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HIGHLIGHTS GRAPHICAL ABSTRACT

e First comprehensive study on the po-
tential impacts of antibiotics on the
production of S. rugosoannulata.

e Elucidation of the molecular mecha-
nisms by which S. rugosoannulata coun-
teracts the effects of antibiotics.

e Biodegradation by secreted proteins was
the main antibiotic removal mechanism
of S. rugosuannulata.
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ARTICLE INFO ABSTRACT
Keywords: The substantial use of antibiotics contributes to the spread and evolution of antibiotic resistance, posing potential
Stropharia rugosoannulata risks to food production systems, including mushroom production. In this study, the potential risk of antibiotics
Laccase to Stropharia rugosoannulata, the third most productive straw-rotting mushroom in China, was assessed, and the
Antibiotics underlying mechanisms were investigated. Tetracycline exposure at environmentally relevant concentrations

Biodegradation
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antibiotic resistant bacteria; ARGs, antibiotic resistance genes; CAT, catalase; CAZymes, carbohydrate active enzymes; CE, carbohydrate esterase; CTC, chlortetra-
cycline; DCE, doxycycline; DCL, doxycycline hydrochloride; EFN, enrofloxacin; GH, glycoside hydrolase; GT, glycosyltransferase; HBT, 1-hydroxybenzotriazole;
HPLC, high performance liquid chromatography; LB medium, Luria-Bertani medium; HPLC-ESI-Q-TOF-MS, ultra-high-performance liquid chromatography-high
resolution mass spectrometry; LMS, laccase-mediator systems; MDA, malondialdehyde; MFN, moxifloxacin; MYN, maltose yeast extract media; MYNT, MYN with
the addition of TET; NFN, norfloxacin; OTC, oxytetracyclin; PCA, principal component analysis; PDA, potato dextrose broth agar medium; PDB, potato dextrose broth
medium; PL, polysaccharide lyase; POD, peroxidase; QNs, quinolones; SAA, sulfadiazine; SAs, sulfonamides; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
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(<500 pg/L) did not influence the growth of S. rugosoannulata mycelia, while high concentrations of tetracycline
(>500 mg/L) slightly inhibited its growth. Biodegradation was identified as the main antibiotic removal
mechanism in S. rugosoannulata, with a degradation rate reaching 98.31 % at 200 mg/L tetracycline. High
antibiotic removal efficiency was observed with secreted proteins of S. rugosoannulata, showing removal effi-
ciency in the order of tetracyclines > sulfadiazines > quinolones. Antibiotic degradation products lost the ability
to inhibit the growth of Escherichia coli, and tetracycline degradation products could not confer a growth
advantage to antibiotic-resistant strains. Two laccases, STLAC1 and SrLAC9, responsible for antibiotic degrada-
tion were identified based on proteomic analysis. Eleven antibiotics from tetracyclines, sulfonamides, and
quinolones families could be transformed by these two laccases with degradation rates of 95.54-99.95 %,
54.43-100 %, and 5.68-57.12 %, respectively. The biosafety of the antibiotic degradation products was evalu-
ated using the Toxicity Estimation Software Tool (TEST), revealing a decreased toxicity or no toxic effect. None
of the S. rugosoannulata fruiting bodies from seven provinces in China contained detectable antibiotic-resistance
genes (ARGs). This study demonstrated that S. rugosoannulata can degrade antibiotics into non-toxic and non-
bactericidal products that do not accelerate the spread of antibiotic resistance, ensuring the safety of
S. rugosoannulata production.

1. Introduction

Antibiotics have been extensively used for the treatment and pre-
vention of bacterial infections in clinical settings and the animal farming
industry. Reports indicate an annual global usage of more than 100,000
tons of antibiotics [1-3]. Following consumption, only a fraction of
antibiotics can be absorbed and metabolized in vivo, with the majority
being released into the environment in their intact form [4]. Antibiotics
can be regarded as “pseudo-persistent” organic contaminants in the
environment owing to their continuous emission and resistance to
degradation [5]. Antibiotic concentrations of up to 400 pg/kg(L) have
been detected in the environments [6]. This contributes to the spread of
resistance by exerting unprecedented selection pressures on the micro-
biome, promoting the dissemination of antibiotic resistance genes
(ARGs) to numerous bacterial species. Antibiotic-resistant bacteria
(ARB) pose a serious threat to global public health and food safety. The
widespread presence of antibiotics in agroecosystems poses a potential
threat to food safety, and many ARGs have been detected in vegetables,
fruits, and cereals [4,7,8]. Consequently, evaluating the potential risks
of antibiotic effects on the growth and products of these foods, including
edible mushrooms, is imperative.

Edible mushrooms have long been consumed by humans for their
nutritional and medicinal benefits [9,10]. The majority of mushrooms
consumed by humans are now sourced from commercial cultivation
rather than gathered outdoors [11]. Mushroom cultivation methods can
be categorized by substrate utilization and cultivation technology.
Wood-rotting mushrooms are commonly grown in sterilized substrates
within cultivation bottles or bags, whereas straw-rotting mushrooms are
typically cultivated using compost substrates either on the ground or on
shelves covered with casting soil [12,13]. According to their cultivation
method, straw-rotting mushrooms can directly interact with environ-
mental factors such as antibiotics found in soil and surface runoff. On the
one hand, the compost substrates used for cultivating straw-rotting
mushrooms consist of crop straw and livestock manure, which serves
as a nitrogen source for mushroom growth [14]. However, livestock
manure residues in the environment often contain high concentrations
of antibiotics like tetracyclines (TCs), quinolones (QNs), and sulfon-
amides (SAs) [15]. The use of manure-derived materials in agriculture
contributes to elevated levels of antibiotic residues, ARB, and ARGs
[16]. Although composting can reduce most of the ARB and ARGs in
livestock manure [15,17], some residues may still remain in the compost
substrates for mushroom production. Therefore, antibiotics remaining in
compost could affect the growth of mushrooms during the cultivation
processes. In China, many straw-rotting mushrooms are still cultivated
directly on the ground by smallholder farmers, exposing them to anti-
biotic residues in soil and runoff, which can also impact cultivation.
Researchers found that residual antibiotics are detectable in most Chi-
nese soils [6,18]. ARB and ARGs may be distributed into the mushroom
fruiting bodies, posing potential safety risks to consumers.

Removing antibiotics is crucial to mitigate their impact on mush-
room production. However, physical and chemical methods are gener-
ally unsuitable for removing antibiotics during mushroom production.
Most edible mushrooms belong to the category of white-rot fungi (WRF),
which naturally possess the ability to degrade various organic pollut-
ants, including antibiotics. WRF produce a range of extracellular en-
zymes such as laccase (EC 1.10.3.2), manganese peroxidase (EC
1.11.1.13), and lignin peroxidase (EC 1.11.1.14), which are essential for
decomposing recalcitrant organic compounds like lignocellulose, poly-
cyclic aromatic hydrocarbons, and pesticides [19]. These extracellular
enzymes form the primary enzyme system through which fungi degrade
antibiotics [20]. Laccase, an oxidoreductase, utilizes molecular oxygen
as the terminal electron acceptor and catalyzes the oxidation of aromatic
compounds, particularly phenolic compounds. It is recognized as a green
catalyst with significant potential in dye decolorization [21], as well as
the degradation of pesticides and antibiotics [22,23]. Suda et al.
demonstrated that laccase from the white rot fungus Trametes versicolor
could degrade tetracycline (TET), chlorotetracycline, doxycycline, and
oxytetracycline in the presence of redox mediator 1-hydroxybenzotria-
zole (HBT) [24]. Furthermore, laccase from T. versicolor showed
degradation capabilities for norfloxacin (NFN), enrofloxacin (EFN), and
moxifloxacin (MFN), achieving degradation percentages of 93.7 %, 65.4
%, and 77.0 %, respectively [25]. The application of laccase from
white-rot fungi holds promise for antibiotic removal. However, the
specific mechanism by which laccase degrades antibiotics in these fungi
is still unclear. S. rugosoannulata is a widely cultivated edible mushroom
in China and northern temperate zones throughout the world, ranking as
the third most productive straw-rotting mushroom in China after Agar-
icus bisporus and Volvariella volvacea. Predominantly cultivated on the
ground by smallholder farmers [26], S. rugosoannulata is susceptible to
the influence of antibiotics. Research indicates that S. rugosoannulata
shows considerable potential for bioremediation, demonstrates the
capability to degrade various environmental pollutants, such as syn-
thetic dyes, polycyclic aromatic hydrocarbons, 2,4,6-trinitrotoluene
[27], bisphenol A [28], and dibenzo-p-dioxins and dibenzofurans [29],
as well as antibiotics [30]. Nevertheless, the potential impact of anti-
biotics on the growth of S. rugosoannulata, as well as the molecular
mechanisms involved in antibiotic degradation, remain poorly
understood.

