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Abstract

Antioxidant metabolites contribute to alleviating oxidative stress caused by reactive oxygen
species (ROS) in microorganisms. We utilized oxidative stressors such as hydrogen peroxide
supplementation to increase the yield of the bioactive secondary metabolite antioxidant antrodin C
in submerged fermentations of the medicinal mushroom Antrodia cinnamomea. Changes in the
superoxide dismutase and catalase activities of the cells indicate that ROS are critical to promote
antrodin C biosynthesis, while the ROS production inhibitor diphenyleneiodonium cancels the
productivity-enhancing effects of H,O,. Transcriptomic analysis suggests that key enzymes in the
mitochondrial electron transport chain are repressed during oxidative stress, leading to ROS
accumulation and triggering the biosynthesis of antioxidants such as antrodin C. Accordingly,
rotenone, an inhibitor of the electron transport chain complex I, mimics the antrodin C
productivity-enhancing effects of H,O,. Delineating the steps connecting oxidative stress with
increased antrodin C biosynthesis will facilitate the fine-tuning of strategies for rational
fermentation process improvement.
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1. Introduction

Medicinal fungi are unparalleled in their functional and metabolite diversity 1 2.
Investigating and mimicking the natural habitats of these organisms has provided us with
important clues to design new, adaptive strategies to stimulate the biosynthesis of valuable
secondary metabolites (SMs) by these fungi. Thus, SM production may be elicited by
environmental stimuli, such as biotic and abiotic stressors. One of the most common
physiological stress conditions in the habitat of filamentous fungi is oxidative stress that
leads to the formation of harmful reactive oxygen species (ROS) in the cells 34. ROS,
including hydrogen peroxide (H,0,), hydroxyl radical (HO*), and superoxide anions (0?)
cause dose-dependent damage to most biomolecules such as DNA, proteins and lipids®: °.
Microbial cells respond to ROS by initiating scavenging mechanisms, including enzymatic
or non-enzymatic systems & 7. Growing evidence also suggests that ROS play vital
physiological roles in the regulation of morphogenesis, differentiation and secondary
metabolism in filamentous fungi® 9. Thus, modulation of the oxidative stress response of
Aspergillus flavus by cinnamaldehyde effectively inhibits radial growth, spore production
and mycelium formation0. Methyl jasmonate induced the biosynthesis of ganoderic acids
by increasing the intracellular ROS concentration of Ganoderma luciduntt. Increased ROS
levels were also seen to activate the transcription of a series of stress response genes such as
glutathione reductase and glutathione peroxidase in Aspergillus nigerr2. Finally, stimulation
of ROS production by hydrogen peroxide supplementation during the submerged
fermentation of the mucoromycete Blakeslea trisporainduced the transcription of five genes
in the carotene biosynthetic pathway, leading to a substantial increase in the production of -
carotenel3,

Antrodia cinnamomea (syn. Taiwanofungus camphoratus, Antrodia camphorata or
Ganoderma camphoratus, Basidiomycota, Agaricomycetes, Polyporales) causes brown heart
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rot disease in the small-flowered camphor tree, Cinnamomum kanehirae. This fungus has
long been used as a traditional remedy in Taiwan against cancer, hypertension, hangover and
other conditions, and preparations containing this mushroom are claimed to sell for $100
million/year4. More than 100 bioactive compounds, including derivatives of maleic acid
and succinic acid, triterpenoids, polysaccharides, ubiquinone analogues, benzenoids etc.
have been isolated from fruiting bodies and mycelia of A. cinnamomea-16. Among these
SMs, the maleimide derivative antrodin C was shown to exhibit potent anti-inflammatory,
hepatoprotective and cancer cell inhibitory activities!”20. Isolated antrodin C was shown to
exert cytotoxic effects on the Lewis lung carcinoma (LLC) tumor cell line?1, and to suppress
epithelial to mesenchymal transition and metastasis of breast cancer cells by inhibiting the
Smad2/3 and B-catenin signaling pathway®. Yang et a/. showed that antrodin C promotes
the interaction between autophagy and apoptosis of lung cancer cells by regulating the Akt/
mTOR pathway inhibited by AMPKZ22, In addition, antrodin C significantly reduced the
viability of lung adenocarcinoma cells (A549) in vitro?3. These activities indicate that
antrodin C is a potent lead compound for pharmaceutical drug discovery.

