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celllines of MCF-7, HT-29, HuH-7, and LNCap. Compounds 2 and 5 inhibited HT-29 cells
in a good dose-dependent manner. Mechanism investigation uncovered that they could
significantly induce cell cycle G2-M phase arresting by increasing the protein levels of
p-H3 and cyclin B1.

Keywords: deep-sea, fungi, sorbicillinoids, cell cycle, cytotoxicities

INTRODUCTION

Sorbicillinoids are hexaketide metabolites that possess complex and highly oxygenated frameworks.
Structurally, they can be divided into four groups: monomeric, dimeric, trimeric, and hybrid
sorbicillinoids (Harned and Volp, 2011; Meng et al., 2016). The unique structural features of
the sorbicillinoids make them attractive candidates for developing new pharmaceutical and
agrochemical agents (Abe et al, 2000, 2001; Fahad et al., 2013; Meng et al, 2019; Kahlert
et al., 2020). Up to now, around 100 sorbicillinoids have been reported from fungi, especially
marine Penicillium (Meng et al., 2016). During our ongoing search for structurally novel and
biologically interesting secondary metabolites from deep-sea-derived microorganisms (Yang
et al.,, 2013; Niu et al., 2017, 2020; Xie et al., 2019a), the rice static fermentation extract of
Penicillium allii-sativi MCCC 3A00580 exhibited potent in vitro antitumor activity. Previously,
three meroterpenoids were obtained and andrastones A showed significant inhibitory effect
against HepG2 tumor cells by activating caspase-3 and regulating the transcriptional activation
function of RXRa (Xie et al., 2019b). Further investigation on this strain led to the discovery
of two new and three known sorbicillinoid derivates (Figure 1). Structurally, compounds 1
and 2 are two novel hybrid dihydrosorbicillinoids. All isolates were tested for antiproliferative
bioactivities, compounds 2 and 5 could inhibit HT-29 tumor cells in a good dose-dependent
manner. Herein, we report the isolation, structures, and bioactivities of these compounds.

Frontiers in Microbiology | www.frontiersin.org 5

January 2021 | Volume 11 | Article 636948


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2020.636948﻿&domain=pdf&date_stamp=2021--21
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2020.636948
https://creativecommons.org/licenses/by/4.0/
mailto:haifeng@xmu.edu.cn
mailto:yangxianwen@tio.org.cn
mailto:xkzhang@xmu.edu.cn
https://doi.org/10.3389/fmicb.2020.636948
https://www.frontiersin.org/articles/10.3389/fmicb.2020.636948/full
https://www.frontiersin.org/articles/10.3389/fmicb.2020.636948/full
https://www.frontiersin.org/articles/10.3389/fmicb.2020.636948/full

Xie et al.

Sorbicilinoids From Penicillium allii-sativi

= Me HO
=H

FIGURE 1 | Compounds 1-5 from Penicillium allii-sativi MCCC 3A00580.

MATERIALS AND METHODS

General Experimental Procedures

The NMR spectra were recorded on a Bruker 400 MHz
spectrometer using TMS as an internal standard. The high
resolution electrospray ionization mass spectroscopy (HRESIMS)
spectra were measured on a Waters Xevo G2 Q-TOF (Waters)
mass spectrometer. Optical rotations were measured with an
Anton Paar MCP100 polarimeter. Electronic circular dichroism
(ECD) spectra were measured on a JASCO J-715
spectropolarimeter. TLC and column chromatography (CC) were
performed on plates precoated with silica gel GF254 (10-40 pm)
or over silica gel (200-300 mesh, Qingdao Marine Chemical
Factory). Chromatography was performed using Sephadex LH-20
(18-110 pm, Amersham Pharmacia Biotech AB), and
octadecylsilane (ODS) silica gel (50 pm, Daiso). The preparative
and semipreparative HPLC were performed on an Agilent
Technologies 1,260 infinity instrument equipped with the DAD
detector. Anti-f-actin (Cat. 4970S), anti-p-H3 (Cat. 3,377), and
anti-Cyclin B1 (Cat. 12231S) antibodies were all purchased from
Cell Signaling Technology (Boston, MA, United States).

Fermentation, Extraction, and Isolation

Penicillium allii-sativi was isolated from the western Pacific
Ocean (—4,302 m). The identification and fermentation of
the fungus were reported previously (Xie et al, 2019b). As
a result, a defatted extract (60.4 g) was obtained, which was
subjected to CC over silica gel with gradient CH,Cl,-MeOH
to get eight fractions (Fr.1-Fr.8). Fraction Fr.3 (5.5 g) was
further purified by CC on ODS using a gradient H,0-MeOH
to yield three subfractions (Fr.3.1-Fr.3.3). Compounds 1
(23.2 mg) and 2 (4.5 mg) were obtained from subfraction
Fr.3.2 (211.4 mg) by repeated CC over silica gel CC (PE-EtOAc,
3:1) and Sephadex LH-20 (MeOH). While compound 3 (4.4 mg)
was obtained from subfraction Fr.3.3 (150.6 mg) by CC over
silica gel (CH,Cl,-MeOH, 50:1) and Sephadex LH-20 (MeOH).
Fraction Fr.8 (15 g) was subjected subsequently to CC over
ODS (MeOH-H,0: 5%—100%) and silica gel (CH,Cl,-MeOH,
30:1) to get compounds 4 (20.3 mg) and 5 (16.5 mg).

Sorbicatechol C (1): yellow oil; [04]2[())—14.6 (c 0.50, MeOH), —7.2
(c 0.50, CHCL); UV (CH,OH) A, (log &) 257 (3.24), 288

TABLE 1 | "H and '*C NMR spectroscopic data for compounds 1 and 2 in

DMSO-ds.
No 1 2
bc 8y (J in H2) dc 64 (J in H2)
1 64.1C 64.2C
2 196.0C 196.0C
3 1125C 1125C
4 41.1CH 3.15t(2.8) 41.1CH 3.12t(2.6)
5 729C 729C
6 209.6 C 209.6 C
7 453CH 3.11dd(10.6,5.8) 45.4CH 3.05dd (10.6, 5.8)
8 (a) 31.3CH, 2.90ddd (13.2, 31.4CH, 2.88ddd(13.4,
10.6, 2.8) 10.6, 2.8)
(b) 1.70 ddd (13.2, 1.68 ddd (13.4,
5.8,2.8) 5.8,2.8)
9 178.7C 178.6 C
10 (a) 31.5CH, 2.67dt(14.0,7.5) 31.5CH, 2.65dt(14.0,7.0
(b) 2.48 dt (14.0, 6.7) 2.45 dt (14.0, 6.6)
11 28.9 CH, 2.32m 28.9 CH, 2.33m
12 129.6 CH 5.49 m (overlap) 129.6 CH 5.47 m (overlap)
13 125.9 CH 5.49 m (overlap) 125.9 CH 5.49 m (overlap)
14 17.7 CHg 1.56d (4.7) 17.7 CHg 1.57d 4.7)
15 134.3C 132.8C
16 111.6 CH 6.53d (1.5) 112.1 CH 6.49d (1.8)
17 148.3C 147.2C
18 147.8C 1455C
19 111.6 CH 6.83d (8.2 115.2 CH 6.63d (8.1)
20 120.2 CH 6.51dd 8.2, 1.5) 120.6 CH 6.37 dd (8.1, 1.8)
21 10.7 CHg 0.71s 10.7 CHg 0.70s
22 23.6 CH; 1.13s 23.6 CH; 1.14s
17-OMe 55.1 CH, 3.64s 55.3 CH, 3.65s
18-OMe 55.4 CH; 3.70s
5-OH 598s 596 s
9-OH 14.68 br s 14.69 brs
18-OH 8.92s

(3.61) nm; ECD (MeOH) A, (Ag) 201 (—4.63), 231 (+0.68),
297 (=3.29), 337 (+1.77) nm; 'H and “C NMR data, see
Table 1; HRESIMS m/z 437.1951 [M+Na]* (calcd for C,,H;,04Na,
437.1940), 413.1958 [M—H] (calcd for C,;H,,O¢ 413.1964).
Sorbicatechol D (2): yellow oil; [¢]20 D —19.1 (c 0.35, MeOH);
UV (Me) A, (log €) 268 (2.42), 286 (2.50) nm; ECD (MeOH)
Amax (A€) 230 (—0.87), 231 (+2.24), 296 (—12.30), 335 (+11.58)
nm; '"H and *C NMR data, see Table 1; HRESIMS m/z 399.1790
[M—H]~ (calcd for Cy3H,,04 399.1808).

ECD Calculation

As reported previously (Niu et al., 2020), conformational analyses
were carried out via random searching in the Sybyl-X 2.0
using the MMFF94S force field with an energy cutoff of 2.0 kcal/
mol. Subsequently, the lowest energy conformer was re-optimized
using DFT at b3lyp/6-31+g(d,p) level in MeOH by the GAUSSIAN
09 program. The energies, oscillator strengths, and rotational
strengths (velocity) of the first 30 electronic excitations were
calculated using the TDDFT methodology at the cam-b3lyp/
TZVP level using the polarizable continuum model in MeOH.
The ECD spectrum were simulated by the overlapping Gaussian
function (half the bandwidth at 1/e peak height, ¢ = 0.35,
UV correction = 23 nm).
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Antiproliferative Bioassay

Briefly, four cancer cell lines of breast cancer cells (MCF-7),
colon cancer cells (HT-29), hepatoma cells (HuH-7), and prostate
cancer cells (LNCap) were treated with different concentrations
of compounds 1-5 for 48 h. The cell viability was evaluated
using MTT assay.

Cell Cycle Experiment

HT-29 cells were treated with tested compounds. After 48 h,
they were collected by trypsin and dehydrated with 70% EtOH
overnight at 4°C. After alcohol was removed, cells were washed
twice using PBS and were labeled by DAPI (1:10000 dilution
in PBS, D8417 from Sigma-Aldrich, Saint Louis, MO,
United States) for 10 min. Finally, fluorescence was measured
by flow cytometry using PB450-A (CytoFLEX, Beckman Coulter,
Kraemer Boulevard Brea, CA, United States).