This study systematically examined the impact of antibiotics on the
growth of S. rugosoannulata mycelia. It investigated S. rugosoannulata’s
ability to degrade antibiotics and elucidated the underlying mechanisms
of antibiotic degradation. The Toxicity Estimation Software Tool (TEST)
and Escherichia coli growth inhibition experiments were utilized to assess
the potential toxicity of antibiotic degradation products. Additionally,
the study determined the presence or absence of ARGs in the fruiting
bodies of S. rugosoannulata collected from seven provinces in China.
Based on these findings, the potential risk posed by antibiotics to the
safety of S. rugosoannulata was thoroughly evaluated.
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2. Materials and methods
2.1. Chemicals and strains

Tetracycline (TET, 99%) was purchased from Solarbio (Beijing,
China). Doxycycline hydrochloride (DCL, 95-102 %), doxycycline (DCE,
>98 %), oxytetracycline (OTC, >98 %), chlortetracycline (CTC, 98 %),
sulfamethoxazole (SMX, 98 %), sulfadiazine (SAA, 98 %), sulfame-
thoxypyridazine (SMY, 98 %), norfloxacin (NFN) (98 %), moxifloxacin
(MFN) (98 %), and enrofloxacin (EFN) (98 %) were purchased from
Shanghai Macklin Biochemical Technology Co., Ltd (Table S1). The
laccase mediator 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonate)
(ABTS, >99 %), 2,6-Dimethoxyphenol (2,6-DMP, 99 %), HBT (>97 %)
and syringic acid (SyA, 98 %) were also purchased from Shanghai
Macklin Biochemical Technology Co., Ltd. All other reagents used in this
study were of analytical grade unless otherwise specified.
S. rugosoannulata GL0O170 (also known as NCMCCNO230170) was pro-
vided by the Laboratory of Mushroom Precision Breeding (mush-
roomlab.cn). The S. rugosoannulata strain GL0170 used in this study was
isolated from Inner Mongolia and domesticated by our lab for com-
mercial cultivation. It has been successfully cultivated in several regions
in China including Inner Mongolia, Shandong, and Gansu provinces. In
our previous study, the high-quality genome of this strain was charac-
terized [31]. E. coli Trans-T1 and Pichia pastoris GS115 competent cells
were purchased from TransGen Biotech (Beijing, China). E. coli Trans-T1
was cultured in Luria Bertani (LB) broth, and P. pastoris was cultivated in
yeast extract-peptone-dextrose (YPD) medium.

2.2. The impact of tetracycline on the growth of S. rugosoannulata

The mycelia of strain S. rugosoannulata GL0O170 were cultivated on
potato dextrose broth agar (PDA) medium, consisting of 200 g/L potato,
20 g/L dextrose, 20 g/L agar, 100 pM CuSOy4, 100 pM MgSOy4. The initial
concentrations of TET were 0, 10, 100, 250, and 500 pg/L, respectively.
The growth status of the S. rugosoannulata was observed after cultivating
in the dark at 25 °C for 8 days. Simultaneously, S. rugosoannulata was
cultivated in potato dextrose broth (PDB) medium with the same TET
concentrations. Six biological replicates were set for each concentration.
After 8 days, three replicates were centrifuged at 8000 g for 10 min,
dried at 60 °C until a constant weight was achieved, and the dry weight
of mycelium was measured. The other three biological parallels were
used to determine the intracellular antioxidant enzyme activities (su-
peroxide dismutase (SOD), peroxidase (POD), and catalase (CAT)) and
malondialdehyde (MDA) content in S. rugosoannulata. Refer to the
supplementary materials (Text S1) for more details. Further measure-
ments were conducted to assess the growth status of the mycelium of
S. rugosoannulata exposed to TET at concentrations of 0, 100, 250, 500,
1000 mg/L, respectively. The dry weight measurement method for
S. rugosoannulata mycelium was the same as described above.

2.3. Assessment of S. rugosoannulata to remove antibiotics in liquid
cultures

To verify the adsorption ability of S. rugosoannulata mycelium and
the degradation ability of extracellular proteins to antibiotics during the
growth process, S. rugosoannulata was inoculated at an 8 % (v/v) inoc-
ulation volume and cultivated in darkness. On the 6th day of cultivation,
TET was added at concentrations of 50 and 200 mg/L, respectively. The
control group was not inoculated with S. rugosoannulata and was incu-
bated on a shaking bed at 25 °C and 125 rpm. On the 8th day, TET was
extracted from the mycelium and fermentation broth using ethyl ace-
tate, and the residual TET was determined by high-performance liquid
chromatography (HPLC). The HPLC analysis was performed using a
Waters Alliance equipped with a diode array detector and a C18 column
(Waters Spherisorb ODS2, 4.6 mm x 250 mm, 5 um, Massachusetts,
United States). The mobile phase consisted of 30 % (v/v) acetonitrile
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and 70 % (v/v) ddH50 (0.1 % trifluoroacetic acid) at a flow rate of 1.0
mL/min [32,33]. The degradation rate of antibiotics was calculated
using the following formula [34]:

Degradation rate (%)=(Ci—Cq)/C; x 100%

C; was the integrated area of antibiotics in the control group, and C4 was
the integrated area of antibiotics in the culture strain.

The effect of adding different concentrations of TET (0, 100, 250,
500, 1000, and 2000 mg/L), 100 mg/L OTC, and 100 mg/L DCL on the
growth of E. coli in S. rugosoannulata fermentation broth was verified.
The effects of S. rugosoannulata fermentation broth on the growth of
TET-sensitive E. coli cells and TET-resistant Alcaligenes faecalis cells,
before and after the degradation of 50 mg/L TET, were measured
(detailed information is available in the supplementary materials Text
S4). Real-time quantitative PCR (Applied biosystems, QuantStudio 5)
was used to determine the proportion of growth of the two strains. The
primers for E. coli detection were ECO1-F/R and the primers for
A. faecalis detection were AF02-F/R (Table S2). In addition to individual
antibiotics, the inhibition rate of E. coli after S. rugosoannulata degra-
dation of mixed antibiotics was also measured, with TCs and QNs at a
concentration of 1 mg/L and SAs at a concentration of 120 mg/L,
respectively.

2.4. Secretome analysis

S. rugosoannulata was inoculated with 8 % (v/v) inoculation volume
in two different culture media: PDB and MYN (maltose yeast extract
medium: 10 g/L maltose, 0.6 g/L, yeast extract, 7 g/L KHyPOy4, 2 g/L
KoHPOy4, 0.1 g/L MgS04-7 H20, 0.1 g/L (NH4)2SO4). On the 6th day of
cultivation, a final concentration of 100 mg/L TET was added. The
fermentation broth of S. rugosoannulata was taken every 12 h to deter-
mine its inhibition on the growth of E. coli.