Interest in the continued evaluation and eventual pharmaceutical development of antrodin C
as a potential human drug led to a need for rational strategies to improve the production of
this compound. Thus, a novel fermentation process was established where the medium was
supplemented with a surfactant and an /7n situ extractant to reduce product inhibition, leading
to a sizeable increase in the yield of antrodin C fermentations (from 53 mg/L in the standard
process to 247 mg/L with the modified one)24. Further analysis revealed that the in situ
extractant not only alleviates product inhibition, but also increases dissolved oxygen
concentrations during fermentation. However, this may also lead to increased intracellular
ROS levels?425, At the same time, Kumar et a/. pointed out that antrodin C may be used to
ameliorate intracellular ROS formation in human endothelial cells, suggesting that this SM
may improve resistance to oxidative stress1®,

In this study, we confirmed the antioxidant properties of antrodin C, and investigated the link
between intracellular ROS-mediated oxidative stress and the production of antrodin C during
submerged fermentations of A. cinnamomea. Furthermore, we used comparative
transcriptomics to study the underlying mechanism by which oxidative stress regulates the
biosynthesis of antrodin C. This study provides an example for a novel, rational approach
that uses physiological stressors relevant to the bioactivities of the target microbial SMs to
stimulate the production of these compounds.

Materials and methods

2.1 Strain and fermentation conditions

The strain of A. cinnamomea used in this study is preserved at the Key Laboratory of
Industrial Biotechnology, Ministry of Education, School of Biotechnology, Jiangnhan
University (Wuxi, China) under accession BBZ-001. For fermentations, A. cinnamomeawas
grown on potato dextrose agar (PDA: potato 200 g/L, glucose 20 g/L, and agar 20 g/L) at
28°C for 7-14 days. The spores were collected by washing the plates with sterile distilled
water and the spore suspension was adjusted to a concentration of 1x108 cfu/mL. 15 mL of
this suspension was used to inoculate 120 mL of seed culture medium (20 g/L glucose, 16
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g/L corn steep powder, 20 mL/L soybean hydrolysate, 0.5 g/L MgSQy, 0.5 g/L KoHPO,4, and
0.5 g/L citric acid; the pH was not adjusted) in a 500 mL Erlenmeyer flask, and the resulting
culture was incubated for 4 days at 28°C with shaking at 130 rpm. Production cultures were
inoculated with 10 mL seed culture into 500 mL Erlenmeyer flasks containing 90 mL of
culture medium (40 g/L glucose, 8 g/L corn steep powder, 50 mL/L soybean hydrolysate, 0.5
g/L MgSOy, 0.5 g/L Ky,HPOy; the pH was not adjusted), and cultivation was continued for
another 10 days at 28°C with shaking at 130 rpm.

2.2 Determination of biomass

Mycelia were collected from the production cultures by filtering under suction through a
pre-weighted filter paper and washed with distilled water. The collected mycelia were dried
at 50°C until constant weight. Biomass is indicated as the mean + SD of the dry weight of
mycelia per unit volume of culture medium, calculated from three independent experiments.

2.3 Extraction and analysis of antrodin C

Antrodin C was extracted from fermentations as described?* with minor modifications.
Briefly, production cultures were precipitated with 50 mL of 95% ethanol in a 45°C water
bath for 1.5 h with intermittent shaking. The supernatant was filtered through a 0.45 um
membrane and the concentration of antrodin C was determined by high performance liquid
chromatography (HPLC) on a Waters 1525 system equipped with a ZORBAX Eclipse XDB-
C18 column (4.6 mm x 250 mm, 5 um), with the UV detector set at 254 nm. The mobile
phase consisted of H,O (0.5% AcOH):CH3CN (0 min, 65:35; 10 min, 50:50; 25 min, 43:57;
50 min, 30:70; 55 min, 10:90; 60 min, 0:100; 70 min, 65:35). The flow rate was 1.0 mL/min
and the operating temperature of the column was maintained at 28°C. Antrodin C yields
were calculated based on the peak area using a standard curve, and are shown as the mean *
SD calculated from three independent experiments.