Western Blotting

Cell lysates were boiled in sodium dodecyl sulfate (SDS) sample
loading buffer, resolved by 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellulose.
The membranes were blocked in 5% milk in Tris-buffered
saline and Tween 20 [TBST; 10 mM Tris-HCI (pH 8.0), 150 mM
NaCl, and 0.05% Tween 20] for 1 h at room temperature.
After washing twice with TBST, the membranes were incubated
with appropriate primary antibodies in TBST for 1 h and
then washed twice, probed with horseradish peroxide-linked
anti-immunoglobulin (1:5000 dilution) for 1 h at room
temperature. After three washes with TBST, immunoreactive
products were visualized using enhanced chemiluminescence
reagents and autoradiography.

RESULTS AND DISCUSSION

Compound 1 was isolated as a yellow oil. The sodiated molecular
ion peak at m/z 495.1951 [M + Na]* in the HRESIMS indicated
its molecular formula as C,H;Os requiring 10 degrees of
unsaturation. The '"H NMR spectrum showed two methyl singlets
[04 0.71 (3H, s, Me-21), 1.13 (3H, s, Me-22)], one methyl doublet
[0y 1.56 (3H, d, ] = 4.7 Hz, Me-14)], three typical ABX aromatic
protons [0y 6.51 (1H, dd, ] = 8.2, 1.5 Hz, H-20), 6.53 (1H, d,
J = 1.5 Hz, H-16), 6.83 (1H, d, ] = 8.2 Hz, H-19)], and two
methoxyls [8y 3.64 (3H, s, 17-OMe), 3.70 (3H, s, 18-OMe)].
The PC NMR spectrum indicated 24 carbon resonances including
three methyls (8¢ 10.7, 17.7, and 23.6), three methylenes, seven
methines (two olefinic and three aromatic), nine quaternary
carbons (two ketones at d:; 196.0 and 209.6, two olefinic at d¢
112.5 and 178.7, and three aromatic at §- 134.3, 147.8, and
148.3), and two methoxyls. Since the ABX aromatic moiety,
two ketones, and the other four olefinic carbons accounted for
eight unsaturations, compound 1 was deduced to be a bicyclic
molecule. In the 'H-'"H COSY spectrum, two segments could
easily be deduced on the basis of correlations of H,-8 to H-4/H-7
and Me-14 via H-12/H-13 to H,-11/Hab-10 (Figure 2). These
two segments along with the ABX aromatic moiety could

FIGURE 2 | The Key COSY (===), HMBC (4 ), and NOESY (” ) A))
correlations of compound 1.

be connected by the HMBC correlations of Me-21 to C-1 (8¢
64.1 5)/C-2 (8c 196.0 8)/C-6 (8¢ 209.6 s)/C-7 (8¢ 45.3 d), Me-22
to C-4 (8¢ 41.1 d)/C-5 (8. 72.9 §)/C-6, H-4 (8, 3.15, t, ] = 2.8 Hz)
to C-2/C-3 (8 112.5 §)/C-9 (8 178.7 s), H-7 (8 3.11, dd,
J = 10.6, 5.8 Hz) to C-15 (8¢ 134.3 s)/C-16 (8. 111.6 d)/C-20
(6c 120.2 d), Hab-10 (8y 2.67, dt, J = 14.0, 7.5 Hz; 2.48, dt,
J = 14.0, 6.7 Hz) to C-3/C-9, 17-OMe to C-17 (6c 148.3 s),
and 18-OMe to C-18 (§c 147.8 s). Accordingly, the planar
structure of compound 1 was established as a sorbicillinoid
derivate, structurally related to sorbicatechol A. In the NOESY
spectrum, 5-OH (8y 5.98 s) was correlated to H-7 (dy 3.11,
dd, J = 10.6, 5.8 Hz)/Ha-8 (& 2.90, ddd, ] = 13.2, 10.6, 2.8 Hz),
while Hb-8 (6, 1.70, ddd, J = 13.2, 5.8, 2.8 Hz) was correlated
to H-16/H-20. This suggested co-plane of H-7 and 5-OH.
Furthermore, correlations of Hab-10 (8 2.67, dt, ] = 14.0, 7.5 Hz,
Ha-10; 2.48, dt, J = 14.0, 6.7 Hz, Hb-10) to H-4/H-12(H-13)
deduced the Z-orientation of the olefinic bonds of C-3/C-9.
Since the chemical shifts of H-12 and H-13 were overlapped,
it was impossible to assign the configuration by their coupling
constants. However, the NOESY correlations of Me-14 to H-12(H-
13) but not H,-11 could suggest the E-orientation of C-12/C-13.
On the basis of the above evidences, the relative configuration
of compound 1 was, therefore, determined undoubtedly.

To further assign its absolute stereochemistry, the theoretical
calculation of the electronic circular dichroism (ECD) was
conducted. As shown in Figure 3, the experimental ECD
spectrum of compound 1 showed the same Cotton effects as
those of 1R,4S,55,7R-1 (1a). Therefore, the absolute
stereochemistry of compound 1 was assigned as
10,11-dihydrosorbicatechol A, and named sorbicatechol C.

Compound 2 was also isolated as a yellow oil. The molecular
formula was assigned as C,;HyO4 on the basis of the HRESIMS
at m/z 399.1790 [M—H]~ (calcd for C,;H,,O, 399.1808). The
'"H and “C NMR spectroscopic data (Table 1) indicated 23
carbon resonances including two methyl singlets, one methyl
doublet, three methylenes, seven methines (two olefinic and
three aromatic), nine quaternary carbons (two ketones at ¢
196.0 and 209.6, two olefinics at §c 112.5 and 178.6, and three
aromatics at dc 132.8, 145.5, and 147.2), and one methoxyl.
These signals were very similar to those of compound 1, except
that the methoxyl group at the C-18 position in compound
1 was changed to a hydroxy moiety in compound 2. This was
evidenced by an additional hydroxy unit and the absence of
a methoxyl group in compound 2. Further confirmation could
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FIGURE 3 | Experimental and calculated electronic circular dichroism (ECD) spectra of compound 1 in MeOH.
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FIGURE 4 | Antiproliferative effects of compounds 1-5 against four cancer cells. Cells were treated with five compounds in a dose-course (12.5, 25, and 50 uM)
for 48 h, which were analyzed by MTT assays to compare the cell proliferation levels. All the bar graphs represent mean + SEM of three independent experiments.
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be found by the HMBC correlations of the hydroxy at &y 8.92
s to C-19 (8¢ 115.2 d). By detailed analysis of its heteronuclear
single quantum correlations (HSQC), correlation spectroscopy
(COSY), heteronuclear multiple-bond correlation (HMBC),
and nuclear overhauser effect (NOESY) spectroscopic data

(Supplementary Table S1 of the Supporting Information), the
structure and relative configuration of the compound 2 were
determined. The absolute configuration of compound 2 was
assigned to be identical to that of compound 1 based on their
similar specific rotations and ECD data. Compound 2 was
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FIGURE 5 | Effects of compounds 2 and 5 on cell cycle by flow cytometry. HT-29 cells were treated with compound 2 (50 pM, 48 h) or 5 (30 pM, 48 h), which were
stained with DAPI for the following cell cycle FCM assay. The blue part indicated the cells in GO-G1 phase, the green part showed the G2-M phase cells, and the
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FIGURE 6 | Effects of compounds 2 and 5 on the expression of M phase
marker proteins. HT29 cells were treated with (A) compound 2 (5, 10, 30,
and 50 pM) or (B) compound 5 (2.5, 5, 10, and 30 uM) for 48 h. The p-H3
and Cyclin B1 protein levels were analyzed by Western blot (WB).

then established as 18-O-demethyl derivate of sorbiallisatol A,
and named sorbicatechol D.

Hybrid sorbicillinoids are derived from either a Diels-Alder
or a Michael reaction of a monomeric sorbicillinoid diene and
a second non-sorbicillinoid dienophile (Meng et al, 2016).
Noteworthily, compounds 1 and 2 are two novel hybrid
sorbicillinoids derived from dihydrosorbicillinols which were very
rarely in nature. Their biogenetic origin might be involved ferulic
acid and 2',3'-dihydrosorbicillinol via an intermolecular Diels-
Alder condensation followed by a decarboxylation (Peng et al., 2014).

By comparison of NMR spectroscopic data with those
published in the literatures, three known compounds were
determined to be sohirnone A (3), 2',3'-dihydrosorbicillin (4;
Maskey et al., 2005), and sorbicillin (5; Trifonov et al., 1983).

All five isolates were subjected to the preliminary screening
tests for antiproliferative activity against MCF-7, HT-29, HuH-7,
and LNCap tumor cells. Compounds 2 and 5 could inhibit the
proliferation of HT-29 cells in a dose-dependent manner (Figure 4).

Interestingly, after treatment by compounds 2 and 5, many
HT-29 cells became more rounded and less adherent under
the microscope, which suggested cell cycle was disrupted and
resulted in M-phase arresting. Therefore, further investigation
of the cell cycle was conducted by flow cytometry. As expected,
they significantly blocked 40.96 and 41.69% tumor cells in
G2-M phase, respectively (Figure 5). Therefore, compounds 2
and 5 could blocked HT-29 cells in G2-M phase.

Phosphorylation of histone H3 (p-H3) is one of the methods
of histone modification. It occurs at specific periods and
chromosomal sites during mitosis and meiosis. Cyclin B1 also
plays an important role in cell cycle regulation. The overexpression
of cyclinBl can promote G2/M phase conversion and even
lead to uncontrolled cell proliferation and malignant
transformation (Hartwell and Kastan, 1994; Hwang et al., 1995).
Therefore, the expression of M phase markers p-H3 and cyclin
Bl was further detected. As shown in Figure 6, they could
significantly increase the protein levels of p-H3 and cyclin
Bl in a dose-dependent effect, confirming compounds 2 and
5 indeed induced M phase arresting. The effective concentrations
of compounds 2 and 5 were 30 and 5 puM, respectively.

