources of environmental contami-
nation by endocrine disruptors. In stock breeding, steroid
hormones are used to increase feeding and muscle growth
efficiency. The so-called concentrated animal feeding opera-
tions (CAFOs) pose a risk to the environment. The feed used
in this animal feeding method contains synthetic steroids,
which are excreted with their excrements and then leached
into water, including groundwater (Anderson et al. 2012).
Estrogen has been determined in the excrements and the
solid waste of animals and in fertilizers used directly on
arable fields (Biswas et al. 2013). Livestock excrements
are probably the greatest source of estrogen in the environ-
ment. Based on the literature data, pregnant women excrete
260-790 and 280-600 pg/day of estrone and estradiol,
respectively. These values are considerably higher than in
the case of postmenopausal women treated with hormone
replacement therapy (HRT) (Hotchkiss et al. 2008). Addi-
tionally, steroid hormones are currently overused by a large
group of persons to build their muscle mass. Moreover, hos-
pitals constitute another source of estrogen contamination.
Several experiments have corroborated the fact that estrogen,
with particularly high levels of estriol, has been determined
in samples of hospital sewage (Arnold et al. 2014; AvberSek
etal. 2011).

These hormones may contribute to the development of
cardiovascular diseases and even cancers (Ibarluzea et al.
2004; Liang and Shan 2013; Moore et al. 2016; Salla et al.
2016). Unfortunately, municipal water treatment plants
are not efficient in the removal of steroid hormones from
wastewater, thus allowing them to be directly released into
the environment (Andaluri et al. 2013; El Osta et al. 2016;
Hotchkiss et al. 2008). Removal of endocrine disrupting
compounds with WRF was reported (Cruz-Morat6 et al.
2014).

Therefore, the search for a safe and efficient agent for
biodegradation has emerged as an important task. The pre-
sent study is aimed at the determination (with the use of
analytical methods such as RP-HPLC chromatography) of
whether L. edodes, degrades endocrine disruptors such as
17a-ethynylestradiol and testosterone under in vitro culture
conditions.

The degradation products of testosterone and
17a-ethynylestradiol were identified using an UPLC/MS
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analysis and fragmentation patterns obtained from MS/MS
experiments.

Materials and methods
Mushroom cultures and reagents

For the experiments, the fruiting bodies of Lentinula edodes
(Berk.) Pegler of commercial origin, purchased at a local
supermarket (2016), were used. The taxonomic identifi-
cation was based on MycoKey 4.1 software (http://www.
mycokey.com) by Muszynska. Representative samples of the
material used for the studies were kept at the Department
of Pharmaceutical Botany, Jagiellonian University Medical
College (Krakéw, Poland).

Some of the young sporocarps of L. edodes were used to
develop in vitro cultures, in which the obtained mycelium
formed the material for further analysis. The explants were
degreased with 70% ethanol for 15 s, followed by 0.5 min
sterilization in 15% sodium hypochlorite. After repeated
washing with sterile redistilled water, the clear fragments of
the fruiting bodies were transferred to a solid agar-solidified
Oddoux medium (laminar airflow). Cultures from the solid
medium were used to establish experimental cultures culti-
vated on the modified liquid Oddoux medium. The initial
inoculum from the solid medium was 0.1 g. The cultures
were shaken at the rate of 140 rpm (shaker ALTEL, Poland).
They were then incubated at 25 °C +2 °C under a photoper-
iod (10-h light, 900 1x, and 14-h dark). The agitated liquid
cultures of L. edodes were maintained for 3 weeks and then
subcultured.

Standard substances of testosterone, 17a-ethynylestradiol,
ergosterol, ergosterol peroxide, glucose, along with maltose
extract, casein hydrolysate, B, and B¢ vitamins, L-aspara-
gine, adenine, yeast extract, and agar were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The chemi-
cals MgSO,-7H,0, NH,C1, KH,PO,, FeCl;, MnSO,-H,O0,
ZnS0O,-7TH,0, and CaCl,-6H,0 were purchased from PPH
Golpharm (Krakéw, Poland). HPLC-grade methanol, ace-
tonitrile, and formic acid were purchased from Merck
(Darmstadt, Germany). Water (quadruple-distilled) with
a conductivity of less than 1 uS cm~! was obtained using
an S2-97A2 distillation apparatus (ChemLand, Stargard,
Poland).