2.4 Free radical scavenging activity of antrodin C

The free radical scavenging activity of antrodin C was evaluated against 2,2’-azinobis-3-
ethylbenzothiazoline-6-sulfonate radicals (ABTS"), hydroxyl radicals (OH®) and 2,2-
diphenyl-1-picrylhydrazyl radicals (DPPH®). ABTS® scavenging efficiency was determined
using the ABTS rapid kit (Beyotime Biotechnology, Shanghai, China) and is represented as
mM Trolox-equivalent antioxidant capacity (mM TEAC). The standard curve was linear
between Trolox concentrations of 0.2 mM and 1.5 mM.

The scavenging activity of antrodin C against OH® was tested according to Halliwell et a/. 25,
Fifty microliters of various concentrations of the test samples were mixed with 50 uL of 6
mM ferrous sulfate and 50 pL of 6 mM H»O,. The mixture was incubated in the dark at
room temperature for 10 minutes, followed by addition of 50 UL of 6 mM salicylic acid
dissolved in anhydrous ethanol. The absorbance of the mixture was measured by a
spectrophotometer at 510 nm. Vitamin C was used as the positive control.

The scavenging activity of antrodin C against DPPH* was monitored as previously
reported?’. One hundred microliters of various concentrations of the test samples were
mixed with 100 uL anhydrous ethanol solution of DPPH* (0.01 mM). The mixture was
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shaken and incubated in the dark at room temperature for 30 min, and the absorbance was
measured using a spectrophotometer set to 517 nm. Butylated hydroxyanisole (BHA) was
used as the reference.

The 50% effective concentration (ECsgg) for the scavenging activity against OH® or DPPH*
was calculated from a linear regression curve fitted to the measured values of the scavenging
activity versus substrate concentration. Radical scavenging activities are shown as the mean
+ SD calculated from three independent experiments.

2.5 Effects of oxidative stress modulators on the production of antrodin C

Three kinds of oxidative stress inducers, including H,O,, menadione and diethyl phthalate
were investigated for their effects on the production of antrodin C in submerged
fermentations of A. cinnamomea. The concentration dependency (10, 15, 20, 25, 30 and 35
mM) and the time course (48, 72, 96, 120 and 144 hr) of H,0, supplementation were also
determined.

Diphenyleneiodonium (DPI), a common inhibitor of ROS formation28, was used to
investigate the role of oxidative stress to induce antrodin C biosynthesis during submerged
fermentation. Pretreatment was carried out with supplementation with 1 mM DPI at 95 hr,
followed by addition of H,O, at 96 hr. The electron transport chain type | complex inhibitor
rotenone (7 UM, final concentration) was added to fermentations at 96 hr without H,O,
induction.

2.6 Measurement of superoxide dismutase (SOD) and catalase (CAT) activities

0.5 g of A. cinnamomea mycelium was disrupted in ice-cold potassium phosphate buffer (50
mM, pH 6.8) using a pre-chilled mortar and pestle, the lysate was centrifuged at 8,000xg for
10 min at 4°C, and the pellet was discarded. Centrifugation was repeated twice more to
obtain a clear supernatant. Protein concentrations were measured using the BCA kit
(Sigma). The assay for CAT activity was performed as described?®. SOD activity was
determined by measuring the ability of the enzyme to inhibit the autoxidation of pyrogallol,
measured by following the change in absorbance at 325 nm30: 31,

2.7 Optimization of the fermentation conditions for antrodin C production

To further enhance the production of antrodin C, different carbon sources (glucose, maltose,
sucrose, rice flour, dextrin, starch), nitrogen sources (yeast peptone, yeast extract, soybean
hydrolysate, ammonium sulfate, angel yeast powder, sodium nitrate), temperature (22, 25,
28, 31, 34°C) and initial pH (4, 5, 6, 7, 8), were investigated, followed by optimization of the
culture conditions using the response surface method (RSM) 32: 33,