CONCLUSION

From the deep-sea-derived Penicillium allii-sativi MCCC
3A00580, five sorbicillinoids (1-5) were obtained. Compounds
1 and 2 are two novel hybrid dihyrosorbicillinoids. While
compounds 3-5 are three known monomeric sorbicillinoids.
Although several examples were found for monomeric, dimeric,
and trimeric sorbicillinoids in which C-2'/C-3" double bonds
were reduced, compounds 1 and 2 are the first two examples
for hybrid sorbicillinoids. Therefore, the discovery of compounds
1 and 2 has expanded the diversity and complexity of
sorbicillinoids. Compounds 2 and 5 could inhibit HT-29 tumor
cells in a good dose-dependent manner. They significantly
induced cell cycle G2-M phase arresting by increasing the
protein levels of p-H3 and cyclin Bl.
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In Saccharomyces cerevisiae, conventional 2u-plasmid based plasmid (pC2u, such
as pRS425) have been widely adopted in pathway engineering for multi-copy
overexpression of key genes. However, the loss of partition and copy number control
elements of yeast endogenous 2 plasmid (pE2) brings the issues concerning plasmid
stability and copy number of pC2y., especially in long-term fermentation. In this study,
we developed a method based on CRISPR/Cas9 to edit pE2w and built the pE2u
multi-copy system by insertion of the target DNA element and elimination of the original
pE2w plasmid. The resulting plasmid pE2puRAF1 and pE2uREP2 demonstrated higher
copy number and slower loss rate than a pC2u control plasmid pRS425RK, when
carrying the same target gene. Then, moving the essential gene TP/7 (encoding triose
phosphate isomerase) from chromosome to pE2uRAF1 could increase the plasmid
viability to nearly 100% and further increase the plasmid copy number by 73.95%.
The expression using pE2w multi-copy system demonstrated much smaller cell-to-cell
variation comparing with pC2u multi-copy system. With auxotrophic complementation
of TPI1, the resulting plasmid pE2RT could undergo cultivation of 90 generations
under non-selective conditions without loss. Applying pE2p multi-copy system for
dihydroartemisinic acid (DHAA) biosynthesis, the production of DHAA was increased
to 620.9 mg/L at shake-flask level in non-selective rich medium. This titer was 4.73-fold
of the strain constructed based on pC2w due to the more stable pE2w plasmid system
and with higher plasmid copy number. This study provides an improved expression
system in yeast, and set a promising platform to construct biosynthesis pathway for
valuable products.

Keywords: 2). plasmid, CRISPR, plasmid copy number, dihydroartemisinic acid, Saccharomyces cerevisiae

INTRODUCTION

For the high transformation efficiency and easy manipulation, plasmids have been developed as
important tools and were widely applied in many kinds of organisms (Mignon et al., 2015; Lian
et al., 2016). The multi-copy plasmids are always used to overexpress genes of interest (Kang
et al., 2018). In Saccharomyces cerevisiae, conventional 2j1-based plasmid (pC2L) such as pYES2,
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pRS426, and pESC were widely used multi-copy plasmids for is inevitable and it is not economic for fermentation of
production of recombinant proteins as well as construction of industrial scale.

metabolic pathway. For example, overexpression of Syn_ALD Plasmid pC2p was derived from the yeast endogenous 21
(aldehyde dehydrogenase of Synechocystis sp. PCC6803) and  plasmid (pE2j) which presents in most wild-type and laboratory
CCD2 (carotenoid cleavage dioxygenase of Crocus) by pRS426  S. cerevisiae strain (Gniigge and Rudolf, 2017). The pE2p is
increased crocetin production by about 1-fold (Chai et al., a selfish episomal circular DNA element in S. cerevisiae (Rizvi
2017). However, like all kinds of multi-copy plasmids, the etal., 2017a). It contains a special replication origin (2 ori), two
plasmid viability in cells always depends on the selectivity —FRT sites (FLPI recognized target site), and sequences encoding
pressure generated by the medium (with antibiotics or auxotroph  four known genes: REP1, REP2, RAF1, and FLPI (Gniigge and
medium) (Karim et al., 2013; Lian et al., 2016). In condition Rudolf, 2017; McQuaid et al., 2017; Rizvi et al., 2017a; see
without selective pressure, pC2p hardly keeps its high copy Supplementary Figure 1). FLP1 and both FRT sites are essential
number and are difficult to be maintained in the host for the amplification of pE2L. This amplification system is based
cell (Figure 1A). The loss frequency could reach to about on the FLPI-mediated recombination and follows the special
5% per generation (Gniigge and Rudolf, 2017), and nearly Futcher’s model (Futcher, 1986; Rizvi et al., 2017a), thus each
50-60% of the cells lose their plasmid after about 24 h plasmid could reproduce more than one copy in one cell cycle
cultivation in non-selective medium (Christianson et al, to restore the steady-state for plasmid copy number (PCN)
1992). For strain harboring pC2p with auxotroph marker, under missegregation and consequent perturbations (Rizvi et al.,
the rich medium such as YPD is not suitable for long-term  2017a). Whereas, pC2. plasmid contains only one FRT site. So
fermentation because of the loss of the plasmid, although that pC2u cannot be amplified as Futcher’s model itself, and the
the strain grows faster in these kinds of media; And for amplification of pC2pu is not efficient as pE2u. Therefore, the
that with antibiotic marker, the addition of expensive drugs PCN of pC2p cannot compete with native pE2u, even though
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FIGURE 1 | Design and construction of pE2j. multi-copy system. (A) The comparation of the copy number of the inserted target gene using pC2p (conventional
2p-based plasmid) derivate plasmid and pE2p (endogenous 2 plasmid) derivate plasmid. (B) The process of pC2y. multi-copy system and pE2u multi-copy
system. The 2 ori (original of replication of wild type endogenous plasmid) is shown in blue, other parts of endogenous plasmid are shown in purple, the Target gene
of interest is shown in red. The scissors represent the CRISPR/Cas9 tool to edit the plasmid. (C) The construction and optimization of the pE2j. derivate plasmid.
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weaken the expression of the selective marker by truncated
or weaker promoter could increase the average plasmid copy
number of pC2j by eliminating the cells with less plasmid
(Karim et al., 2013).

REP] and REP2 are essential for the partition system of
pE2. REPI and REP2 form the REPI-REP2 complex which
binds to the cis-acting locus (STB locus) (see Supplementary
Figure 1) located within the 2 ori to ensure equal segregation
of plasmids from mother to daughter cells (Gniigge and Rudolf,
2017; Rizvi et al., 2017a); RAFI is responsible for the regulation
of partition and amplification system to keep the plasmid
copy number of pE2jL and minimize the cell-to-cell variations
(McQuaid et al., 2017; Rizvi et al., 2017b). Based on the tightly
controlled partition system and amplification system described
above, pE2p could be segregated equally and the copy number
could be restored in some missegregation events, leading to
very low loss frequency (<0.01%) (Gniigge and Rudolf, 2017).
The pC2p only contains 2 ori and does not contain REPI
and REP2, so the maintenance of pC2p has to depend on
pE2p (Figure 1B). Rising from segregation instability, the loss
frequency of pC2 is about 50% per generation in strains without
pE2p (Gniigge and Rudolf, 2017). Therefore, to achieve stable
and high-level expression of the targeted genes, we intended
to employ pE2p rather than pC2p as an expression vector.
Yukie Misumi once constructed the plasmid YHp (Misumi
et al, 2019) based on the structure of pE2p and applied
in the S. cerevisiae strain without endogenous 2p plasmid.
However, because of the similar structure, YHp is not compatible
with wild type pE2p and was not suitable for application in
commonly used laboratory S. cerevisiae strain which harboring
wild type pE2jL.

In our work, we developed a novel multi-copy plasmid
system which based on editing pE2pu by CRISPR/Cas9 genome
engineering tools (Figures 1B,C). The laboratory strain
CEN.PK2-1C was chosen as the host. It contains the natural
wild type pE2p plasmid. By using this pE2p multi-copy plasmid
system, the target gene could be overexpressed more stable and
at higher level than using the commonly used pC2p. multi-copy
plasmid system (Figure 1A). Although the edited pE2p was
still lost during long-term cultivation in non-selective medium,
the plasmid viability was much higher than that of pC2pu.
To further reduce the loss frequency of pE2u, auxotrophy
complementation strategy was applied by introducing the
essential gene TPII (encoding triose phosphate isomerase) into
PE2p by CRISPR/Cas9 system as well as knocking out the TPII
in the chromosome (Figure 1C). As a result, pE2p plasmid
(pE2LRT) could be maintained in cells for long-term cultivation.
And its PCN was also increased. Although p425RT (pC2p
derived plasmid carrying TPII) in strain without chromosome
TPI1 could also be maintained in cell after long-term cultivation
in YPD, the average level and stability of p425RT could not
compared with that of pE2uRT. At last, we applied the method
for optimization of the metabolic pathway of dihydroartemisinic
acid (DHAA) production in non-selective medium. The
production was successfully increased to 620.9 mg/L which was
4.73-fold higher than the strain using pC2|L to overexpress the
gene of the same biosynthetic pathway.

MATERIALS AND METHODS

Strains and Medium

Escherichia coli DH5a was used for construction of all the
plasmids and was cultured at 37°C in Luria-Bertani (LB)
medium (1% tryptone, 0.5% yeast extract, and 1% NaCl)
with 100 pg/ml ampicillin or 34 pg/ml chloramphenicol if
necessary. All engineered yeast strains were derived from
S. cerevisiae CEN.PK2-1C (Entian and Ktter, 2007) obtained
from EUROSCAREF (Frankfurt, Germany). The yeast strains were
cultured at 30°C in YPD medium (2% peptone, 1% yeast extract,
and 2% glucose) or in synthetic complete (SC) drop-out medium.
G418 was added to medium in final concentration of 200 pg/ml if
necessary. The strains for DHAA production was derivative from
Sc027 (Zeng et al., 2020). AllL S. cerevisiae strains used in this study
were listed in Table 1.

Construction of pE2;. Derivate Plasmid

All the plasmids constructed in this study were listed in
Table 2. The primer used in this study were listed in
Supplementary Table 1.

Three CRISPR/Cas9 plasmid pCasRAF1, pCasREP2, and
pCasE2 were constructed based on pRS416 (Supplementary
Figure 2). Took the construction of pCasRAF1 for example:
Psnrs2(RAF1) was amplified from pNA0304 by PCR using
primer 18Q3-pSNR52-F and 18QOb-pSNR52-R; Cassette
gRNA.2W.RAFI-Tsyps-Tcyc: was amplified from pNA0304

TABLE 1 | Yeast strains used in this study.