Mushroom biomass production and degradation
studies

The mycelium of L. edodes was passaged in previ-
ously prepared flasks, each containing 250 mL of the
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Oddoux liquid medium. The following amounts of
17a-ethynylestradiol were added to the medium: 100 and
200 pg per 250 mL; those of testosterone were as follows:
25 and 50 mg/250 mL of the medium. Following dissolu-
tion in a small volume of ethyl alcohol, the steroids were
quantitatively transferred under sterile conditions to flasks
containing in vitro cultures of L. edodes. Moreover, a con-
trol sample was prepared without the addition of steroids.
The flasks were placed on an Altel rotary shaker operating
at 140 rpm.

After 21 days of the in vitro cultures of L. edodes, the
biomass was separated from the medium by rinsing with
redistilled water. Subsequently, the obtained mycelium and
the post-culture media were subjected to lyophilization
(Freezone 4.5 lyophilizer by Labconco).

Extraction, separation and quantification of steroid
hormones

Five grams of powdered materials were extracted (myce-
lium from the in vitro cultures in the media containing
endocrine disruptors and the post-culture media) with a
mixture of methanol and dichloromethane at a 75:25 (v/v)
ratio in an ultrasonic bath at the frequency of 49 kHz for
30 min (Sonic-2, Polsonic). The merged extracts (300 mL)
were concentrated to dryness using a rotary vacuum evap-
orator at 22 °C +2 °C and then subjected to RP-HPLC and
UPLC/MS/MS analyses. The identity and the amounts of
the steroid hormones in the obtained extracts were identi-
fied by DAD-HPLC (according to Yuan et al. 2008). The
details of the DAD-HPLC analysis, equipment, and con-
ditions were the same as those described by Sutkowska-
Ziaja et al. (2015). The quantitative analyses used the
standards: testosterone and 17a-ethynylestradiol from
Sigma-Aldrich Co. The quantitative analyses were per-
formed using a calibration curve based on the assumption
of a linear relationship between the size of the field under
the peak and the concentration of the standard substance.
Standard substances (by Sigma-Aldrich), testosterone
and 17a-ethynylestradiol, were dissolved in a mixture of
methanol and dichloromethane (75:25 (v/v)). Solutions
with the following concentrations were prepared for tes-
tosterone: 1 mg/mL, 0.5 mg/mL, 0.25 mg/mL, 0.125 mg/
mL, and 0.0625 mg/L. Further, solutions with the follow-
ing concentrations were prepared for 17a-ethynylestradiol:
0.25 mg/mL, 0.125 mg/mL, 0.0625 mg/mL, 0.0313 mg/
mL, and 0.0156 mg/mL. To determine the possibility of
whether the added hormones affect the level of steroids
that occur naturally in the fruiting bodies of L. edodes
(ergosterol, ergosterol peroxide), calibration curves were
drawn for these compounds using the following concentra-
tions: 0.5, 0.25, 0.125, 0.0625, and 0.03125 mg/mL.

UPLC/MS/MS analysis

A Waters ACQUITY® UPLC® from Waters Corporation
(Milford, MA, USA) combined with a Waters TQD mass
spectrometer were used to perform UPLC-MS/MS analysis.
An Acquity UPLC BEH (bridged ethyl hybrid) C,4 column
equipped with an Acquity UPLC BEH C,3 VanGuard pre-
column were used to perform chromatographic separations.
The column was maintained under the required conditions.
A Waters eh PDA detector was used to obtain chromato-
grams. The detailed UPLC-MS/MS analysis was carried out
strictly in accordance with the methodology presented by
Dabrowska et al. (2018).

Statistical analysis

Samples were determined in duplicate. Data were presented
as means and standard deviations (SD). The statistical analy-
sis was accomplished using one-way ANOVA followed by
a post hoc Tukey test. A p value of less than 0.05 was con-
sidered significant.

Results and discussion

Good biomass growth for L. edodes was obtained in the
liquid cultures on the modified Oddoux medium and on the
media containing testosterone and 17a-ethynylestradiol.
The dynamics of the mycelium growth in the liquid Odd-
oux medium did not differ from those registered in earlier
studies; however, upon the addition of endocrine disrup-
tors, the growth rate increased twofold (Muszyriska et al.
2013).