At the same time, S. rugosoannulata was cultured in MYN and PDB,
with TET added after 6 days of cultivation, designated as PDBT and
MYNT. The laccase activity of S. rugosoannulata was measured on the 6th
day (before TET addition) and the 8th day (48 h after TET addition) of
cultivation in different media (see supplementary materials Text S5).
The culture supernatant of S. rugosoannulata in the PDB, PDBT, and MYN
groups on day 8 was used for protein extraction using the phenol method
[35]. Peptide was prepared by the Strap method [36] and the peptide
concentration was measured by NanoDrop (Thermal Fisher). Peptide
samples were evaporated on an RVC 2-25 CD plus vacuum concentrator
(Christ, Osterode am Harz, Germany). LC-MS/MS analysis was per-
formed using an EASY-Nano system coupled with Orbitrap Fusion™
Tribrid™ detectors (Thermo Fisher). The raw data were normalized
using Proteome Discovery 3.0. The production process of secretome
analysis is described in the supplementary materials. The treated data
were further analyzed using Perseus software [37].

2.5. Protein expression and purification

S. rugosoannulata GLO170 was inoculated in PDB medium and
cultivated in darkness at 25 °C for 7 days. The mycelia were collected
and ground with liquid nitrogen. Total RNA was extracted using Trizol
reagent (Takara, Japan) according to the manufacturer’s instructions.
Reverse transcription was performed using the Hifair III 1st Strand cDNA
Synthesis Kit (gDNA digest plus) (Cat No. 11139; Yeasen Biotechnology
(Shanghai) Co., Ltd.). The SrLACI and SrLAC9 genes were amplified
with primers listed in the supplementary material (Table S2) and
inserted into the pPIC9K plasmid. The pPIC9K-SrLACI and pPIC9K-
SrLAC9 plasmids were transformed into P. pastoris GS115 by electro-
poration (MicroPulser Electroporator, Bio-Rad, Munich, Germany) at
1500V and 5 ms. The induction time (48 h, 72 h, 96 h, 120 h, 144 h), the
concentration of methanol addition (0.5 %, 1 %, 1.5 %), and the bottling
amount (1/10, 1/5, 2/5) were optimized. Specific procedures for
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constructing and expressing recombinant strains can be found in the
supplementary materials (Text $6,7,8). Proteins purification was per-
formed according to the method reported by Yu et al. [38]. The mo-
lecular weight was evaluated by 12 % sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE).

2.6. Lacccase activity assay and kinetic study

The pH dependency (2.0 - 7.0) of SrLAC1 and SrLAC9 was measured
using purified enzyme, 0.5 mM ABTS, and 50 mM malonic acid buffer in
different pH levels at 25 °C. The effect of temperature on SrLAC1 and
SrLAC9 activity was determined at 30 - 90 °C with the optimum pH. The
thermal stability of STLAC1 and SrTLAC9 was assessed by incubating the
enzyme in 50 mM malonic acid buffer for 0 - 4 h at 60 °C and measuring
the remaining activity. The amino acid composition and content of C, H,
O, N, and S elements in STLAC1 and SrLAC9 were analyzed using online
tools on the Expasy server (https://web.expasy.org/protparam/).

The Ky, and Vipax for STLACI and SrLAC9 were determined in 50 mM
malonic acid buffer (pH 3.0) containing 0-0.5 mM ABTS or 0-5 mM 2,6-
DMP at 60 °C by non-linear regression analysis using the Michaelis-
Menten model with GraphPad Prism 8.0 (GraphPAD Software, Inc.,
San Diego, CA, United States). The initial molar concentrations of
SrLAC1 and SrLAC9 in the reaction mixture were 2.40 pM and 4.01 pM,
respectively. The ket and catalytic efficiency (keat/Km) of SrLAC1
(0.142 mg/mL) and SrLAC9 (0.230 mg/mL) were determined using Ky,
and Vpay. The enzyme activity of STLAC1 and SrTLAC9 was also assessed
by adding different metal ions (Li*, Na*, Mg2+, K*, Ca%*, Mn%*, Cu®*,
Zn%", cd?*, Mo?", Co?™, and Fe?*) at final concentration of 5 mM or 10
mM. Additionally, the effect of various inhibitors, such as EDTA,
methanol, acetonitrile, acetone, and ethanol on SrLAC1 and SrLAC9
activity was assayed.

2.7. Structure prediction

The three-dimensional (3D) homology models of STLAC1 and SrLAC9
were generated using the SwissModel online server [39] (https://swi
ssmodel.expasy.org/). Structural analysis of STLAC1 and SrLAC9 was
conducted wusing InterPro (http://www.ebi.ac.uk/interpro/search/
sequence/). The phylogenetic tree was constructed using MEGA X
software. Motifs prediction was performed on the MEME website (htt
ps://meme-suite.org/meme/tools/meme).

2.8. Degradation of antibiotics

We compared the degradation rates of TET by SrLAC1 and SrLAC9 in
the presence or absence of mediators (ABTS, HBT, SyA). The reaction
mixing consisted of 50 mM malonic acid buffer (pH 3.0), 10 mM CuSOy,
50 mg/L TET, 0.5 U SrLAC1 or SrLAC9, and 1 mM mediator. Reactions
were conducted at 150 rpm and 30 °C for 3 h. Sterile water was used as a
control in place of STLAC1 and SrLAC9. To terminate the reaction, four
volumes of methanol were added, and the supernatant was collected for
HPLC analysis to determine the remaining antibiotics. Additionally, the
degradation rates of TET (50 mg/L) by SrLAC1 and SrLAC9 with
different mediator concentrations (0.2, 0.5, 1, 2 mM) were measured.
The degradation rates by STLAC1 and SrLAC9 with different initial TET
concentrations (25-400 mg/L) in 1 mM mediators were also measured.

2.9. Identification of degradation products

The degradation products were analyzed wusing ultra-high-
performance liquid chromatography-high resolution mass spectrom-
etry (HPLC-ESI-Q-TOF-MS, ThermoFisher Scientific, USA). Samples
were analyzed on a ZORBAX RRHD Eclipse Plus C18 column (100 x 2.1
mm.1.8 um, Agilent, State of California, USA) with an injection volume
of 1 pL. The mobile phases consist of 0.1 % formic acid (A) and methanol
(B), employing a gradient elution profile (A/B, v/v): 98:2 from 0-1 min,
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2:98 at 9-12 min, and 98:2 at 13-15 min. The flow rate was set at 0.35
mL/min. Tandem mass spectrometer analysis was performed with an
electrosprayionization (ESI) source in positive mode with a spray
voltage of 3.0 kV and acapillary temperature was 320 °C [32].

The mobile phases for detecting the SAA were methanol (A) and
distilled water (B), using a gradient elution (A/B, v/v) starting at 90:10
from O to 0.5 min, changing to 40:60 from 0.5 to 2.0 min, returning to
90:10 from 2.0 to 4.0 min, and finally to 10:90 from 4.0 to 6.0 minThe
flow rate was set at 0.30 mL/min, and the column temperature was set as
30 °C. Mass spectrometry (MS/MS) was performed in negative electro-
spray ionization mode. Ion source and desolvation temperature were
150 °C and 350 °C, respectively [40]. MS acquisition utilized full scan
mode from 70 to 1000 Da at a resolution of 70,000. Mass spectra were
processed using Compound Discover software 3.0 (ThermoFisher Sci-
entific). Additionally, we assessed measured the degradation rates of
SrLAC1 and SrLAC9 on TCs (excluding tetracyclines), SAs, and QNs in
the presence of 1 mM mediators (ABTS, HBT, SyA).

2.10. Safety assessment

The effects of TET, DCL, and their degradation products on four as-
pects of Fathead minnow LC50 (96 hr), Daphnia magna LC50 (48 hr),
Mutagenicity, and Developmental Toxicity were analyzed using the
TEST method [41]. The residual antimicrobial activity of the antibiotics
was assessed through the growth of E.coli [42]. Additionally, we
examined the impact of TET and its degradation products by STLAC1 or
SrLAC9 on the growth of mixed strains of E. coli and A. faecalis, as
detailed in Supplementary materials Text S9.