2.8 Comparative transcriptome analysis

Transcriptome sequencing was used to compare gene expression during conventional
submerged fermentation of A. cinnamomea with that under oxidative stress-induced
maximum antrodin C production. Total RNA was extracted with the Trizol Total RNA
Isolation Kit with UNIQ-10 Columns (Shanghai Sheng-Gong, China) at 216 hr of the
fermentation. Total RNA concentration was determined with a Qubit 2.0 fluorometer
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(Invitrogen), and its quality was ascertained by agarose gel electrophoresis. Total RNA
samples extracted from three biological replicates were mixed in equal proportions and
sequenced using Illumina HiSeq™ 2500 technology by the Sheng-Gong Biotechnology
Corporation (Shanghai, China). After removing linker sequences and low-quality bases (Q
value <20), a 5 bp sliding window was used to identify and delete the bases with a read tail
mass value of <20. Finally, reads shorter than 35 nt were discarded, and the remaining reads
were used in the assembly. Next, 10,000 reads were randomly extracted from the cleaned
dataset and compared to the NCBI nucleotide database using blastn to determine species
distribution and thereby detect contamination, using a cutoff e-value <=1e-10, similarity
>90% and coverage >80%. De novo contig assembly was completed using Trinity3#
(Parameter min_kmer_cov 2, others as defaults), redundant contigs were clustered and the
longest contigs in the clusters were used to create a Unigene transcript database.
Differentially expressed genes (DEGs) were identified by DEseq (qValue<0.05 and
difference multiple |FoldChange|>2)3% 36, annotated using the Conserved Domain Database
(CDD), the euKaryotic Ortholog Groups (KOG), the Clusters of Orthologous Groups of
proteins, and the NCBI non-redundant protein sequences. Additionally, gene ontology (GO)
was determined using the Uniprot annotation information based on Wisprot and TrEMBL,
and Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations were also gathered
using the KEGG Automated Annotation Server3® 37 Annotations were followed by
clustering analysis. Last, Cluster Profiler was used to analyze the KEGG pathway and KOG
classification enrichment of the DEGs and to map the network based on the results of gene
function enrichment analysis3®.

2.9 Verification of the relationship between the electron transport chain and antrodin C
biosynthesis

In previous studies, Chen et a/., showed that supplementation of mitochondrial electron
transport chain type | complex inhibitors, such as rotenone, could significantly increase the
level of ROS in cells38. To further validate the conclusions of the transcriptome analysis,
rotenone was added to A. cinnamomea fermentations without H,O» induction, and the
biomass and the production of antrodin C were determined at the end of the fermentation in
three independent experiments.

3. Result and discussion

3.1 Free radical scavenging activity of antrodin C

To evaluate antrodin C as an antioxidant, the /n vitro radical scavenging activity of this SM
was investigated against radicals of 2,2’-azinobis-3-ethylbenzothiazoline-6-sulfonate
(ABTS®), hydroxyl (OH") and 2,2-diphenyl-1-picrylhydrazyl (DPPH"). As shown in Table 1,
the ABTS® scavenging activity of antrodin C was weaker than those of well-recognized
antioxidants such as vitamin C, vitamin E, or glutathione. However, antrodin C displayed
potent OH*® scavenging activity with a 50% effective concentration (ECsg) of 0.79 mg/mL,
similar to vitamin E or glutathione, but approximately 50% of that of the control vitamin C
(0.37 mg/mL). Finally, antrodin C displayed a more potent scavenging activity (ECsgq of
0.0015 mg/mL) against DPPH" than the positive control, butylated hydroxyanisole (BHA,
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ECsq of 0.0034 mg/mL). Thus, antrodin C was confirmed to be an antioxidant SM of A.
cinnamomea with a sizeable free radical scavenging potential.

3.2 Oxidative stress reagents increase antrodin C biosynthesis

3.3

Various reagents that induce oxidative stress during submerged fermentation affect the
growth rate and biomass accumulation of microorganisms, and modulate their production of
SMs3 13,28, 39,40 Considering the antioxidant and free radical scavenging activities of
antrodin C, we hypothesized that supplementation of A. cinnamomea fermentations with
oxidative stress inducers may provoke this fungus to upregulate the biosynthesis of antrodin
C. To evaluate this hypothesis, we applied diethyl phthalate (a toxic compound that elevates
intracellular ROS levels), menadione (a producer of semiquinone and superoxide radicals)
and H,0, (a microbicidal oxidizing agent)*1-44 during A. cinnamomea fermentations at the
stage when antrodin C accumulation starts (96 hr), and determined biomass production and
antrodin C yield at the end of the fermentation (216 hr).