Yeast Strains Description Source
CEN.PK2-1C  MAT a; ura3-52, trp1-289, leu2-3,112, his3A1, Invitrogen

MAL2-8C, SUC2
Sc382 CEN.PK2-1C derivative; A2\ pE2WRAFT This study
Sc534 CEN.PK2-1C derivative; pRS425RK This study
Sc438 CEN.PK2-1C derivative;, A2u.::pE2WREP2 This study
Sch91 Sc382 derivative; AE2nRAF1::pE2uRT This study
Scb594 Sc591 derivative, ATPI1(chromosome)::leu2 This study
Sc530 CEN.PK2-1C derivative; p425RT;

ATPI1(chromosome)::his3
Sc027 CEN.PK2-1C derivative, Zeng et al., 2020

leu2-3,1 12:.'KanMX67PGAL7—CYBS?TERC“g(RC)-

ERG19(RC)-Pcar1(RC)_PaaL10-ERG8-Teras;

his3A 7.'.'H/837/DGAL7 -ALDH1 'TTDH1 7TERG1 2 (F?C)—

ERG12(RC)-Paa1(RC)_PaaL10-ERG10-Tera10;

adel A-'-'THMGW (RC)-THMG 1 (F"C)-

PaaLt (RC)_PaaLio-IDI1-Tipin _ADET;

uraS—52.':THMG1 (RC)-U‘/MG7(RC)-

PaaLt (RC)_PaaL10-ERG13-Tergia;

trp1-289:: Thma1 (F\’C)-fHMG 1 (F\’C)-

PaaLt (RC)_PaaL10-ERG20-Tera2o_TRPT;

gal 7/7O/7A::natA_PGA|_3—CPR7 -Tevets
Sc341 Sc027 derivative; Agal80::Pcyct-GAL4- This study

TaALa_PaaL7-ADHT-Trpw1;

AKanMX6::Prp1-HEM1-Themt _PPGK1 -CTT1-

Torr1_hphA
Sc366 Sc341 derivative; p425DCA This study
Sc343 Sc341 derivative; A2y.::pE2uDCA This study
Scb82 Sc343 derivative; APE2uDCA::pE2WDCAT This study
Sch84 Sch82 derivative; ATPI1::leu2 This study
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TABLE 2 | Plasmids used in this study.

Plasmid Description Source
pPNA0306 pPRS415_Preri-Cas9-Toyct Xie et al., 2018
pPNA0304 PRS426-Psnrs2-gRNA-Tsupa Xie et al., 2018
pCasRAF1 PRS416_Prer1-Cas9-Toyc1 _Psnrs2-gRNA. 2. RAF1-Tsupa-Tovet This study
pCasREP2 pPRS416_Prer1-Cas9-Toyeq 7PSNR52-QRNA.2|L.REPZ-TSUP4-Tcyc1 This study
pCasE2u pPRS416_Prer1-Cas9-Toyeq 7PSNR52-QRNA.E2[L-TSUP4-TCYC1 This study
pDonorRAF1 pSB1C3_Prp3z-RFP-Tapn1 _KanMX6(RC)_Tpai1 (RC)_homoRAF1(RC)_Trar1 (RC) This study
pDonorREP2 pSB1C3_Prpz-RFP-TapH1 _KanMX6(RC)_Tcps1 (RC)_homoREP2(RC)_Treps This study
(RC)
pE2RAF1 pSB1C3_Prph3z-RFP-Tapn1 _KanMX6(RC)_Tpa1 (RC)-RAF1(RC)- This study
Prar1(RC)_rep1_FRT(RC)_fip1(RC)_rep2_2
ori
pE2LREP2 pSB1C3_PrpH3-RFP-TapH1_KanMX6(RC)_Tpg1 (RC)-RAF1(RC)- This study
Prar1(RC)_rep1_FRT(RC)_fip1(RC)_rep2_2
ori
pRS425RK PRS425_ Prpsz-RFP-Tapn1 (RC)_KanMX6(RC) This study
pE2WRT pSB1C3_Prpi1(RC)-TPI1(RC)-Trpi1 (RC)_Prpns-RFP- This study
TapH1_G418R(RC)_Tpgi1 (RC)-RAF1(RC)-
Prar1(RC)_rep1_FRT(RC)_flo(RC)_rep2_2
ori
p425RT pRS4257 P‘rpm (RC)-TP”(RC)-TTPH (RC)?PTDHg-RFP-TADm This study
p425DCA [JRS425_7—Cyc1 (RC)-DBR2(RC)-PGAL1o(RC)-_PGAU -ADS- Tpgm _PGAL7' This study
CYP71AVT*TapH1
pDonorDCA pSB1C3_ Toye1(RC)-DBR2(RC)-PaaL10(RC)-_PaaL1-ADS-Tpeki _PaaL7- This study
CYP71AV1*Tapn1_KanMX6(RC)_Tpai1 (RC)_homoRAF1(RC)_Pmel_Trar1
(RC)
pEQMDCA DSB7CS_ Tcyc1 (HC)-DBHQ(F\’C)-PGAUO(RC)—_PGAU -ADS-TPGM _PGAL7' This study
CYP71AVT*-TapH1_KanMX6(RC)_Tpgi1 (RC)_
RAF1(RC)-Prar1(RC)_rep1_FRT(RC)_fin1(RC)_rep2_2y. ori
pE2WDCAT pSB1C3_ Prpi1 (RC)-TPI1(RC)-Trpi1 (RC)_Tcyc1 (RC)-DBR2(RC)-PaaL10(RC)- This study
_PaaL1-ADS-Tpgk1 _PeaL7-CYP71AVT*Taph1 _KanMX6(RC)_Tpei1 (RC)_
RAF1(RC)-Prar1(RC)_rep1_FRT(RC)_fin1(RC)_rep2_2y. ori
StALG2 pPRS425_ALGY(partial)_ Prpns-RFP-TapH1_KanMX6(RC) This study
pSB1C3 Backbone for plasmid construction, CmR Zeng et al., 2020
pRS416 Backbone for plasmid construction. Amp, Ura3 GenBank: U03450.1

The DNA fragment followed by “(RC)” represented the orientation of the DNA fragment was reversed.
CYP71AV1*: all CYP71AV1 used in this study was optimized by replacing the N-terminal membrane anchoring sequence (15-residue peptide) with the more hydrophilic

8-residue peptide from bovine (8RP) (Chen et al., 2017).

by PCR using primer 18QOb-gRNA-F and 18Q3-cyclt-R;
Two DNA fragment were assembled together to constructed
cassette  Psnps2-gRNA.2W.RAFI1-Tsyps-Tcyc: by OE-PCR
(overlap extension PCR) using primer 18Q3-cyclt-R and 18Q3-
PSNR52-F. Cassette Prgpi-cas9-Tcycy was amplified by PCR
from pNA0306 using primer 18Q3-cas9-F and 18Q3-cas9-R.
Cassette  PsNprsa-gRNA.2W.RAF1-Tsyps-Tcyc:  was  digested
by Sphl and Notl; Cassette Prppi-Cas9-Tcyc: was digested
by Kpnl and Sphl; pRS416 was digested by Kpnl and Notl.
Three digested DNA fragments were ligated together by T4
ligase to construct pCasRAF1. pCasREP2 and pCasE2jL were
constructed in similar way.

Plasmids pDonorRAF1, pDonorREP2, pDonorDCA were
donor plasmid. Took the construction of pDonorRAF1 for
example: Tgpri, homoRAF1, Trap1 were amplified by PCR
from the genome of CEN.PK2-1C using primers 18Q2a-pgilt-
R/18Q2a-pgilt-F,  18Q2a-homodown-F/18Q2a-homodown-R,
18Q2a-homoup-F/18Q2a-homoup-R. The DNA fragment were
assembled to construct Tpgp_homoRAFI_Pmel_Trarp1 by
OE-PCR and amplified using primer 18Q2a-pgilt-F/18Q2a-
homoup-R. Cassette Prpp3-RFP-Tapy; was amplified by

PCR using primer 18Q4-pTDH3-F/ 18Q4-adhlt-R. Cassette
KanMX6 was amplified by PCR using primer 18Q4a-kanMX6-
F/18Q4a-kanMX6-R. Cassette Tpgri_homoRAFI_Pmel_Trap
was digested by PstI and Xbal; Prpg3-RFP-Tapn; was digested
by EcoRI and Xhol; KanMX6 was digested by Xhol and Xbal;
plasmid pSB1C3 was digested by PstI and EcoRI. All 4 digested
fragment were ligated together by T4 ligase to construct
pDonorRAFI. Donor plasmid pDonorREP2 and pDonorDCA
was constructed in similar way.

For construction of the S. cerevisiae strain Sc382, donor
plasmid pDonorRAF1 was linearized by Pmel and was co-
transformed to CEN.PK2-1C with CRISPR/Cas9 plasmid
pCasRAF1 to insert the whole donor DNA into endogenous 2
plasmid. The SC-Ura plate with 200 mg/L G418 was used for
selection of the correct transformants. After keeping the plate
at 30°C for about 72 h, all the transformants were visible. The
single colonies were picked up and transferred to SC-Ura plate
with 200 mg/L G418 and incubated at 30°C for 24 h. Then, the
colonies were identified by colony PCR. For strain Sc382, the
primer pairs 2pori-test-F/BioBrick-R and 18Q-test-5/18Q-test-
15 were used for verification of the insertion of the donor DNA.
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The primer pair 2jLori-test-F/18Q-test-5 was used for verification
of the elimination of all wild type endogenous 2. plasmid. The
result was used for characterization of the efficiency of the
method of editing endogenous 2 plasmid by CRISPR/Cas9
system. After verification, the correct colonies were steaked on
5-FOA (5-Fluoroorotic acid) plate with 200 mg/L G418 to lose
the pCasRAF1 plasmid.

The process of construction of strain Sc438 and Sc343 were
similar to that of strain Sc382. Donor plasmid pDonorREP2
and pCasREP2 were used for co-transformation into CEN.PK2-
1C to construct strain Sc438 (harboring plasmid pE2uREP2);
Donor plasmid pDonorDCA and pCasRAF1 were used for
co-transformation into CEN.PK2-1C to construct strain Sc343
(harboring plasmid pE2uDCA).

To introduce TPII to pE2u, DNA fragment tpil-1 was
amplified from genome of CEN.PK2-1C by PCR using primer
20QRcT-R4/20QRcT-F4, tpil-2 was amplified from tpil-1 by
PCR using primer 20QRcT-R5/20QRcT-F5, tpil-3 was amplified
from tpil-2 by PCR using primer 20QRcT-R6/20QRcT-F6.
The DNA fragment tpil-3 was co-transformed to strain Sc382
(containing pE2RAF1) and Sc343 (containing pE2DCA) with
CRISRP/Cas9 plasmid pCasE2p to insert TPII into pE2uRAF1
or pE2uDCA to construct strain Sc591 and Sc582.