2.11. Detection of ARG in the fruiting body of S. rugosoannulata

We purchased commercially produced fruiting bodies of
S. rugosoannulata from seven cultivation bases in Beijing, Shandong,
Henan, Anhui, Chongging, Sichuan, and Yunnan provinces in China. The
surfaces of the fruiting body were rinsed with sterile water without
disinfection, and genomic DNA was extracted using a reagent kit (see
supplementary material). Fifty commonly detectable ARGs in compost
were selected according to the previous study [17]. Only genes with Ct
values less than 31 and correct sequences after sequencing were
considered positive [43].

2.12. Statistical analysis

All determinations in this study were performed in triplicate. Data
comparison was statistically analyzed using t-test by Origin software. A
p-value of < 0.05 was considered statistically significant.

3. Results and discussion
3.1. Exposure to antibiotics

Antibiotics represent one of the primary contaminants in compost,
soil, and surface runoff [2]. Hence, investigating their impact on
S. rugosoannulata is imperative. Considering that TET is one of the most
commonly detected antibiotics in the soil of China [18,44], the potential
influence of TET on S. rugosoannulata mycelia was evaluated after 8 days
of exposure based on growth and oxidative-stress response. As illus-
trated in Fig. 1, the growth rate and dry weight of solid (Fig. 1a) and
submerged (Fig. 1b) cultivated mycelia were almost identical in the low
TET concentration (< 500 pg/L) exposure group and the control
(without TET). We further examined the antioxidant system associated
with abiotic stress in different groups of submerged cultivation. Activ-
ities of CAT and SOD enzymes did not change in TET exposure groups
(Fig. 1c). However, the activity of POD showed an increase in the TET
exposure group compared to the control, even at the lowest concentra-
tion (10 pg/L) of TET. Many aromatic compounds can induce the
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Fig. 1. The impact of TET on S. rugosoannulata mycelia and the TET degradation by S. rugosoannulata. (a) The impact of different concentrations of TET on the
growth of S. rugosoannulata mycelia grown on PDA plates. (b, ¢) The impact of different concentrations of TET on the dry weight, enzymatic activities of CAT, SOD,
and POD, and MDA content of submerged cultivated S. rugosoannulata mycelia in PDB media.(d) The impact of high concentrations of TET on the dry weight of
submerged cultivated S. rugosoannulata. (e) Percentage of TET removal by S. rugosoannulata mycelia through adsorption and degradation. (f) The inhibitory effects of
the TET degradation products on the growth of E. coli. (g) The inhibitory effects of the TET, DCL, and OTC degradation products on the growth of E. coli. (h) The
influence of culture media, TET, and TET degradation products on the growth of mixed TET-susceptible strain E. coli and TET-resistant strain A. faecalis.

expression of lignin modification enzymes (LMEs), including POD, in
white-rot fungi [45-47]. Since TET contains aromatic rings, TET or its
aromatic degradation products might induce the expression of POD.
CAT and SOD constitute the primary antioxidant enzyme system, and
the activity levels of these two enzymes did not rise. We further exam-
ined the levels of MDA and found that MDA content significantly
increased under TET exposure when the TET concentration exceeded
250 pg/L. MDA content increased by 140.86 % and 131.26 % with 250
pg/L and 500 pg/L of TET, respectively, compared to control. MDA is
produced by lipid peroxidation of ROS against the cell membrane.The
increased MDA content indicated that the cells were experiencing
oxidative stress. Oxidative stress measurement using the ROS indicator
2/,7-dichlorofluorescin diacetate showed that only a slight amount of
ROS was produced in S. rugosoannulata mycelia under low concentration
of TET (Fig. S1). Although high concentrations of TET are typically not
found in natural environments, the impact of high concentrations TET
on the mycelial growth of S. rugosoannulata was also evaluated for
reference. The dry weight was almost similar in treatments with TET
concentration of 100 mg/L and 250 mg/L. When the concentration
reached 500 mg/L and 1000 mg/L, the dry weight of submerged culti-
vated S. rugosoannulata mycelia decreased by only 13.54 % and 28.51 %,
respectively (Fig. 1d). These findings suggest that although environ-
mentally relevant concentrations of TET induce a small amount of ROS
production, they do not affect the growth of S. rugosoannulata.

To explore how S. rugosoannulata mitigates the impact of high con-
centrations of TET on mycelial growth, the TET concentration in the
supernatant of the TET-addition group was measured using HPLC. The
results indicate that after eight days of cultivation, TET disappeared
from the supernatant. The degradation rates of TET in the supernatant
with 50 mg/L and 200 mg/L TET were 99.70 % and 98.31 %,

respectively. The adsorption rates of TET in the microspheres of
S. rugosoannulata with 50 mg/L and 200 mg/L TET were 0.10 % and
0.05 %, respectively (Fig. 1e, Table S3), indicating that the efficient
removal of TET by S. rugosoannulata. These findings suggest that
S. rugosoannulata removed TET through biodegradation. The key to
antibiotic removal is alleviating the pressure imposed on non-antibiotic-
resistant bacteria, and the growth of E. coli is commonly used to evaluate
the growth inhibition effects of antibiotic degradation products [22,24].
White-rot fungi typically degrade xenobiotics by secreting extracellular
enzymes, therefore, we used the supernatant for antibiotic degradation
[48]. After 48 h of degradation, up to 500 mg/L of TET could be
completely converted to products harmless to E. coli (Fig. 1f). When the
initial concentrations of TET were 1000 mg/L and 2000 mg/L, after
48 h of degradation, the E. coli growth inhibition rate decreased from
100 % to 24.81 % and 79.56 %, respectively (Fig. 1f). DCL and OTC are
two tetracycline antibiotics commonly used in animal husbandry. After
a 48-hour reaction, 100 mg/L DCL and OTC could also be transformed
into non-antibiotic products by the supernatant, indicating that
S. rugosoannulata can remove not only TET but also other tetracyclines
(Fig. 1g). The results suggest that S. rugosoannulata can transform TET
into non-antibiotic products through biodegradation, and extracellular
enzymes are responsible for this process.

The primary issue with antibiotics is that they confer a selective
advantage to ARB and promote the mobilization and horizontal transfer
of a wide range of ARGs to ARB, particularly those causing disease [2,
49]. Hence, it is imperative to ascertain whether the TET degradation
products by S. rugosoannulata confer a growth advantage to
TET-resistant strains. A TET-resistant strain A. faecalis and TET-sensitive
E. coli cells were inoculated into LB media supplemented with
PDB-cultivated S. rugosoannulata supernatant. After 24 h of cultivation,
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E. coli and A. faecalis accounted for 45.42 % and 54.57 % of the cell
population(Fig. 1h, Fig. S2), respectively, indicating similar growth
capacities of both strains in the absence of selective pressure. After the
addition of 50 mg/L of TET, the final ODgg¢ nm value decreased from the
control’s 2.44 to 1.11 (Fig. S2), with a significant change in bacterial
proportions. E. coli accounted for only 0.046 %, while A. faecalis
comprised 99.95 % (Fig. 1h), indicating that TET provides a growth
advantage to A. faecalis. Upon supplementation with TET degradation
products by S. rugosoannulata, rather than intact TET, in the culture
medium, the cell population of A. faecalis returned to 53.98 % (Fig. 1h).
These results indicate that TET products after degradation by
S. rugosoannulata did not provide a growth advantage to TET-resistant
strains, thereby not contributing to the spread of ARB and ARGs.

3.2. Exploring of enzymes responsible for antibiotics degradation

Most of the secreted oxidoreductases of white-rot fungi are inducible
enzymes [50]. To investigate whether TET degradation enzymes are also
inducible, we used different media (PDB and MYN) to induce the
expression of these enzymes. The TET degradation efficiency of the
secreted proteins was determined based on the E. coli inhibition rate.
After 48 h of degradation, the inhibition rate of TET degradation prod-
ucts by the supernatant of PDB and MYN media was 1.18 %, and
88.02 %, respectively (Fig. 2a). The supernatants of S. rugosoannulata
GLO0170 cultivated in PDB and MYN did not inhibit the growth of E. coli
in the absence of TET (Fig. S3), indicating that TET-degrading enzymes
had higher expression levels in PDB media compared to those in MYN
media.