The results obtained from the determinations using RP-
HPLC for the contents of the steroid compounds in the
mycelium extracts from the in vitro cultures in media con-
taining testosterone and 17a-ethynylestradiol and the post-
culture media are presented in Table 1.

The concentrations of 17a-ethynylestradiol and tes-
tosterone used in the experiments as additives to the
mycelial cultures of L. edodes typically corresponded to
the doses of these hormones normally used by patients
(17a-ethynylestradiol: 100 and 200 pg/250 mL; testoster-
one: 25 and 50 mg/250 mL of the medium). The presented
experiment demonstrated the capacity of in vitro cultures of
L. edodes to degrade 17a-ethynylestradiol and testosterone.
None of the extracts from the mycelium from in vitro cul-
tures in media containing 17a-ethynylestradiol or the post-
culture media were found to contain 17a-ethynylestradiol.
In the case of the extracts from the mycelium and the post-
culture media of L. edodes from in vitro cultures incubated
with testosterone, total biodegradation occurred solely in
those cultures in medium containing 25 mg/250 mL of the
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Fragmentation ions Structure

Table 2 Proposed structures of Compound  RT  [M+HT]

the biodegradation products of (min)

testosterone TP-1 210 2292
TP-2 2.19 2131
TP-3 224 2612
TP-4 2.38 197.1
TP-5 274 213.1
TP-6 285 3212
TP-7 2.88
TP-8 294 2111
TP-9 3.07 3212
TP-10 350 3212

105.1, 131.1, 161.1, 181.1, 201.1

I
Q®

93.0,109.1, 189.1

I
Q®

109.1, 135.1, 153.1, 197.1,229.2

I
Q®

153.1, 169.1, 179.1

I
N
@

93.1,109.1, 123.1, 151.1, 195.1

o
T

107.1, 121.1, 145.1, 213.2,239.2,
241.2,259.2,267.2,285.2,303.2

I
Q®

I

B Y.

69.0, 107.0, 133.1, 155.1, 183.1

I
Q®

o
T

29.1,143.1,175.1, 199.1, 225.2,
257.2,267.2,285.2,303.2

I
@

129.1, 143.1, 175.1, 199.1, 225 .2,
257.2,267.2,285.2,303.2

I
Q@

%%

hormone. The testosterone content was determined to be,
on average, 2.97 mg/g d.w., and only in the mycelium from
the in vitro cultures of L. edodes enriched with the addi-
tion of testosterone was the content 50 mg/250 mL of the
medium.

The experiments demonstrated that the mycelium of L.
edodes resulted in the decomposition of the endocrine dis-
ruptors: 17a-ethynylestradiol and testosterone.

The ligninolytic enzymes produced by L. edodes exhib-
ited oxidative properties and were responsible for the

degradation of the tested hormones in the in vitro cultures.
The degradation of 17a-ethynylestradiol was observed in
the experiments of Eldridge et al. (2017) and Riggins and
Gregory (2015). The supplementation of L. edodes in the
in vitro cultures with compounds increasing the production
of laccase increased the rate of 17a-ethynylestradiol deg-
radation. Moreover, the main product determined in both
the mass spectra was hydroxylated 17a-ethynylestradiol.
The results obtained by the abovementioned authors
confirmed that laccase contributes to the degradation of
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Table 2 (continued) TP-11 3.61 319.2
TP-12 391 305.2
TP-13 4.00 321.2
TP-14 4.29 305.2
TP-15 4.43
TP-16 4.62 303.2
Testosterone ~ 5.85 289.2

91.1,105.1, 121.1, 137.1, 147.1, HO_ on
199.1,213.2,225.2, 241.2,255.2,
283.2,301.2

Nooh

97.1,109.1,121.1, 123.1, 133.1, HO
147.1,173.1,175.2, 187.2,199.1,
225.2,227.2,239.2,269.2,287.2

I
Q®

ié; :O

I

109.1, 121.1, 147.1, 171.1, 185.1, HO OH
197.1,213.2,241.2,255.2, 267.2,
285.2,303.2

97.1,109.1, 121.1, 123.1, 133.1, OH

147.1,173.1,175.2, 187.2,199.2,

215.2,227.2,241.2,251.2,269.2,
287.2

97.1,109.1, 121.1, 123.1, 133.1,
147.1,173.1, 175.2, 187.2, 227.2,
243.2,253.2,267.2,285.2

97.1,109.1, 121.1, 123.1, 133.1,
147.1, 173.1,175.2, 187.2, 199.2,
215.2,227.2,243.2,253.2,271.2

17a-ethynylestradiol (Eldridge et al. 2017; Riggins and
Gregory 2015).