To delete the TPI1 of chromosome, leu2-1 was amplified
from pRS425 by PCR using primer dTPI1-leu2-F1/dTPI1-leu2-
R1; Then, leu2-2 was amplified from leu2-1 by PCR using
primer dTPI1-leu2-F2/dTPI1-leu2-R2; and leu2-3 was amplified
from leu2-2 by PCR using primer dTPI1-leu2-F3/dTPI1-leu2-
R3. DNA fragment leu2-3 was introduced to Sc591 and Sc582
for deletion of TPIl to construct strain Sc594 and Sc584.
For construction of strain Sc530, p425RT was introduced into
CEN.PK2-1C and then chromosome TPII was deleted by his3.

Plasmid Stability Assay

To characterize the property of plasmid pE2p and pC2pu,
strain Sc382, Sc438, Sc534, Sc530, and Sc594 were tested in
non-selective YPD medium. The single colony from selective
YPD+G418 medium plate was inoculated to 3 ml YPD+G418
medium (for Sc530, the medium was SC-Leu). The saturated
culture was re-inoculated to 3 ml YPD+G418 medium (for
Sc530, the medium was SC-Leu) at an optical density (ODggo)
0.05 and grown for 10 h at 30°C. The culture was at 0 generation
and was prepared for characterization. Then the culture was re-
inoculated to non-selective YPD medium at ODgpy = 0.05 and
grown for 10 h at 30°C again to obtain the culture at 5 generation.
Then serial sub-cultures were conducted every 5 generation until
the 30th generation. The cultures at 5, 10, 20, and 30 generation
were prepared for characterization.

For measurement of the fluorescence of RFP (Red fluorescence
protein), plate reader (SpectraMAX M2, Molecular Devices)
was used with a 587 nm excitation filter and a 610 nm
emission filter. The fluorescence of RFP at single cell level was
measured by flow cytometer (NovoCyte D2040R). The culture
of each generation was diluted and plated on YPD medium and
YPD+G418 medium (for Sc530, the selective medium was SC-
Leu) to calculate the viability of the plasmid by counting the
colony number of each plate.

Determination of Plasmid Copy Number
(PCN)

The plasmid copy number (PCN) was measured by quantitative
PCR using the total DNA extracted from the strain. The process
of total DNA extraction: the cells was harvest at mid-log phase,
and were treated with lysis buffer (20 mM phosphate buffer at
pH =7.2, 1.2 M sorbitol, 15 U zymolyase) at 37°C for 20 min; The
total DNA was extracted by boiling the sample for 15 min, —80°C
for 15 min and then boiling again for 15 min (Lian et al., 2016).
The suspension was diluted 10-fold before gPCR analyze. The
absolute quantitative method referred to Lee et al. (2006). The
plasmid stALG2 (contain ALG9, RFP, KanMX6) and p425DCA
(containing ADS) was used for construction of the standard
curve. TransStart® Top Green qPCR SuperMix (purchased from
TransGen Biotech Co., Ltd) were used for qPCR analyze on
Real time fluorescent quantitative PCR (Molarray MA-6000). The
primers used for qPCR were listed in Supplementary Table 1.

Fermentation and Measurement of the
DHAA

The medium used for fermentation was YPD medium and FM
medium (as our previous work (Zeng et al., 2020)). The FM
medium was composed of 8 g/L KH,POy, 15 g/L (NH4),SOy4,
6.2 g/L MgS04-7H,0, 40 g/L glucose, 12 ml/L vitamin solution,
and 10 ml/L trace metal solution and 10 ml/L Amino acid
solution. Vitamin solution included 0.05 g/L biotin, 1 g/L calcium
pantothenate, 1 g/L nicotinic acid, 25 g/L myo-inositol, 1 g/L
thiamine HCI, 1 g/L pyridoxal HCI, 0.2 g/L p-aminobenzoic
acid, and 2 g/L adenine sulfate. Trace metal solution is
composed of 5.75 g/L ZnSO4-7H,0, 0.32 g/L MnCl,-4H,0,
0.32 g/L Anhydrous CuSOy4, 0.47 g/L CoCl,-6H,0, 0.48 g/L
Na;MoOy4-2H,0, 2.9 g/L CaCl,-2H,0, 2.8 g/L FeSO4-7H,0,
and 80 ml/L EDTA solution (containing 0.5 mol/L Na;EDTA
pH = 8.0). Amino acid solution is composed of 2 g/L methionine,
6 g/L tryptophan, 8 g/L isoleucine, 5 g/L phenylalanine, 10 g/L
sodium glutamate, 20 g/L threonine, 10 g/L aspartate, 15 g/L
valine, 40 g/L serine, and 2 g/L arginine. The selective medium
for Sc366 was FM medium adding 50 mg/L uracil, the selective
medium for Sc343 and Sc584 was FM medium adding 200 mg/L
leucine, and 50 mg/L uracil and 200 mg/L G418. The non-
selective medium for all strains were YPD medium. To test the
productivity of the strains, the single colony from plate was
inoculated to selective medium and cultured for 18-24 h at
30°C. The seeds were re-inoculated to 3 ml selective medium
at ODggo = 0.05 and cultured for another 18-24 h at 30°C. The
seed culture of each strain was transferred 250 ml flask containing
25 ml selective medium and flask containing 25 ml non-selective
medium at initial ODggp of 0.2. The cell was grown at 30°C
with shaking at 200 rpm. After 24 h, 5 ml dodecane and 20 g/L
ethanol was added to each flask. The whole fermentation process
continued for 120 h until harvest.

After harvest, the fermentation broth was centrifuged at
12,000 x g for 2 min and the dodecane phase was collected. And
then 50 wL organic phase was mixed with 950 pwL methanol.
After filtrated with 0.22 pm Nylon 66 filter, the sample was
ready for HPLC analysis. The method for HPLC analysis and
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the measurement of DHAA and other intermediates had been
reported in previous work (Zeng et al., 2020).

Measurement of Relative mRNA Level
During the fermentation of Sc366 and Sc343, 1 ml samples
was collected at 40 h. Total RNA was extracted from the cell
using Yeast RNA kit (Omega bio-tek). The Reverse transcription
procedure was used TransScript® First-Strand cDNA Synthesis
SuperMix (purchased from TransGen Biotech Co., Ltd). The
relative cDNA level of ADS, CYP71AV1, DBR2 were measured by
qPCR. ALG9 was the reference gene, and the result was relative
to that of Sc366. The primers used for qPCR were listed in
Supplementary Table 1.

RESULTS AND DISCUSSION

The Construction of pE2jw Multi-Copy
System

In order to construct the multi-copy system, we intended to insert
the target DNA into the wild type pE2j plasmid of CEN.PK2-
1C. The pDonor plasmid which harboring homologous arms
of wild type pE2p was designed to carry target DNA. After
linearization, pDonor could be transformed into CEN.PK2-1C
and inserted into wild type pE2p by homologous recombination
to form the recombinant plasmid. Since the incompatibility
between the recombinant plasmid and the original wild type
pE2p plasmid, the CRISPR/Cas9 plasmid was designed to and
enhance the recombination of pDonor with pE2p and eliminate
all the original wild type pE2p without insertion of pDonor. The
resulting strain only contained the recombinant plasmid with
multi-copies (Figure 1C).

To insert the target DNA into pE2, the site for recombination
and the editing target of CRISPR/Cas9 plasmid had to be
determined. Beside the four known genes, there are several
uncharacterized transcripts transcribed from wild type pE2p
plasmid (Rizvi et al., 2017a). All the elements described above
covered almost the whole plasmid. To avoid the disruption
of the plasmid function, only two sites can be chosen as the
targets for insertion of foreign DNA fragment: One is at the
downstream of the RAFI (Supplementary Figure 1A), another
is at the end of ORF of REP2 (Supplementary Figure 1B).
The CRISPR/Cas9 plasmid pCasRAF1 and pCasREP2 were
constructed for each target described above. Each of two plasmids
encoded both the RNA-guided endonuclease Cas9 and the guide
RNA (gRNA) of corresponding (see Supplementary Figure 2).
The centromeric plasmid pRS416 was used as the backbone to
construct the CRISPR/Cas9 plasmid. Although using multi-copy
plasmid such as pRS426 might increase the efficiency of genome
or plasmid editing and had been successfully applied for multi-
genes disruption (Jakounas et al., 2015; Lian et al., 2018), the
recombination between pRS426 and endogenous 2 plasmid
through FRT sites by FLP1 was not desired during the plasmid
editing process.

In order to facilitate the introduction of foreign DNA and
characterize the modified 2 plasmid, we designed two donor
plasmids pDonorRAF1 and pDonorREP2. The vector composed

of backbone of pSB1C3, KanMX6 for selection, RFP (Red
fluorescent protein) cassette as reporter, homologous arms and
a terminator (Figure 1). Different from common genome editing
by CRISPR/Cas9 system, KanMX6 is necessary selective marker
for editing the wild type 2p plasmid, because there is no
essential gene on it. The terminator would help to finish the
transcription of RAFI or REP2 which might be influenced by
inserted DNA. RFP cassette was used for characterization of
the modified 2. plasmid and two Bsal restriction endonuclease
sites flanked by RFP were designed for substitute RFP cassette
by other gene of interest. After linearized by Pmel, the donor
plasmid pDonorRAF1 or pDonorREP2 was co-transformed with
their corresponding CRISPR/Cas9 system plasmid (pCasRAF1
or pCasREP2) into host CEN.PK2-1C. After plasmid editing
and recombination, the strain Sc382 (harboring recombinant
plasmid pE2pRAF1) and Sc438 (harboring recombinant plasmid
pPE2WREP2) were constructed (see Figure 1C).

Take the construction of Sc382 for example, we randomly
picked 36 single colonies for verification by colony PCR. Among
them, 22 colonies (about 61.1%) were successfully transformed
by linearized DNA. And no wild type endogenous 2. plasmid
remained in these colonies. The yeast plasmids extracted from
strain Sc438 and Sc382 could be successfully transformed to
E. coli and obtain the plasmid pE2uRAF1 and pE2pWREP2.
The sequencing result of the 2 related part of pE2uRAF1
and pE2)LREP2 were consistent with reported endogenous 2
plasmid of CEN.PK113-7D (GenBank: CP025735.1) (Piroon
et al, 2018), and the editing process was further proved
to be successful.