Laccase and peroxidase are the primary enzymes in the supernatant
of fungi responsible for the degradation of xenobiotics, including anti-
biotics [48]. The ligninolytic enzyme systems from T. versicolor can
synergistically degrade Azure B and sulfanilamide antibiotics [51].
Immobilized laccase from Cerrena was used for TET degradation by Yang
et al. [52]. Weng et al. reported that laccase-mediator systems (LMS)

a ;\3 -®-MYN -©-PDB c

o 1004
L =
o} )
c 80 g
.0
% 60 ™
= (=)
'_E o

40
E
2 20 g
° =
o

i o : . .
WS 2 24 3 48
Time (h)
600 Wed
msd
5 500
- -
=) X
(&}
24004 2
= Z
B 300 o
8 g,
% 200 RDB.2 MYN.2
e -2.5.PDBT3!
-3 100 PDBT.2: MYN3
PDBT PDB MYN MYNT -5 0 5
. 0/
Media PCA1 (43.9%)

Journal of Hazardous Materials 476 (2024) 135099

could oxidize two SAs, sulfadimethoxine and sulfamonomethoxine [53].
Peroxidase-catalyzed reactions require HyO3 as a substrate [54]. Given
that antibiotics could be degraded by the supernatant of
S. rugosoannulata in the absence of added H203, we tested whether
laccases in the supernatant were responsible for the degradation of TET
and other antibiotics. Enzyme activity assays revealed that laccase ac-
tivities in the supernatant of PDB media were 15.26-fold and 7.84-fold
those of laccase activities in the MYN supernatant on day 6 and day 8,
respectively (Fig. 2b). Zhang et al. reported that adding Azure B dye and
sulfacetamide to the medium could promote the activity of corre-
sponding degrading enzymes in T. versicolor WH21 [51]. The above
results also suggested that TET might induce the expression of guaiacol
oxidase. Therefore, 50 mg/L TET was added to the PDB and MYN media
on day 6. The addition of TET increased the laccase activity in the su-
pernatant of both PDB and MYN media by 7.20-fold and 3.03-fold,
respectively. These results suggest that laccases were responsible for
TET degradation in the secretome of S. rugosoannulata. It also confirms
that the increase of POD activity under TET exposure was due to the
induction of oxidase expression rather than an oxidative stress response.

To explore the enzymes involved in TET degradation, a label-free
quantitative proteomic approach was performed to analyze the secre-
tome of S. rugosoannulata in different media. A total of 360 proteins were
identified in 9 protein samples, with 259, 315, and 130 proteins iden-
tified in the PDB, PDBT, and MYN groups, respectively (Fig. 2c,
Table S4). The PDB and PDBT groups shared more proteins (244) than
those between the PDB and MYN groups (90) and the PDBT and MYN
groups (97). The principal component analysis (PCA) exhibited similar
results, as shown in Fig. 2d. There were significant differences between
the MYN group and the other two groups, indicating that the protein
secretion pattern of the MYN group was significantly different from that
of the other two groups. Laccases belong to the auxiliary activities (AA)
class within the carbohydrate-active enzymes (CAZymes). A total of 151
CAZymes were identified in the three groups, with 110, 133, and 54
detected in the PDB, PDBT, and MYN groups, respectively (Fig. 2e).
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Fig. 2. Proteomic analysis of S. rugosoannulata secretome with different TET degradation capacities. (a) The influence of TET degradation by S. rugosoannulata
culture supernatant in different media on the inhibition rate of E. coli growth. (b) The laccase activity of S. rugosoannulata culture supernatant in different media with
and without TET induction. (c) Venn diagram and Pearson correlation analysis of the proteome from three groups. (d) PCA of the secretome of S. rugosoannulata in
various media. (e) The identified protein numbers and abundance of CAZyme proteins among the secreted proteins of S. rugosoannulata.
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Among the identified CAZymes, the numbers of enzymes from the AA
family in the PDB, PDBT, and MYN groups were 39, 53, and 16,
respectively (Fig. 2e). In contrast to the detected protein numbers,
protein abundance belonging to the AA family accounted for 91.3 % and
94.3 % of the total CAZyme abundance in the PDB and PDBT groups,
respectively. However, AA family enzymes only accounted for 10.5 % of
the total CAZyme abundance in the MYN group. These results indicate
that proteins from AA families are more represented in the PDB and
PDBT groups compared to the MYN group.
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Six putative laccases from the AA1 family were identified in all three
samples (Table S5), which were assumed to be responsible for the
antibiotic degradation in S. rugosoannulata. The expression abundance
of these laccases is shown in the heat map in Fig. S4. The expression of
five laccases (MDBSrugl_ 05167, MDBSrugl_ 06559, MDBSrugl 07931,
MDBSrugl_02750, and MDBSrugl_05008) was significantly higher in
the PDB and/or PDBT groups than in the MYN group. Sequence align-
ment showed that MDBSrugl_00049 has the highest sequence similarity
(61.99 %) to the functionally validated antibiotic-degrading laccase
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BAD98306.1 [34]. Therefore, the two laccases (MDBSrugl 05167 and
MDBSrugl_07931) with the highest abundance in the PDBT group, and
the laccase MDBSrugl_00049, with the highest sequence similarity to
BAD98306, were selected for subsequent antibiotic degradation studies.

3.3. Heterologous expression and catalytic properties of STLAC1 and
SrLAC9

To validate the function of the laccases, they were heterologously
expressed. Given the potential glycosylation modification of laccases in
white-rot fungi, P. pastoris was chosen as the host cell for heterologous
expression in this study instead of E. coli. The expression conditions were
optimized (Fig. S5), and heterologously expressed His-tagged recombi-
nant laccases were purified by Ni-affinity chromatography. Two lac-
cases, MDBSrugl 07931 (SrLAC9) and MDBSrugl_ 00049 (SrLAC1),
exhibited laccase activity (Table S6). The sequence similarity between
these two laccases is 73.37 %. SDS-PAGE analysis revealed character-
istic protein bands around 58 kDa and 56 kDa (Fig. 3a), consistent with
their theoretical molecular weights. These molecular weights are similar
to those of laccases from Bacillus velezensis (58 kDa) [55] and Pycnoporus
sp. SYBC-L10 (60 kDa) [25]. STLAC1 and SrLAC9 had exhibited optimal
enzyme activity at pH 3.0 (Fig. 3b). Above pH 5.0, their oxidizing ac-
tivity towards ABTS was lost, indicating their activity in acidic condi-
tions. The optimal temperature for SrLAC1 and SrLAC9 was 60 °C
(Fig. 3c), with retained ABTS oxidizing activity at 90 °C of 63.72 % and
65.51 %, respectively. STLAC1 and SrLAC9 demonstrated heat resis-
tance, which was speculated to be related to the content of alanine,
proline, and valine amino acids in the protein (Table S7) [34]. Thermal
stability at 60 °C showed that after 0.5 h, approximately 64.02 % and
81.26 % of the original enzyme activity remained in SrLAC1 and
SrLAC9, respectively (Fig. 3d). STLAC1 and SrLAC9 exhibited higher
thermal stability compared to LeLac, a laccase from another mushroom,
Lentinula edodes [56].

The effects of metal ions on the activity of SrTLAC1 and SrTLAC9 were
investigated by adding final concentrations of 5 mM or 10 mM ions into
the reaction mixture. Cd%*, Cu®", Li*, Mg2+, and Mn?* promoted the
activity of SrLAC1 and SrLAC9. SrLAC1 showed higher activity
enhancement with 5 mM Cu?! compared to 10 mM Cu?*, consistent
with a previous study [57]. Ca%", Co?*, Na™, K*, and Zn?" ions inhibited
the activity of SrLAC1 and SrLAC9. Fe?* strongly inhibited the activity
of both enzymes (Fig. 3ef). This inhibition may be attributed to Fe*"
ion-mediated reduction of ABTS™ to the ABTS [58]. The effect of metal
ions on SrLACI activity aligned closely with previous reports on lac-
cases, whereas STLAC9 exhibited different responses, indicating struc-
tural and functional differences between these two enzymes.
Additionally, SrLAC1 and SrLAC9 demonstrated strong resistance to
organic solvents, as detailed in Table S8. Methanol, ethanol, acetonitrile,
acetone, and trichloromethane at 30 %(v/v) concentration significantly
inhibited SrLAC1 and SrLAC9 activity, with inhibition rates exceeding
80 %. EDTA and SDS slightly inhibited the activity of SrLAC1 and
SrLAC9.