We found that with increased concentrations of any of the three oxidative stress reagents,
mycelial pellet size and biomass accumulation of A. cinnamomea slightly but steadily
declined, indicating that these reagents function as weak inhibitors of fungal growth (Fig. 1).
At the same time, the three oxidative stress inducers stimulated the biosynthesis of antrodin
C, with optimal concentrations for H,O,, menadione and diethyl phthalate at 25 mM, 7 uM
and 1 mM, respectively. Increased concentrations of the oxidative stress inducers led to a
progressive decline of antrodin C production. Lower concentrations of these reagents may
have induced insufficient oxidative stress, with ROS effectively detoxified by intracellular
antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT) before they
could affect the expression of key genes in antrodin C biosynthesis in A. cinnamomea.

The most effective oxidative stress inducer to improve antrodin C biosynthesis was H,0,. At
the optimum concentration of 25 mM, the yield of antrodin C reached 361.5 + 11.15 mg/L,
representing an increase of 4.8 times over that of the control fermentations (Fig. 1).
Therefore, H,O, was used as the oxidative stress elicitor in further experiments.

The timing of H,0, supplementation was found to be critical for biomass accumulation and
the stimulation of antrodin C production in the submerged A. cinnamomea fermentations.
As shown in Fig. 1D, inhibition of biomass accumulation by H,O, became less apparent
when supplementation of this oxidative stress inducer was delayed. On the other hand, the
antrodin C yield-enhancing effect of H,O, showed a clear maximum when the
supplementation was timed to coincide with the start of antrodin C accumulation at 96 hr.
This suggests that HoO,-generated oxidative stress is most effective when the transcription
of antrodin C biosynthetic genes is the most active.

Intracellular ROS generation directly affects antrodin C biosynthesis

Next, we have used diphenyleneiodonium (DPI; an inhibitor of mitochondrial ROS
production??) to clarify whether H,O5 elicits the production of antrodin C via enhancing the
level of intracellular ROS in A. cinnamomea. DPI was supplemented to the cultures at 95 hr,
followed by addition of H,O, at 96 hr. DPI supplementation alone had no effect on biomass
accumulation or antrodin C production in this fungus. H,O, supplementation reduced
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biomass accumulation as expected, and this decrease was not alleviated by the addition of
DPI. However, the sizeable increase of antrodin C production due to H,O, supplementation
was completely negated by the co-administration of DPI (Fig. 2). We conclude that DPI
effectively inhibited intracellular ROS generation and thereby counteracted the effects of
H,0, towards antrodin C biosynthesis. This result establishes a tight correlation among
oxidative stress caused by H,O», intracellular ROS production, and increased antrodin C
biosynthesis.

Antioxidant enzyme systems including SOD and CAT act as the first line of defense against
increased ROS levels to protect the intracellular environment. To further confirm
intracellular ROS-mediated oxidative stress upon H,O5 supplementation, we monitored the
activity of SOD and CAT during the fermentation. As show in Fig. 3a and b, both SOD and
CAT activities increased when HoO5 was supplemented to the cultures, reaching peak
activities that were 1.30 and 1.35 times of that of the control, respectively. SOD activity
remained very high even in the later stages of fermentation in the H,O5-supplemented
cultures, while that in the control decreased steadily. Addition of DPI blocked the increase in
both enzyme activities, indicating that DPI effectively inhibited the H,O,-provoked
generation of intracellular ROS.

To gain a perspective on the short-term effects of H,O, addition on the CAT and SOD
activity of the cells, we also monitored the changes in these enzyme activities in the first 180
min after the addition of H,O, (Fig. 3c). SOD activity peaked within 60 min and then
declined, while CAT activity showed a much slower response time (reaching the maximum
at 150 min). This may be attributed to a sequence of events where SOD first catalyzes
superoxide anion radical disproportionation to form oxygen and H,0O», and this is followed
by CAT converting H,05 to oxygen6: 47, The results indicated that the addition of H,05 not
only causes a change in the intracellular ROS content, but also produces more than one type
of ROS for stimulating the biosynthesis of antrodin C.