Although CRISPR/Cas9 system has been successfully applied
in genome editing, it was the first attempt to edit the multi-
copy plasmid. Comparing with the efficiency of genome editing
which was almost 100% (Jakounas et al., 2015; Generoso et al.,
2016), the efficiency of multi-plasmid editing was not as high as
that. Multi-copy target sequences and the special amplification
system of endogenous 2| plasmid (Gniigge and Rudolf, 2017)
made the work of CRISPR/Cas9 system not easy. Some strategies
for optimization CRISPR/Cas9 system increasing might be
helpful for increasing the efficiency of 2p plasmid editing,
such as increasing activity of cleavage by using Cas9 variants
(Bao et al., 2014), changing the promoter for optimization of
gRNA expression (Gao and Zhao, 2013), and facilitating gRNA-
transient expression system (Easmin et al., 2019). Anyway, the
method for plasmid editing applied in this work had been proved
to be viable and successful to insert the target DNA element into
the pE2p to form a new recombinant multi-copy plasmid and
eliminate the original pE2p plasmid.

Characterization of the Plasmids From

PE2;. Multi-Copy System

To characterize the property of pE2j., we chose pC2|L plasmid
pRS425RK as a control. pRS425RK was constructed based on
conventional 2 plasmid pRS425. RFP cassette and KanMX6
of pRS425RK were used for characterization. The strain Sc534
which harboring pRS425RK was constructed. We evaluated
the stability of Sc382 and Sc438 compared with control strain
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Sc534 by plasmid stability assay. The strains were culture in
YPD media without selective pressure and were transferred to
fresh media every 5 generation. The fluorescence at single cell
level was measured at 5, 10, 20, and 30 generation (Figure 2).
Under condition with selective pressure (at 0 generation), the
cells of the strains with pE2p (Sc382 and Sc438) showed less
cell-to-cell variation (smaller CV %) than that with pRS425RK
(Sc534) (Figure 2A). The average fluorescence of strains Sc438
and Sc382 was also 3.42 to 3.67-fold higher than that with
pRS425RK (Supplementary Figure 3). The cell growth of Sc382
and Sc438 higher than that of Sc534 after 48 h fermentation in
condition with selective pressure (Figure 2C). The PCN of Sc382
(pE2RAF1) achieved 10.4 and was about 1.67-fold higher than
that of Sc534, while the average PCN of Sc438 (pE2)LREP2) was
10.8 copies and also higher than that of Sc534 (Figure 2D).

After culturing in the condition without selective pressure,
all the strains began to lose the plasmid. Nearly 94% cells

of the Sc534 (pRS425RK) lost their plasmid after culture of
10 generation and hardly to find cells with plasmid after 20
generation. The frequency of plasmid lost is lower at strain Sc382
and Sc438. Only about 20-23% of the cells lost their plasmid
before 10 generation, but 88-89% of the cells had lost their
plasmid until 30 generation (Figure 2B). There was no significant
difference in PCN and plasmid stability between pE2uRAF1 and
pE2WREP2. Although the stability of the strain with pE2p is
higher than the strain with conventional 2p plasmid, it is much
lower than the wild type endogenous 2y plasmid.

The PCN control system of 2 plasmid based on RAFI
and REPI-REP2 complex could tightly control its copy number
(McQuaid et al.,, 2017; Rizvi et al., 2017a). REP1-REP2 complex
is responsible for stability of plasmid and repression of FLP to
control the PCN; RAFI could repress the formation of REPI-
REP2 to derepress the expression of FLPI to increase the PCN
(Rizvi et al., 2017b). The pC2p is out of this copy number control
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FIGURE 2 | Comparing the strains harboring pC2j. derivate plasmid (pRS425RK) and stains harboring pE2j. derivate plasmid (pE2wRAF1 or pE2uREP2) when
carrying RFP expression cassettes. (A) Fluorescence at the single-cell analyzed by flow cytometry during cultivation of 30 generations in non-selective YPD medium.
Strain CEN.PK2-1C which didn’t express RFP was set as the blank. Different plasmids harbored by strain were shown in the bracket. CV %, coefficient of variance.
(B) Comparation of PCN of different strains in selective YPD+G418 medium (at O generation). (C) The cell growth of Sc534, Sc438, and Sc382 in selective
YPD+G418 medium (D) Comparation of plasmid stability assay for strains Sc534, Sc382, and Sc438 in non-selective YPD medium.
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system, and difficult to keep the stability and equality even in
condition with selective pressure. While, the pE21 could facilitate
the PCN control system to keep its equality of PCN, and is more
stable. The insertion of foreign DNA didn’t disrupt any known
genes on the 2|1 plasmid, but it might influence the expression
level of these genes or other unknown function transcripts to
reduce the stability of 2 plasmid. In spite of that, pE2jx is might
be a better choice than pC2jL plasmid to overexpress the genes of
interest by increasing its copy number. Strain Sc382 was chosen
as the host for further optimization.

Optimization of pE2p. Multi-Copy System
by Auxotrophy Complementation of
Essential Gene TPI1

The maintenance of the plasmid in the cell is very important
for long-term fermentation. To eliminate the plasmid loss of
pE2p in non-selective condition, an auxotroph marker based
on essential gene TPII was constructed. Gene TPII encodes
triose phosphate isomerase which is required for growth on
glucose and makes up about 2% of the soluble cellular protein
(Scott and Baker, 1993). The strategy of using essential gene to
substitute the one on the chromosome to construct the selective
pressure-free system and optimize the plasmid system had been
used in E. coli (Chen, 2012; Kang et al., 2018). However, fewer
studies focused on the optimization of plasmid in S. cerevisiae.
CRISPR/Cas9 plasmid pCasE2jL was constructed for insertion of
TPII into plasmid pE2RAF1 of strain Sc382. The editing target
of pCasE2p was on the pSB1C3 backbone of pE2)LRAF1. After
insertion of TPII into pE2uRAFI1 (the resulting plasmid was
PE2RT) and deletion of native TPI1 in chromosome by his3, the
strain Sc594 was constructed (see Figure 1C). For comparation,
strain Sc530 which harboring plasmid p425RT (based on pRS425
and containing TPII) and the deletion of the native TPII was
constructed. Compared with wild type CEN.PK2-1C, both Sc594
and Sc530 showed similar cell growth for 48 h fermentation
in non-selective YPD medium (see Figure 3B). The plasmid
viability of both strains was evaluated by a very long-term
cultivation (90 generation) without any selective pressure in
YPD medium. For both strains, the viability was nearly 100%
(see Figure 3D), and no plasmid-free cell was found at 90
generation, all cells plated on YPD plate were expressing RFP
(see Supplementary Figure 4A). TPI1 was the key enzyme
for both glycolysis and gluconeogenesis process, cells without
TPII are inviable (Giaever et al., 2002). For strain Sc594, after
moving the TPI1 from chromosome to plasmid, TPI1 became
an auxotrophy selective marker of the plasmid. Since TPI1 is
an essential gene, this auxotrophy selective marker have no
requirement of the condition, and the plasmid-free cells was
inviable. On the contrary, for strain Sc382 or Sc438, the selective
marker of their plasmid was KanMX6, the plasmid only could be
kept in condition with G418, the cells would lose the plasmid in
non-selective YPD medium. Therefore, the plasmid viability of
Sc594 or Sc530 was shown higher than that of Sc382 or Sc438.
Optimization of the plasmid by auxotrophy complementation
of essential gene TPII could also increase the PCN of both
pC2n and pE2p derivate plasmid. The PCN of pE2pRT in

Sc594 achieved to about 18.3 and was 1.76-fold higher than
that of pE2WRAF1 in Sc382 at 0 generation; while the PCN of
p425RT in Sc530 was also increased to 10.8 and was 1.80-fold
higher than that of pRS425RK in Sc534 (Figure 3A). During
the long-term cultivation in non-selective medium, the pE2p
derivate plasmid showed higher stability in PCN and less cell-
to-cell variation comparing with pC2p derivate plasmid. The
CV% of Sc530 was increased by 37% from 132.32 (0 generation)
to 182.59 (90 generation) (Figure 3C) and the average PCN of
p425RT decreased by 38.2% to 6.67 (Figure 3A); While CV %
of Sc594 was only increased by 15.90% from 94.95 to 110.05
(90 generation) and lower than that of Sc530 in any generations
(see Figure 3B). The average PCN of pE2uRT only decreased
by 8.74% to 16.7 after cultivation of 90 generation in non-
selective medium (see Figure 3A), the average expression level
of the RFP in Sc594 was obviously higher than that of Sc530
(Supplementary Figure 4B). The stability of the expression for
the target gene using optimized pE2j multi-copy system was
proved to undergo very long-term cultivation. The strategy of
introduction of TPII into plasmid to substitute the native TPII
was proved to optimize both pC2L derivate plasmid and pE2p
derivate plasmid. And the resulting plasmid pE2uRT showed
higher PCN and less cell-to-cell variations. Therefore, pE2uRT
was thought to be better choice for overexpression of target
genes in high copy.

Application pE2. Multi-Copy System for
DHAA Production

To demonstrate pE2p could be applied for optimization
of metabolic pathway, dihydroartemisinic acid (DHAA)
biosynthesis was chosen as an example. DHAA is the precursor
of the anti-malaria drug artemisinin (Paddon and Keasling,
2014). The biosynthesis pathways of DHAA (see Figure 4A)
starts from farnesyl pyrophosphate. In this pathway, ADS,
CYP71AVI, and DBR2 are the key genes for biosynthesis of
DHAA and are thought to be overexpressed in high level
to increase the production of DHAA. Several studies about
the biosynthesis of DHAA in S. cerevisiae had been reported
(Yansheng et al., 2008; Chen et al,, 2017; Zeng et al.,, 2020).
All of these works facilitated pC2pw based plasmids such as
PESC-LEU, pRS425, pYES260 to overexpress the key genes of the
biosynthesis pathway. Therefore, pE2pu multi-copy system was
thought to be helpful for further enhancing the biosynthesis of
DHAA by optimization of the plasmid.