The catalytic efficiency and substrate affinity of ABTS and 2,6-DMP
were assessed. For SrTLAC1 in 50 mM malonic acid buffer at pH 3.0 and
60 °C, the apparent Ky, and k¢ot values for ABTS were 19.92 pM and
1222.57 s_l, respectively (Fig. 3g). For 2,6-DMP, the apparent Ky, and
keat values for STLAC1 were 115.41 uM and 260.79 s™%, respectively
(Fig. 3h). STLAC9 exhibited apparent Ky, and kc,¢ values of 2.52 pM and
1742.15 571, respectively, for ABTS (Figs. 3g), and 98.93 uM and
394.91 s7!, respectively, for 2,6-DMP (Fig. 3h). These results indicate
that SrLAC1 and SrLAC9 displayed higher affinity towards ABTS
compared to 2,6-DMP. Both laccases, STLAC1 and SrLAC9, were suc-
cessfully expressed and purified from P. pastoris cells and their activity
were verified in vitro. These findings provide valuable insights for
research on antibiotics and lignocellulose degradation.

Journal of Hazardous Materials 476 (2024) 135099
3.4. TET degradation by SrLAC1 and SrLAC9

After 180 min of degradation, TET degradation efficiencies without
mediators were only 6.40 % and 10.53 % for SrLAC1 and SrLAC9,
respectively (Fig. 4a). These results demonstrate that both laccases were
capable of degrading TET, while the low degradation possibly due to the
absence of mediators. Laccases are oxidases with redox potentials typi-
cally below 800 mV, enabling them to oxidize phenolic substrates with
low redox potentials. However, oxidation of non-phenolic substrates,
which can have redox potentials up to 1500 mV, is more challenging.
Previous studies have shown that mediators play a crucial role in
enhancing the degradation of antibiotics through laccase-mediated
oxidation [59]. According to a commonly proposed reaction model,
when laccase cannot directly act on substrates, it can initially oxidize an
intermediary molecule, known as the mediator, to generate active free
radicals. These radicals then react with the substrate [60]. Therefore,
mediators were introduced into the reaction system to form
laccase-mediator systems (LMS), overcoming the inertness of
non-phenolic substrates. The degradation capacities of TET by the two
laccases were evaluated using widely used mediators HBT and ABTS, as
well as the lignin-derived mediator SyA, at concentration ranging from
0.2 mM to 2 mM (Fig. S6). ABTS is oxidized by laccase to ABTS™, which
is further oxidized to ABTS?t. ABTS?", with a high redox potential
capable of directly attacking non-phenolic substrates [61]. HBT is
oxidized by laccase to form HBT"e radicals, which is deprotonated to
form N-Oe radicals attacking the substrates [62]. Methoxy groups in SyA
decrease redox potentials and increase electron density at the phenoxy
group, which allowed these compounds to be easily oxidized by laccases
[63].

Compared to individual laccases, the TET degradation efficiency of
the LME systems was significantly enhanced (Fig. 4a). At a mediator
concentration of 1 mM, the addition of HBT, ABTS, and SyA resulted in
TET degradation efficiencies of 73.75 %, 99.89 %, and 99.46 % for
SrLAC1, respectively, and 92.62 %, 99.22 %, and 90.66 % for SrTLAC9,
respectively. In subsequent reactions, the laccase/ABTS system nearly
completely degrade TET at concentrations ranging from 25-400 mg/L
within 180 min, demonstrating high efficiency in TET degradation
(Fig. 4b). Suda et al. reported that the laccase-HBT system could
completely degrade 10~* M TET within 1 h, which is similar to the
performance of the SrLAC9-HBT system [24]. The efficiency of TET
degradation varied with HBT concentration, increasing from 0.2 mM to
1 mM HBT enhanced TET degradation, but further increasing to 2 mM
HBT decreased efficiency (Fig. S6). In contrast, varying concentrations
of ABTS and SyA had minimal impact on TET degradation within the
tested range (Fig. S6). Ouyang et al. indicated that using a laccase from a
Lysinibacillus bacterium, the laccase-ABTS system exhibited significantly
higher TET degradation capacity compared to the laccase-SyA system
[64]. Tian et al. reported similar results, where the Lac-Q-ABTS system
showed the highest degradation rates, with 96 % removal of TET and
90 % removal of OTC after a 3-minute incubation at 25 °C (pH 6.0). In
contrast, the Lac-Q-SyA system achieved only 49 % removal of TET and
45 % removal of OTC [65]. In our study, both ABTS and SyA mediators
achieved high degradation efficiencies (> 90 %) (Fig. 4a), possibly
because SyA, as a lignin degradation product, is readily accessible as a
mediator for S. rugosoannulata. Additionally, SyA was found to induce
the expression of laccase in S. rugosoannulata (data not shown). These
results suggest that STLAC1 and SrLAC9 preferentially utilize ABTS and
SyA as mediators for TET degradation.

To confirm their structural similarity to laccases, three-dimensional
models of STLAC1 and SrLAC9 were generated using homology model-
ling (Fig. 4c). Sequence analysis revealed that SrTLAC1 and SrLAC9 each
contain four Cu atoms organized into an active site [66], which serves as
a catalytic backbone for the catalysis of substrates. All fungal laccases
exhibit a conserved architecture comprising three domains arranged in a
B-barrel structure. SrLAC1 consists of three domains: domainl
(51-153), domain2 (166—327), domain3 (395-518), while SrLAC9
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SrLAC1

Fig. 4. TET degradation by SrLAC1 or SrLAC9 and the predicted models of laccases. (a) The impact of mediators on the degradation of TET by SrTLAC1 or SrLAC9. (b)
The degradation efficiency of STLAC1 or SrTLAC9 with different TET concentrations. (¢) Homologous modeling of STLAC1 and SrLAC9.

also comprises three domains: domainl (50—150), domain2 (163—305),
and domain3 (372—494). Laccase sequences typically feature four
characteristic regions (L1-L4) [67]. Comparison of these characteristic
regions and copper ion binding sites of STLAC1 and SrLAC9 with other
laccases is shown in Fig. S7, indicating that SrLAC1 and SrLAC9 are
conserved fungal laccase enzymes.

3.5. Degradation of multiple antibiotics
The antibiotic detection rates in the soils and surface water of eastern

and southeastern provinces of China are reported to be very high [44].
Generally, multiple antibiotics are often simultaneously detected in