Furthermore, the current study included an analysis of the
biodegradation products obtained in the cases of endocrine
disruptors added to the mycelium.

An analysis of the extracts of the pure medium and of
the mushroom mycelium without the added testosterone
and 17a-ethynylestradiol showed no peaks on the UV
chromatogram; thus, all of the compounds observed on
the chromatograms of the extracts of the mushroom mate-
rials with the added steroids were most probably products
of their biodegradation.

The degradation products of testosterone and
17a-ethynylestradiol were identified using an UPLC/MS
analysis and fragmentation patterns obtained from MS/MS
experiments. The proposed structures of the degradation
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products for testosterone are shown in Table 2 and for
17a-ethynylestradiol in Table 3. The proposed fragmenta-
tion patterns of testosterone and 17a-ethynylestradiol are
presented schematically in Table 4.

The degradation process was found to primarily affect
rings C and D of the steroids, leading to their oxida-
tion and cleavage. Additionally, the oxidation of ring B
was observed, and to a lesser extent, that of ring A. The
degradation process was considerably more effective for
17a-ethynylestradiol, for which only a small amount of
compounds were found with the remaining A and B rings
and only one compound possessing rings A—C. In the case
of testosterone, the degradation process was less effective
and all of the compounds observed in the extracts from the
cultures retained rings A-D or A-C.

No major differences were observed in the degradation
products ratios between the samples from the cultures with
different amounts of the steroids.

The experiments further determined the level of ergos-
terol and ergosterol peroxide. None of the tested steroid
compounds were found in the extracts from the medium
used for in vitro cultures of L. edodes (control). Ergosterol
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Table 3 Proposed structures of
the biodegradation products of
17a-ethynylestradiol

Compound RT [M+H1] Fragmentation ions Structure
(min)
EP-1 2.10 205.1 119.0, 145.1, 159.1, 187.1 @
0. _OH,
Ho
EP-2 2.19 213.1 93.0, 119.0, 133.1, 151.1, 169.1 (0]
OH
HO OH
H,
®
EP-3 2.24 261.1 95.0, 131.1, 163.1, 215.1, 243.1 (0]
®
OH,
HO
EP-4 2.39 197.1 97.1,121.1, 139.1, 169.1 OH
OH
HO
Ha
®
EP-5 2.40 217.0 81.0, 131.0, 143.0, 171.0, 189.1 O\
HO —
J I
H,0
EP-6 2.74 213.1 69.0, 93.0, 107.0, 125.1, 153.1, HO
169.1, 195.1
OH
HO
H,
®
EP-7 2.77 243.1 81.0, 95.0, 125.0, 133.0, 167.0, HO
211.1
HO
HO OH
H OH,
@
EP-8 2.89 169.1 69.0, 93.0, 107.0, 125.1, 153.1 OH
HO
H,
EP-9 2.95 211 69.0, 97.0, 153.1, 193.1 H

o®
I
N

I I
o O
? g o ®

was determined solely in mycelium. Ergosterol and ergos-
terol peroxide occur in a majority of representatives of
Basidiomycota species. The mean ergosterol content in
the fruiting bodies of genus Lactarius is 2.69-3.00 mg/g
d.w. and in Cantharellus 3.04-3.77 mg/g d.w. In turn in
mycelial cultures of Sarcodon imbricatus amounts of

ergosterol and ergosterol peroxide were 1.97 mg/g d.w.
and 2.00 mg/g d.w., respectively (Sutkowska-Ziaja et al.
2016). It was proven that these compounds are essential
for the normal development of hyphae of higher fungi
while ergosterol is the main part of fungal cell membranes.
Although it occurs in a majority of Basidiomycota species,
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Table 4 Proposed fragmentation

pattern of testosterone and
17a-ethynylestradiol
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Proposed fragmentation pattern of TP