In this work, Sc366 was used as the control strain. Sc366
harbored plasmid p425DCA which was constructed based
on pRS425 and contained three key genes ADS, CYP71AV1,
and DBR2. Strain Sc343 harbored pE2u plasmid pE2uDCA
which contained ADS, CYP71AV1, and DBR2. And Sc584 was
modified from Sc343 by introducing the TPII to pE2uDCA
(resulting plasmid was plasmid pE2uDCAT) to substitute the
native chromosome TPII. In non-selective rich medium (YPD
medium), nearly 82% cells of Sc366 lost their plasmid during
the fermentation (see Figure 4C), the production of DHAA was
only 131.0 mg/L (Figure 4B); For strain Sc343 which harbored
plasmid pE2uDCA, only 29.8% of cells lost their plasmid, and
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PCN for strain Sc530 and Sc594 before (0 generation) or after (90 generation) a very long-term cultivation in non-selective YPD medium (B) Cell growth of strain
Sc594 and Sc530 and the wild type CEN.PK2-1C in non-selective YPD medium. (C) Fluorescence at the single-cell analyzed by flow cytometry during cultivation of
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the production achieved to 519.2 mg/L and was 3.96-fold higher
than that of strain harboring pC2pu plasmid (Figures 4B,C);
After optimization with substitution the location of essential
TPII, the resulting strain Sc584 didn’t lose the plasmid, and got
higher production to 620.9 mg/L. The average copy number of
Sc366, Sc343, and Sc584 was 3.33, 6.57, and 9.32, respectively
(Supplementary Figure 5). The relationship of mRNA levels of
the key genes for different strain was consist with the result of
average copy number (Supplementary Figure 6). Comparing
with Sc594, the PCN of Sc584 was decreased by about 44.5%.
The plasmid stability might be influenced by the overexpression
of CYP71AV1 and CPRI1, or the rapid accumulation of AA
(artemisinic acid) and DHAA. It was consistent with the result
of the work of Amyris (Paddon et al, 2013) which found
the effect on the plasmid by overexpression of CYP71AV1 or
accumulation of product.

The medium with selective pressure for yeast was auxotrophic
synthetic medium or the rich medium. However, the non-
selective pressure rich medium such as YPD or YPG would help
strain to produce more production even the plasmid was not
stable (Ro et al., 2008) during the large scale and long-time
fermentation (Wang et al., 2017). In rich medium, approximately
half of the proteome mass saved by amino acid could be
redirected to protein engaged in translation (Bjrkeroth et al,
2020). It could promote cell growth and might increase the
expression of the target gene. Therefore, the optimized pE2p
multi-copy system platform was suitable for S. cerevisiae to
overexpress target gene in non-selective rich medium with higher
PCN and has the patent for optimization of biosynthetic pathway
and maximize the biochemical production.

In this work, we developed the toolbox for editing the 2p
plasmid to maintain and increase the copy number of the
target gene for all S. cerevisiae with or without wild type pE2p
(see Supplementary Figure 7). For strain without pE2u, the
plasmid pE2)LRAF1 or pE2LREP2 could be used as the backbone
directly. The target DNA elements could be inserted into these
plasmids in vitro or in vivo. For strains with wild type pE2p,
the CRISPR/Cas9 plasmid could be used for editing the wild
type pE2j plasmid. And the donor plasmid pDonorRAF1 or
pDonorREP2 could be used as the backbone to harbor the
target DNA. The example of DHAA production in our work
proved that this method could successfully increase the copy
number of the target gene. The strain Sc594 was constructed as a
convenient chassis for overexpression of the target gene efficiently
(Supplementary Figure 7). The pE2uRT could also undergo a
serial of editing steps to insert the DNA element of interest.
During these steps, extra selective marker is not necessary to
insert into the plasmid, and the whole editing process of pE2p is
same to the process for editing the genome of chromosome which
had been widely used for optimization of S. cerevisiae. And higher
copy number of the inserted genes could be easily obtained.

Considering the very low loss frequency of wild type pE2, the
performance of the loss frequency for pE2uRAF1 and pE2nREP2
was unexpected. Although introduction of essential gene TPII to
substitute the original TPI1 on chromosome could eliminate the
plasmid-free cells during the long-term cultivation, the reason for
the increasing loss of the plasmid leaded by insertion of foreign

DNA into wild type pE2p plasmid was still needed to be studied.
The future study might focus on the regulation of the gene or
unknown transcript units of pE2j plasmid and the stability and
the copy number of the pE2ju might be further increased.

CONCLUSION

In this work, the endogenous 2 plasmid had been successfully
and perfectly edited by CRISPR/Cas9 system and the donor
plasmid. The foreign gene could be inserted to 2 plasmid in
higher copy number for overexpression. The resulting plasmid
pE2p had higher PCN and higher stability than the conventional
2| based plasmid. In single cell level, the distribution of pE2p
in each cell was more balanced than pC2p plasmid. Taking these
advantages, pE2pu was applied for the heterologous biosynthesis
of DHAA, and increased the production titer by 4.73-fold higher
than that of control. This study showed the potential of pE2p
for optimization of metabolic pathway by stable and efficiently
overexpressing a serial of genes.
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dihydroxy-1,2,1/,2’-furan (15, 16) substituted nucleus, exhibited significant antioxidant
and a-glucosidase inhibitory activities and lower cytotoxicity to caco-2 cells. The results
indicated their potential use as lead compounds or dietary supplements for treating or
preventing the diabetes.

Keywords: endophytic fungus, Aspergillus sp., antioxidant activity, «-glucosidase inhibition, Eucommia ulmoides

INTRODUCTION

Diabetes is a chronic metabolic disease characterized by high blood sugar (HBS). Long-term HBS
causes the damage to blood vessels and endangers various organs such as the heart, brain, kidneys,
peripheral nerves, and eyes, and thus seriously affects the life quality of patients. Studies show
that oxidative stress may be one of the important causes for diabetes and its complications. Too
much reactive oxygen species in the body will increase the maturation disorder and apoptosis
of pancreatic B-cells, leading to decrease insulin synthesis and secretion. Hyperglycemia and
hyperlipidemia in diabetic patients can promote the production of active oxides, causing oxidative
stress, then oxidative stress and hyperglycemia promote each other, leading to a vicious circle
(Karunakaran and Park, 2013). At present, the treatment of type 2 diabetes is based on oral drugs,
mainly containing metformin, a-glucosidase inhibitors, dipeptidyl peptidase IV inhibitors, and
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sodium-glucose cotransporter 2 inhibitors. Among them,
a-glucosidase inhibitors can inhibit the degradation of
polysaccharides to glucose and delay the absorption of glucose
in the small intestine to reduce blood sugar. Such drugs can
effectively reduce postprandial hyperglycemia without causing
symptoms of hypoglycemia and are highly beneficial to patients
who use carbohydrates as their main source of calories.

The a-glucosidase inhibitors, such as acarbose, miglitol, and
voglibose currently used clinically are all microbial metabolites or
their derivatives. Therefore, discovery of the new a-glucosidase
inhibitors from microbial natural products (NPs) has unique
advantages. p-Terphenyls, as an important kind of fungal NPs,
its chemical investigation could be dated back to 1877 (Liu,
2006). At present, over 230 p-terphenyls have been isolated
from fungi and lichens (Li et al., 2018). In addition, some
p-terphenyl derivatives were also total synthesized (Yonezawa
etal., 1998; Takahashi et al., 2017; Zhang et al., 2018). As reported,
p-terphenyls had a broad spectrum of biological properties,
such as cytotoxic (Wang et al, 2019, 2020), antimicrobial
(Intaraudom et al., 2017), and phosphodiesterase inhibitory
(El-Elimat et al., 2013) activities, but the most interesting
bioactivities were antioxidative (Kuhnert et al., 2015) and a-
glucosidase inhibitory activities (Ma et al., 2014). Furthermore,
p-terphenyls can also be isolated from edible mushroom
(Liu et al, 2004; Ma et al., 2014; Wang et al., 2014),
indicating that this kind of compounds have low toxicity in
the human body and are very suitable for the research of
anti-diabetic drugs.

During our research for new compounds with a-glucosidase
inhibitory activity from the plant endophytes, we isolated
and identified a p-terphenyls-producing strain, Aspergillus sp.
GZWM]JZ-055 endophytic with the famous Chinese medical
plant Eucommia ulmoides. The fermentation potency (5.3-
9.5 g/kg) and the a-glucosidase inhibitory activity (ICsg
150 to 2.0 pg/mL) of the ethyl acetate (EtOAc) extracts
of the fermentation significantly increased after adding
the leaves of Eucommia ulmoides to the culture medium
(Figure 1). Chemical investigation led to the isolation of
sixteen p-terphenyls, including the new 3-O-methyl-4”-
deoxyterprenin (1) as well as the known 4-deoxyterphenyllin
(2) (Lin et al, 2019), 4”-deoxy-2'-methoxyterphenyllin (3)
(Shan et al,, 2019), 5'-methoxy-[1,1:4,1”-terphenyl]-2",3',4,4” -
tetraol (4) (Zhang et al., 2018), terphenyllin (5) (Kamigauchi
et al., 1998), 3-hydroxyterphyllin (6) (Liu et al, 2012), 3,3"-
dihydroxyterphyllin (7) (Liu et al., 2012), 4”-deoxyterphenyllin
(8) (Shan et al, 2019), 4”-deoxy-3-hydroxyterphenyllin (9)
(Wang et al., 2020), 3'-O-methylterphenyllin (10) (Yan et al.,
2017), 4”-deoxyprenylterphenyllin (11) (Wei et al, 2007),
prenylterphenyllin A (12) (Cai et al., 2011), 3-methoxyterprenin
(13) (Kamigauchi et al, 1998), 4”-deoxycandidusin A (14)
(Guo et al., 2012), candidusin A (15) (Wang et al., 2020), and
candidusin B (16) (Liu et al., 2012; Figure 2). Compounds 15 and
16 were also, respectively, prepared from compounds 6 and 7 by
an intramolecular oxidative cyclization of air catalyzed by silica
gel (Scheme 1). In addition, nine p-terphenyls (17-25) were
synthesized from the main NPs (5-7) (Scheme 1), among which
derivatives 18, 19, 21, 22, and 25 are new p-terphenyls. These

p-terphenyls showed antioxidant and a-glycosidase inhibitory
activities (Table 1).