contaminated environments [44,68]. Residule of multiple antibiotics in
compost, soil, and surface runoff could potentially impact
S. rugosoannulata production. Among these, TCs and QNs, and SAs were
the most frequently detected antibiotics [15,44,69,70]. Therefore, the
degradation capacity of eleven commonly used antibiotics from TCs,
QNs, and SAs by S. rugosoannulata and two laccases was evaluated. The
inhibitory concentrations of different antibiotics against E. coli were
determined, and concentrations that completely inhibited the growth of
E. coli were used in subsequent experiments. Specifically, the concen-
tration of TCs was 1 mg/L, the concentration of SAs was 120 mg/L, and
the concentration of QNs was 1 mg/L (Table S9, Fig. 5a). To assess the
degradation of multiple antibiotics by S. rugosoannulata and the
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synergistic effects among them, TCs, SAs, and QNs were mixed in
various combinations as indicated in Table S9 and degraded using the
supernatant of S. rugosoannulata culture for 48 h. The growth of E. coli
was used to evaluate the antibiotic degradation efficiency of
S. rugosoannulata. Results showed that when TCs and SAs mixtures were
degraded individually, the growth inhibition rates of E. coli were 8.07 %
and 8.81 % (Fig. 5a), respectively. However, when TCs and SAs mixtures
were simultaneously added to the same reaction system, the growth
inhibition rate of E. coli decreased to 0.71 % (Fig. 5a), suggesting a
synergistic degradation effect between TCs and SAs. In contrast, the
degradation products of QNs mixture resulted in a 24.52 % growth in-
hibition rate of E. coli (Fig. 5a), indicating a lower degradation efficiency
of S. rugosoannulata for QNs compared to TCs and SAs. Furthermore, the
degradation products of TCs + QNs mixture showed a similar growth
inhibition rate to QNs alone, at 22.00 % (Fig. 5a). However, the
degradation products of SAs + QNs mixture exhibited a decreased
growth inhibition rate to 8.43 % (Fig. 5a), suggesting a synergistic
degradation effect between SAs and QNs. It is speculated that the
degradation products of SAs act as efficient mediators for the degrada-
tion of the other two classes of antibiotics. When all three classes of
antibiotics were combined for degradation, the growth inhibition rate of
E. coli by the degradation products reached 65.22 % (Fig. 5a), indicating
that the antibiotic concentration was too high and exceeded the degra-
dation capacity of the supernatant. Overall, S. rugosoannulata demon-
strates high efficiency in degrading multiple mixed antibiotics, with a
notably higher capacity observed for TCs and SAs compared to QNs.

The antibiotic substrate spectra of purified STLAC1 and SrLAC9 were
determined using HPLC analysis with eleven antibiotics from TCs, SAs,
and QN as substrates. Degradation reactions were conducted with 0.5 U
of laccase, 1 mM mediator, and 50 mg/L of antibiotic substrate for 3 h at
30 °C. Three LMS setups exhibited significant differences in the degra-
dation of TCs antibiotics (with the exception of TET). Specifically, the
laccase-SyA system demonstrated the highest degradation efficiency,
exceeding 90 % for all TCs. In contrast, the degradation efficiencies of
the other two systems for TCs (excluding TET) remained below 40 %
(Fig. 5b, Fig. S8). Additionally, the degradation efficiencies of the
laccase-ABTS system surpassed those of the laccase-HBT system for the
degradation of all TCs except TET. This contrasts with the findings of
Suda et al. [24], who reported complete degradation of TCs by a laccase
from T. versicolor in the Lac-HBT system. Our results indicate that
SrLAC1 and SrLAC9 efficiently degrade TCs, with SyA proving to be the
superior mediator for TCs oxidation.

Similar to the degradation of TCs, the efficiency of SMX degradation
was highest when SyA was used as the mediator, achieving 57.93
+ 1.08 % and 58.38 + 2.87 % degradation for SrTLAC1 and SrLAC9,
respectively. Following this, HBT as the mediator showed degradation
efficiencies of 40.35 + 2.57 % and 39.85 + 5.81 % for SrLAC1 and
SrLAC9, respectively, while ABTS exhibited the lowest degradation ef-
ficiency (Fig. 5b, Fig. S9). Yang et al. [55] reported similar findings,
showing faster SMX oxidation in the presence of SyA compared to ABTS.
The immobilized laccase from Echinodonitium taxodii favored syringic
acid over HBT as the mediator for SMX oxidation, achieving over 95 %
degradation within 30 min at a laccase concentration of 0.2 U/mL [71].
In contrast, studies by Yang et al. indicated varied results where ABTS
mediated the highest SMX degradation efficiency among several bac-
terial laccases, with SyA showing a minor inhibitory effect on SAs
removal [55]. Given that SyA is more accessible to fungi than bacteria,
fungal laccases may have evolved to effectively utilize SyA as a medi-
ator. When ABTS was employed as the mediator, both SrLAC1 and
SrLAC9 achieved 100 % degradation rates for SAA and SMY. Subse-
quently, degradation rates using SyA as the mediator were significantly
higher than those using HBT. Specifically, with SyA as the mediator,
SrLAC1 and SrLAC9 achieved degradation rates of 55.74 + 0.85 % and
98.33 £ 0.20 %, respectively, for SAA, and 36.16 + 0.85 % and 58.83
+ 0.39 %, respectively, for SMY (Fig. 5b). Previous research using the
strain EcN-IL, which displays surface-bound laccase, achieved a SAA
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degradation efficiency of 37 + 1 % within 3 h at a laccase activity of 2
=+ 1 U/mg dry weight of cells [72], which is lower than that in our study.
SMY, widely used in livestock production, had not been previously re-
ported for laccase degradation. In our study, SrLAC1 and SrLAC9
completely removed SMY within 3 h, suggesting a promising approach
for SMY removal.

Zou et al. reported a 93.7 % degradation rate of NFN using
magnetically modified biochar immobilized laccase in the presence of
ABTS after 48 h [25], while Blanquez et al. demonstrated that the
SilA-acetosyringone system from Streptomyces ipomoeae degraded over
90 % of NFN [73]. Immobilized laccases from T. versicolor achieved
77.0 % and 75 % degradation of MFN as reported by Zou et al. and
Vojdanitalab et al., respectively [25,74]. Additionally, this immobilized
laccase effectively removed 98 % of EFN after 6 h in the presence of
HBT, and 65.4 % of EFN with 1 mM ABTS at pH 4 after 48 h of degra-
dation [25,75]. However, in our study, the degradation efficiency of QNs
is notably lower compared to TCs and SAs. The highest degradation
efficiency observed for QNs was when ABTS was used as the mediator,
achieving a degradation efficiency of 55.80 + 0.87 % for EFN by
SrLAC9, while none of the other QNs reached efficiencies higher than
40 %. In contrast to TCs and SAs degradation, HBT appears to be a more
suitable mediator for some QNs. Using HBT as the mediator, STLAC9
achieved the highest degradation efficiency for NFN at 14.15 + 0.78 %,
and SrLAC1 achieved the highest for MFN at 37.84 + 2.56 % (Fig. 5b,
Fig. S9, Table S10). It is evident that the degradation efficiency of
SrLAC1 and SrLAC9 for QNs is lower compared to the laccase from
T. versicolor. Nonetheless, these results are consistent with those ob-
tained using crude enzymes from the supernatant of S. rugosoannulata
culture (Fig. 5b), which also showed lower degradation efficiency for
QNs.

The impact of TET and its degradation products by SrLAC1 and
SrLAC9 on the growth of TET-sensitive E. coli and TET- resistant
A. faecalis strains was assessed. It was found that the degradation
products of TET did not provide a growth advantage to the TET-
resistance strain (Fig. 5c), consistent with above results using crude
enzymes (Fig. 1h). Overall, STLAC1 and SrLAC9 demonstrated similar
antibiotic degradation capabilities across the three antibiotics classes as
observed with the supernatant of S. rugosoannulata culture, affirming
their role in antibiotic degradation within the secreted proteins of
S. rugosoannulata. The catalytic efficiency of both laccases was generally
comparable across most antibiotics, with enhanced degradation effi-
ciency typically observed when SyA was employed as the mediator. SyA,
derived from lignin syringyl units [76], likely produced during the
growth of S. rugosoannulata on lignocellulosic substrates. This finding
holds significant implications for antibiotic degradation during the
cultivation of S. rugosoannulata for commercial purposes.