3.4 Process optimization of antrodin C production during H,O,-provoked oxidative stress

Nutrients and culture conditions are critical factors for microbial growth and the
biosynthesis of SMs that need to be re-optimized following significant changes in the
fermentation process, such as the introduction of oxidative stress inducers to the
medium?#849, Thus, we systematically investigated different kinds of carbon and nitrogen
sources, growth temperatures, and the initial pH on antrodin C production during submerged
fermentation of A. cinnamomea in the presence of H,O, (Fig. 4). The tested factors all
exerted significant influence on both biomass accumulation and the production of antrodin
C. Our results showed that the optimal antrodin C-producing conditions under H,O, stress
are as follows: maltose 50 g/L, soybean hydrolysate 60 mL/L, temperature 25°C, initial pH
7, and H,0, supplementation to 25 mM at 96 hr. Under these conditions, the yield of
antrodin C reached 594.4 mg/L at 216 hr, corresponding to a 352.1% increase over the
standard conditions without H,O5 stress (131.5 mg/L). Next, we completed a three-factor
and three-level response surface optimization experiment. A summary of the variables and
their variation levels, results from parameter optimization with a Box—Behnken design and
analysis of the results are displayed in Supporting Information (SI) Table S1. The analysis of
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variance was employed for the determination of significant parameters, and allowed us to
derive a model equation fitted by regression analysis as:

[Antrodin
C]=604.29+4.07775X1-17.3049X,-3.88981X 3+12.03313X 1 X,-9.55638X 1 X3-5.40075 X,
X3-89.6255X12-44.5059 X2-67.7614 X32

The model reliability was confirmed by the P-value of <0.0001, the model determination
coefficient of R2=0.9983 and the significance of the residual (0.1906). The single factors X,
(H205), Xy, (temperature), X3, (initial pH), and the interaction factors X1 Xy, X1X3, X2Xg,
X412, X2 and X32 were proven to be significant. The fitted response surface for antrodin C
production, generated using the software Origin with this model shows the effects of
interaction between the three critical parameters, H,O, concentration, temperature, and
initial pH, respectively (SI Table S1). The strength rank of the interactions was
X1X5>X1X3>X5X3. Based on the response surface analysis of this mathematical model, the
optimal culture conditions were determined as H,O, concentration of 25 mM, culture
temperature of 24°C, and initial pH of 7. Under these optimal conditions, the maximal
production of antrodin C reached 605.1 mg/L, 7.9 times as high as that of the control in this
experiment (77.0 mg/L without H,0, induction).

3.5 Transcriptomic analysis of H,O, stress

To better investigate the molecular mechanism of H,0, elicitation of antrodin C production
in A. cinnamomea, we used RNA-seq analysis to compare the transcriptome of the antrodin
C-overproducing, H,O,-stressed culture with that of the control fermentation without
oxidative stress. As show in SI Table S2A, mapping rates were over 94%, indicating that the
sequence data were highly accurate. A total of 120,623 transcripts, 34,512 Unigenes (SI
Tables S2B) and 22,486 proteins were obtained after de novo assembly and annotation. The
expression levels of genes in the two samples were compared using Transcript Per Million
reads (TPM) as the measure. The intra-group differences were much less than the difference
between the control and the H,O,-elicited sample (Sl Fig. S1). Using filter conditions of
qValue<0.05 and |[FoldChange|>2, 317 differentially expressed genes (DEGs) were identified
(SI Table S3A). These DEGs were annotated using their Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Eukaryotic Orthologous Groups (KOG)
classifications (Fig. 5 and Sl Tables S3B, S3C and S3D).

Upregulated DEGs were found by GO analysis in the glutathione peroxidase family,
polyketide metabolism, O-methyltransferases, heterocyclic biosynthesis and decomposition
processes, and heterocyclic compound binding classes. On the other hand, downregulated
DEGs were prominent in the electron transport chain, tricarboxylic acid cycle, citrate (Si)-
synthase activity, ubiquinol-cytochrome-c reductase activity, NADH dehydrogenase
(ubiquinone) activity and mitochondrial ATP synthesis coupled electron transport groups.
KEGG pathway analysis revealed that DEGs were significantly enriched in metabolic and
signal transduction pathways, and many downregulated DEGs were linked with oxidative
phosphorylation. Similarly, KOG analysis showed that many significantly downregulated
DEGs are involved in energy production and conversion.
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Regrettably, a direct analysis of the antrodin C biosynthetic genes could not be completed
since the biosynthetic pathway for this SM remains uncharacterized. Based on literature
precedents of maleimide biosynthesis in Penicillium oxalicumPO, we tentatively identified
six genes in the transcriptome of A. cinnamomea that may be involved in antrodin formation
in A. cinnamomea. Several of these transcripts were found to be upregulated upon H,0,
supplementation (SI Table S4). Functional validation of the role(s), if any, of the
corresponding genes in antrodin C biosynthesis in A. cinnamomea is currently under way in
our laboratories.