Scheme
TP-1
-CoHy ‘ -40
e o
® ® ®
HO HO HO
m/z =229.2 m/z =201.1 m/z =161.1
-48
-CO, " H;
¢
o1 ol _——— o
=
m/z =181.1 miz = 105.1 miz = 131.1
TP-2
@ g
- CyH, -80 -CHy ®
JOL o oy oy e
HO? HO HO HO
m/z =213.1 m/z =189.1 m/z =109.1 m/z =93.0
TP-3

“2CH, ‘ - CyHg -H, O
. : ——
HO' HZO: ‘ ‘ Hzo: O ‘

m/z = 261.2 miz =229.2 m/z =197.1

126 Gk

O - >
® ®
H,0 F H,0 ®

m/z =135.1 m/z =109.1 m/z =153.1

TP-4
T —

H,O ® ®

miz = 197.1 m/z = 179.1 miz = 153.1

- CoH,

Hone

miz = 169.1

TP-5
O -H0 O 44
P o = oo
HO @ ®

Exact Mass: 213,1 Exact Mass: 195,1 Exact Mass: 151,1
-90 -104
-H,0
©) ® — 5
HO HO
Exact Mass: 1231 Exact Mass: 109,1 Exact Mass: 93,1
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Table 4 (continued)

TP-6, TP-7

OH 0
HO
-H,0
= .
oH
Hg Hi

H

- .

H

HO
m/z =321.2 m/z = 303.2 m/z = 285.2
% ‘ -H,0
HO HO
Eﬁ @DE%
o H ee
m/z =241.2 m/z = 259.2 m/z = 267.2
\‘ co ‘ co
o -68
® ® ©
m/z =213.2 m/z =145.1 miz = 239.2
%4 \-38
L 0
miz =121.1 miz =107.1
TP-8
O -28 -Cco
5= enp
H HO
miz = 211.1 m/z = 183.1 m/z =155.1
\- 78
XI/ — Q/
HO = HO
m/z =133.1 m/z=107.0
\- 64
L
O ®
m/z =69.0
TP-9
OH OH
-H,0 - = as for
- - ——=. TP-10
HO HO
H
m/z = 321.2 m/z = 303.2

the highest content of this compound was noted in sapro-
phytic fungi (Brennan et al. 1975). We found that the extract
from the L. edodes mycelium contained a higher amount
(3.65 mg/g d.w.) of ergosterol peroxide than that of ergos-
terol (1.29 mg/g d.w.). Further, the addition of testosterone
and 17a-ethynylestradiol to the culture medium resulted
in a reduction of the ergosterol and ergosterol peroxide

production by the mycelium of the studied species. The
ergosterol content in the extracts from the L. edodes myce-
lium from cultures without the addition of endocrine dis-
ruptors was, on average, 65.5% higher than in the extracts
from the mycelium of the experimental cultures. Moreover,
the mycelium extracts contained an average of 91.08% more
ergosterol peroxide than the extracts from the L. edodes
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Table 4 (continued)
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Table 4 (continued) TP-12
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mycelium from those cultures enriched with testosterone The experiment showed that the addition of synthetic
and 17a-ethynylestradiol. steroids influenced the inhibition of the synthesis of endoge-

nous metabolites, such as ergosterol and ergosterol peroxide.
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Table 4 (continued)
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Conclusions

Endocrine disruptors such as 17a-ethynylestradiol and testos-
terone, even at concentrations of nanograms per liter, disturb
the functioning of the hormone system of vertebrates; there-
fore, their biodegradation is necessary. The search for new
technologies for treating water containing compounds that dis-
turb the action of the hormone system is an important task and,
as demonstrated by the present study, the L. edodes mycelium
may be of use for this purpose.
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Steroids in the environment can potentially create persis-
tent toxins. The above-discussed preliminary tests have shown
that the examined L. edodes mycelia require only a short time
period to remove testosterone and 17a-ethynylestradiol from
the medium, and thus, mycodegradation can be used as an
alternative to the other methods of the biodegradation of ster-
oids compounds contaminating the environment, particularly
water.
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Table 4 (continued)

Proposed fragmentation pattern of testosterone
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Table 4 (continued) EP-3
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