3.6. Identification and risk assessment of antibiotics degradation products

In order to explore the degradation pathways of STLAC1 and SrLAC9
on TET, DCL, and SAA, UPLC-MS/MS was used to identify the degra-
dation products. Based on antibiotic structures and existing literatures
[33,77,78], the pathways of SrLAC1 and SrLAC9 for degrading TET,
DCL, and SAA were elucidated. A total of 13 metabolic intermediates of
TET were detected, with their mass spectrometry data and possible
chemical formulas detailed in Table S11 and depicted in Fig. 6. Seven
distinct metabolic pathways were identified for STLAC1 and SrLAC9 in
TET degradation, as illustrated in Fig. 6a. In pathway 1, TET was hy-
droxylated to generate TET1 (m/z 459.15491), followed by carboxyla-
tion to TET2 (m/z 457.12482), subsequent demethylation to TET3 (m/z
429.15033), oxidation to TET4 (m/z 415.20755), and deamination
yielding TET5 (m/z 400.13965). In pathway 3, TET undergoes oxidation
to TET3, followed by further oxidation to TET4 and deamination to form
TETS. In pathway 4, TET was demethylated to TET7 (m/z 429.15027)
and TET8 (m/z 413.11252), followed by deamination to generate TET9
(m/z 398.08315), and subsequent conversion to TET10 (m/z
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369.20456). In pathway 7, the direct demethylation on the benzene ring
of TET, resulting in the formation of TET13 (m/z 415.32303). SrLAC1
and SrLAC9 exhibit different pathways in the degradation of TET. For
SrLAC9, three distinct metabolic pathways were identified. In pathway
2, TET undergoes oxidation to TET2, followed by demethylation to
TET3, and further dehydroxylation leading to TET6 (m/z 384.17468). In
pathway 5, the direct oxidizing on the benzene ring of TET leads to the
formation of TET11 (m/z 443.14505). In pathway 6, the direct deme-
thylation on the benzene ring of TET, leading to the formation of TET12
(m/z 447.16083).
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In this study, six metabolic intermediates of DCL were detected using
mass spectrometry, with their corresponding chemical formulas detailed
in Table S11 and depicted in Fig. 6b. The degradation pathways of DCL
by SrLAC1 and SrLAC9 were found to be consistent, revealing three
possible pathways. In pathway 1, DCL undergoes hydroxylation to yield
DCL1 (m/z 457.12481) [79]. In pathway 2, Oxidation and cleavage of
the double bond in DCL occur, with subsequent oxidation of the hy-
droxyl group to a carbonyl, resulting in DCL2 (m/z 457.12481) [80].
Further demethylation and deamination lead to the formation of DCL3
(m/z 426.11902). In pathway 3, structural transformation of DCL results
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in the formation of DCL4 (m/z 441.13028), followed by demethylation,
formation of amino and hydroxyl groups to yiled DCL5 (m/z
339.09372), and further experienced an oxidation reactions to yield
DCL6 (m/z 181.05056) [32]. It is speculated that CO; and Hy0O are
produced in these pathways [81].

Five major transformation products of SAA were identified in both
SrLAC1 and SrLAC9 reaction mixtures, with their mass spectra data
detailed in Table S11, and speculated pathways for SAA degradation by
the two laccase enzymes are depicted in Fig. 6¢. Similar transformation
products have also been identified as described in some previous studies
[34,82,83]. SAA undergoes hydroxylation to generate SAAl (m/z
267.0507) or SAA2 (m/z 267.0507). SAA2 was a hydroxylated inter-
mediate in the degradation process of SAA [83]. SAA1 and SAA2 can
lose amino and hydroxyl groups to form SAA3 (m/z 236.04318), and
then C-N bond cleavages to form SAA5 (m/z 96.05558). SAA2 undergoes
sulfur removal to form SAA4 (m/z 187.09767), and then C-N bond
cleavages to form SAA5 [84]. SAA2 could also lost amino and hydroxyl
groups to form SAA3 [84]. The degradation of SAA by SrLAC1 and
SrLAC9 primarily involves breaking the C-N bond within the heterocy-
clic rings, resulting in the production of simpler metabolites [74].

The fathead minnow (96 hr), Daphnia magna (48 hr), mutugenicity
and developmental toxicity of TET, DCL and their corresponding in-
termediates were assessed using the Toxicity Estimation Software Tool
(TEST) [85,86]. According to Fig. 6d, the LCsy values for fathead
minnow exposed to TET, DCL, TET3, TET4, TET6, TET7, TET11, TET13,
and DCL1-5 were classified as “very toxic”. Conversely, intermediates
TET1, TET2, TET12, and TET9 were classified as “toxic”, and DCL6 was
classified as “Not Harmful”, indicating a gradual decrease in toxicity
among these intermediates. For Daphnia magna, as shown in Fig. 6d, the
LCsp values for TET1, TET2, TET3, TET4, TET5, TET9, TET12, DCL2,
DCL3, and DCL6 were higher than those for TET and DCL, with most
intermediates considered “harmful”. Additionally, the mutagenicity of
the intermediates, exclusive of DCL5, was categorized as “Harmful”. The
developmental toxicity was significantly reduced among the
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intermediates, with DCL6 also classified as “Harmful” (Fig. 6d). TETS,
TET9, and TET10 exhibited no toxic effects on mutagenicity, fathead
minnow, or Daphnia magna, confirming that the biodegradation of TET
and DCL by SrLAC1 and SrLAC9 effectively meets the actual needs of
ecological and food safety requirements.

3.7. Distribution of ARGs in commercially produced S. rugosoannulata in
China

Although the above results have demonstrated that S. rugosoannulata
can degrade various antibiotics through secreted laccases, effectively
eliminating the growth advantage conferred by antibiotics on ARB, it
remains unclear whether this antibiotic degradation ability will elimi-
nate the threat posed by ARB and ARGs to the fruiting bodies of
S. rugosoannulata in practical production. To clarify this, ARGs on the
commercially produced fruiting bodies of S. rugosoannulata from our lab
in Shandong Province and from six other provinces in China (Beijing,
Henan, Anhui, Sichuan, Chongqing, and Yunnan) were detected (Fig. 7).
Fifty commonly detectable ARGs (Table S12) in compost were selected
according to a previous study [17], and only genes with Ct values less
than 31 and correct sequences after sequencing were considered positive
[43]. According to this standard, none of the seven groups of samples
showed the presence of all 50 ARGs. This indicates that the robust
antibiotic degradation capability inherent in S. rugosoannulata can
indeed reduce and eliminate the contamination of ARB and ARGs in the
fruiting bodies, thus ensuring the safety of S. rugosoannulata.

4. Conclusion

This study explored the potential effects of antibiotics on the straw-
rotting mushroom, S. rugosoannulata. Our findings reveal that exposure
to detectable levels of TET in the environment (<500 pg/L) does not
impact the growth of S. rugosoannulata, which is due to that
S. rugosoannulata has the capability to remove TET through

[ Undetectable ARGs

@ Sampling positions

Fig. 7. Spatial distributions of selected antibiotics in S. rugosoannulata fruiting body across China.
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biodegradation. Importantly, the degradation products of TET no longer
inhibit E. coli growth or confer a growth advantage to TET-resistant
bacteria, thus impeding the spread of ARB and ARGs.
S. rugosoannulata degrades not only TCs but also antibiotics belonging to
the SAs and QNs classes. Laccases in the culture supernatant are
responsible for the degradation of these antibiotics, and two laccases,
SrLAC1 and SrLAC9, were heterologously expressed, purified, and
characterized. Furthermore, none of the S. rugosoannulata fruiting
bodies from seven provinces in China contain detectable ARGs, con-
firming our conclusion that S. rugosoannulata can convert antibiotics
into non-toxic and non-bactericidal products, ensuring the food safety of
its fruiting bodies. Overall, this study offers insights into the intrinsic
molecular mechanisms ensuring mushroom production safety against
antibiotic pollution.

Environmental implication

This research provides new insights into the interaction between
mushrooms and their environment. Food safety is a primary concern in
the edible mushroom industry. Straw-rotting mushrooms, such as Stro-
pharia rugosoannulata, are highly vulnerable to environmental contam-
inants, including antibiotics. This study addresses the question of
whether antibiotics impact the food safety of S. rugosoannulata. The
influence of antibiotics on S. rugosoannulata and the molecular mecha-
nisms underlying this process were investigated. Based on our findings,
we can confirm that, under the current level of antibiotic contamination,
the growth of S. rugosoannulata remains unaffected by antibiotics, thus
ensuring its safety.
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