Overall, H,O5 supplementation led to a significant activation of the transcription of genes
related to catabolism and antioxidant processes, and to the overall repression of the
tricarboxylic acid cycle and the electron transport chain. Remarkably, many downregulated
DEGs are involved in oxidative phosphorylation (Table 2)°1, indicating that increased
biosynthesis of antrodin C upon H,0,-provoked ROS stress has an underlying link with the
electron transport chain. Considering that electron leakage from the mitochondrial electron
transport system is one of the main sources of ROS production in microorganisms*#: 52 and
microbial metabolism also can be regulated by controlling the electron transport chain®3, we
propose that mitochondrial respiratory chain damage caused by H,O, stress leads to elevated
ROS production, which increased production of antioxidant metabolites such as antrodin C.

3.6 Verification of the transcriptomic study by supplementing rotenone to the
fermentation

To validate the relationship between the health of the mitochondrial electron transport chain
and the biosynthesis of antrodin C as suggested by our comparative transcriptomic study, we
selected rotenone to disturb the normal course of oxidative phosphorylation in A.
cinnamomea fermentations. Rotenone inhibits the transfer of electrons from NADH to
coenzyme Q via decreasing the activity of complex I, leading to the generation of ROS38.
We found that supplementation of different concentrations of rotenone affected the
biosynthesis of antrodin C without disturbing biomass accumulation (Fig. 6). The yield of
antrodin C reached 200.8 + 14.97 mg/L when 7 uM rotenone was added to the cultures,
representing an increase of 2.6 times over that of the control. Thus, a direct disruption of the
mitochondrial electron transport chain by rotenone mimics the effects of the oxidative stress
generated by H,05 on the biosynthesis of antrodin C.

3.7 Conclusions

This study illustrates a rational approach that utilizes a metabolic stressor to provoke the
increased biosynthesis of an SM that the producer cells use to restore homeostasis. Thus,
H,0 is an oxidative stress inducer that effectively stimulates the biosynthesis of the A.
cinnamomea antioxidant antrodin C, a valuable SM with potential applications in
pharmaceutical drug discovery. Further research is still necessary to understand the effects of
oxidative stress on the biosynthesis of antrodin C and similar secondary metabolites in fungi.
In particular, although we could successfully use DPI supplementation to counteract the
positive effects of H,O, on the production of antrodin C and to block the increase in the
activity of antioxidant enzymes, there are some doubts about the specificity of DPI as an
inhibitor of intracellular ROS generation. Thus, Aldieri et a/5* suggested that DP1 should
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not be used as a specific NOX inhibitor. To allay such concerns, we plan to use and combine
multiple ROS inhibitors such as Atacetyl-L-cysteine and vitamin C55-56 in our follow-up
work, and we will also consider monitoring intracellular ROS levels by fluorescent
staining®’. We also are in the process of validating potential antrodin C biosynthetic genes
using qRT-PCR, gene knockout/knockdown and overexpression studies. Elucidation of the
chain of events that connects H,O»-induced oxidative damage, disturbance of mitochondrial
electron transport, increased ROS formation and the activation of antrodin C biosynthetic
genes will help to fine-tune fermentation process improvement strategies for the production
of antrodin C and other antioxidant metabolites.
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Fig 1. Effects of oxidative stress inducers on the biomass accumulation and the production of
antrodin C in A. cinnamomea.

Submerged fermentations were supplemented at 96 hr with the indicated concentrations of:
a, hydrogen peroxide (H,0,); b, menadione; c, diethyl phthalate. d, Time course of the
addition of 25 mM H,05 to A. cinnamomea fermentations. Data are the mean + SD
calculated from three independent experiments.
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production of antrodin C in A. cinnamomea.

DPI (1 mM, final concentration) was added at 95 hr, while H,O, (25 mM, final
concentration) was supplemented at 96 hr. Biomass concentrations (a) and antrodin C yields
(b) are shown as the mean + SD calculated from three independent experiments.

J Agric Food Chem. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hu et al. Page 17

s 130

2

A —a— Control +—H0, 120 B = Control + 10, c =—SON
= 0F 7 H,04DPI *DPL | — 10| —o—H0+DPI  —+—DPI = 70 —¢—CAT 4
z B - g
2 = z
£ . 2 100 |- . Z 60} - i
E 85 H £ 90 |- g a
& L] s = o
, BN e T I Y Esop - 1
St 8 = nl a <
z ./ il z = L 4
% 15 r e | * R z 60} * z 40 b - .
El - * ™ % sof * B ER) ' : .
@ - L o - 3
Ew} N E W0f \ £
& i * & —u &2l . 4
g y § wf = §20 . .
2 | = nl P e a2 ——
g * L S : L — S0t b4 4
- 10 0 - - . ®
0 L 1 1 It ' 1 1 1 1 0 F IR B, L TR T - 0 1 1 1 1 L 1
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10 30 60 90 120 150 180
Time (day) Time (day) Time (min)

Fig 3. Effect of HyO, and/or DPI on the intracellular SOD and CAT activities of A. cinnamomea.
DPI (1 mM, final concentration) was added at 95 hr, while H,O, (25 mM, final

concentration) was supplemented at 96 hr. SOD (a) and CAT (b) activities during the full
course of the A. cinnamomea fermentation, or both enzyme activities during the first 180
min following H,0, supplementation are shown as the mean specific activity £ SD
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fermentation.
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nitrogen source (each at 6 g/L, respectively); D, concentration of soybean hydrolysate; E,
initial pH; F, fermentation temperature. Biomass concentrations and antrodin C yields are
shown as the mean + SD calculated from three independent experiments.
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Fig. 5

Fig 5. Functional annotation of differentially expressed genes upon H,O2 supplementation

during A. cinnamomea fermentation.

B, Kyoto Encyclopedia of Genes and

Eukaryotic Orthologous Groups classifications.

DEGs were annotated with A, Gene Onthology;

;and C,

Genomes
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Fig 6. Effect of rotenone on the biomass accumulation and the production of antrodin C in
submerged fermentation of A. cinnamomea.

Biomass concentrations and antrodin C yields are shown as the mean + SD calculated from
three independent experiments.
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Table 1.
Effective concentrations of various antioxidants
Eree radicall Measure Antrodin C Vitamin C BHAZ Vitamin E Glutathione
ABTS TEac®  02920+00183  0.9834+0.0636 35688 +0.1690 0.9864+0.0453 13169 +0.0185
OH" Ecy, 0792500189  0.3729+00158 ND? 0.7973+0.0013  0.7002 + 0.0211
DPPH" ECso  0.0015+0.00004 0.0006 +0.00009 0.0034 +0.0001 0.0039 +0.0002  0.0002 + 0.00003

'ZABTS', 2,2’-azinobis-3-ethylbenzothiazoline-6-sulfonate radical; OH®, hydroxyl radical; DPPH®, 2,2-diphenyl-1-picrylhydrazyl radical

ZBHA, Butylated hydroxyanisole
3TEAC, Trolox-equivalent antioxidant capacity [mM]
4 .

ND, Not determined.

5EC50. 50% effective concentration [mg/mL]
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Table 2

Repression of genes involved in the electron transport chain

Gene ID

log,|FoldChange|

Function

TRINITY_DN317_c0_gl
TRINITY_DN10718_c0_g1
TRINITY_DN10718_c0_g3
TRINITY_DN22851_c0_g1
TRINITY_DN10352_c0_g1
TRINITY_DN9064_c0_g1

-4.38
-3.38
-4.43
-4.92
-12.96
-4.45

ATP synthase subunit 9

Cytochrome c and quinol oxidase polypeptide |

Cytochrome b

NADH dehydrogenase subunit 5

Oxidoreductase activity, acting on NAD(P)H, quinone or similar compound as acceptor

Mitochondrial ADP/ATP carrier proteins
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