MATERIALS AND METHODS

General Experimental Procedures

UV spectra were measured on a Waters 2487 dual A absorbance
detector. IR spectra were recorded on a Nicolet Nexus 470
spectrophotometer as KBr disks. 'H, '*C NMR and 2D NMR
spectra were recorded on Bruker-600 MHz using TMS as
an internal standard. ESIMS and HR-ESIMS analysis were
carried out on Waters Xevo TQS and Agilent Technologies
6530 Accurate-Mass Q-TOF LC/MS, respectively. Column
chromatography was performed on silica gel (200-300 mesh;
Qingdao Puke Parting Materials Co., Ltd., China), Sephadex
LH-20 (Amersham Biosciences, Uppsala, Sweden), silica gel
H, and plates precoated with silica gel GF254 (Qingdao
Puke Parting Materials Co., Ltd., China), respectively. HPLC
separation was performed on HITACHI Primaide with an
ODS column (YMC-pack ODS-A, 10 mm x 250 mm, 5 pm,
4 mL/min). Synthetic compounds were also purified using a
SepaBean machine equipped with SepaFlash columns (Santai
Technologies Inc., China).

Fungal Material

The fungus Aspergillus sp. GZWM]JZ-055 was isolated from the
leaves of Eucommia ulmoides collected from Guiyang Medicinal
Botanical Garden and was determined as Aspergillus sp. by the
phylogenetic tree (Supplementary Figure 1) of the ITS sequence
(GenBank No. KY038594). The strain was deposited in Guiyang
laboratory in 20% glycerol at —80°C.

Cultural Media

The working strain was prepared on PDA agar medium,
containing 20% potato, 2.0% glucose, 2.0% agar, and 1 L tap
water. The seed medium contained 2.0% maltose, 2.0% mannitol,
1.0% glucose, 1.0% sodium glutamate, 0.3% yeast extract, 0.1%
corn extract, 0.1% KH;POy, 0.05% MgSO4-7H,0, 1 L tap water.
The solid fermentation medium was prepared from 100 g rice, 1 g
dry leaves of Eucommia ulmoides and 120 mL distilled water in a
1000-mL Erlenmeyer flask.

Fermentation, Extraction and Isolation
The fungal strain GZWM]JZ-055 was cultured on PDA at 28°C
for 3 days to prepare the seed culture. Spores were incubated at
28°C for 2 days, a rotary shaker with shaking at 120 rpm in a
500 mL cylindrical flask containing 150 mL seed medium. The
seed medium (5 mL) was added to the above rice fermentation
medium in a 1000-mL Erlenmeyer flask. Totally, 100 Erlenmeyer
flasks were incubated at room temperature (rt) under static
conditions for 30 days. The cultures were then extracted by ethyl
acetate (EtOAc) (500 mL for each) three times and the combined
EtOAc extracts were dried in vacuo until constant weigh to yield
423.5 g of EtOAc extract.

The EtOAc extract (423.5 g, adsorbed in 500 g 100-200 mesh
silica gel) was chromatographed on a silica gel (2 kg, 200-300
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A: cultured 1n a rice medium

B: cultured in a rice medium containing
1% leaf of Eucommia ulmoides

5 6 7

Co~NOOOAWN

14: R1=R2= H
15: Ry= H, R,= OH
16: Ry=R,= OH

FIGURE 2 | The structures of compounds 1-16.

: R1=R2=R3=R5= H, R4= Me, R6= OH
2 R1=R5=R6= H, R2= OH, R3=R4= Me
3 R1=R3=R4=R5= H, R2=R6= OH

z R1=R3=R5= H, R2=R6= OH, R4= Me
. R1=R2=R6= OH, R3=R5= H, R4= Me
5 R1=R2=R5=R6= OH, R3= H, R4= Me
: R1=R3=R5=R6= H, R2= OH, R4= Me
. R1=R2= OH, R3=R5=R6= H, R4= Me
10: R1=R5= H, R2=R6= OH, R3=R4= Me

mesh) column (10 cm X 100 cm) using step gradient elution
of CH,Cl,-MeOH (v/v100:0, 100:1, 50:1, 25:1, 10:1, 5:1, 1:1,
1:2, 1:5, and 1:10, each 8 L) to yield fifteen fractions (Fr.1-
Fr.15). Fraction 2 (18.7 g, adsorbed in 50 g 100-200 mesh silica
gel) was then subjected to a silica gel (400 g, 200-300 mesh)
column (6 cm x 61 cm), eluting with CH,Cl,-MeOH (100:1,
v/v) to afford sixteen subfractions (Fr.2-1~Fr.2-16). Subfraction
Fr.2-3 (1.2 g) was separated with silica gel chromatography
eluted by CH,Cl, to yield five fractions (Fr.2-3-1~Fr.2-3-5).
Subfraction Fr.2-3-4 (100.6 mg) was purified by semi-preparative
HPLC [80% MeOH/H,O with 0.15% trifluoroacetic acid (TFA)]
to yield compound 1 (17.2 mg, tg 14.0 min). Fraction 2-7 (2.8 g)
was further separated into six subfractions by Sephadex LH-
20 eluting with MeOH-CH,Cl, (1:1, v/v). Subfraction 2-7-4
(455.0 mg) was separated with silica gel chromatography eluted
by CH,Cl, to yield three fractions (Fr.2-7-4-1~Fr.2-7-4-3).
Subfraction 2-7-5 (58.8 mg) was purified by semi-preparative

HPLC (80% MeOH/H,0) to yield compound 11 (9.7 mg,
tr13.6 min). Fraction 2-9 (185 mg) was further separated into
five subfractions (Fr.2-9-1~Fr.2-9-5) by Sephadex LH-20 eluting
with MeOH-CH,Cl, (1:1, v/v). Subfraction 2-9-3 separated
with silica gel chromatography eluted by CH,Cl, to yield
five fractions (Fr.2-9-3-1~Fr.2-9-3-5). Fr.2-9-3-5 was further
purified by semi-preparative HPLC (80% MeOH/H,0) to yield
compound 14 (5.6 mg, tg 7.0 min). Subfraction 2-9-5 was
purified by semi-preparative HPLC (70% MeOH/H,0) to yield
compound 12 (6.0 mg, tg 7.2 min). Fraction 2-13 (240.2 mg) was
further separated into fourteen subfractions by Sephadex LH-20
eluting with MeOH-CH,Cl, (1:1, v/v). Subfraction 2-13-10 was
further separated into four subfractions separated with silica gel
chromatography eluted by MeOH-CH,Cl, (1:80, v/v). Fr.2-13-
10-2 was purified by semi-preparative HPLC (75% MeOH/H,0)
to yield compound 3 (12.5 mg, tg 10.0 min). Subfraction 2-13-
13 was purified by semi-preparative HPLC (70% MeOH/H,0) to

Frontiers in Microbiology | www.frontiersin.org

February 2021 | Volume 12 | Article 654963


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Xu et al.

p-Terphenyls From Aspergillus sp.

Rz
no—{_)

CH,Cly, 40°C; d. Oy/silica gel/MeOH, rt).

15: R=H, 16: R= OH

Td

R, OH
/ —0 \ Ry 0 R4
o) N ERmH
ST o, BT OH
HO  OH 7: R4=Ry= OH HO Q O O
17: Ry=R,= H jc o OH
18: R1= OH, R2= H R2 o— R1
19: R1=R,= OH 20: R1=R2= H
AcO O O OAc 21: Ry= OH, Ry= H
22: R1:R2: OH
— OAc
23: R1=R2= H
24: Ry= OAc, R,=H
25: R4=R,= OAc

SCHEME 1 | Synthesis of compounds 15-25 from 5 to 7 (a. BBr3/CH,Clo, —20°C to rt; b. BBr3/CHsClo, —20°C to rt, then Oo/silica gel/MeOH; ¢. Ac,O, DMAP,

o— R4
Gy
OH b

yield compound 2 (7.1 mg, tg 8.7 min). Fraction 2-14 (452.3 mg)
was further separated into six subfractions separated with silica
gel chromatography eluted by CH,Cl,. Fr.2-14-5 (20.6 mg) was
purified by semi-preparative HPLC (80% MeOH/H,0) to yield
compound 13 (6.1 mg, tg16.0 min). Fraction 9 (3.5 g) was
subjected to a silica gel column, elution with step gradient elution
of CH,Cl,-MeOH (0-100%, v/v) to afford three subfractions
(Fr.9-1~Fr.9-3). Fraction 9-2 (1.2 g) was further separated
into nine subfractions by Sephadex LH-20 eluting with MeOH.
Fraction 9-2-3 (418.2 mg) was further separated into seven
subfractions separated with silica gel chromatography eluted
by MeOH-CH,Cl, (1:20, v/v). Fraction 9-2-3-2 (20.0 mg) was
purified by HPLC on an ODS column (75% MeOH/H,0) to give
compound 8 (4.0 mg, tg 8.0 min). Fraction 9-2-3-5 (26.1 mg)
was purified by HPLC on an ODS column (75% MeOH/H,0)
to give compound 9 (6.4 mg, tg 4.5 min). Fraction 9-2-9
(29.7 mg) was purified by HPLC on an ODS column (65%
MeOH/H,O0) to give compound 15 (6.1 mg, tg 5.0 min). Fraction
9-3 (1.3 g) was further separated into thirteen subfractions by
Sephadex LH-20 eluting with MeOH. Fraction 9-3-7 (317.1 mg)
was further separated into nine subfractions separated with
silica gel chromatography eluted by MeOH-CH,Cl, (1:10, v/v).
Fraction 9-3-7-4 (10.7 mg) was purified by HPLC on an ODS
column (55% MeOH/H,0) to give compound 10 (2.8 mg, tr
18.2 min). Fraction 9-3-8 was further separated with silica gel
chromatography eluted by MeOH-CH,Cl, (1:15, v/v) to get
compound 5 (900 mg). Fraction 9-3-12 (52.7 mg) was purified by
HPLC on an ODS column (60% MeOH/H,O0) to give compounds
4 (6.6 mg, tg 10.4 min) and 16 (6.0 mg, tg 18.0 min). Fraction

10 (2.8 g) was chromatographed on a silica gel column using
step gradient elution of CH,Cl,-MeOH (5-100%, v/v) to yield
compounds 6 (700 mg) and 7 (1.2 g).

Compound 1: white powder; UV (MeOH) Ay (log €) 230
(4.03),276 (3.96) nm; IR (KBr) v,y 3486, 2934, 1517, 1482, 1461,
1399, 1238, 1117, 1075, 1009, 770, and 703 cm~!; HR ESIMS
m/z 443.1837 [M+Na]t (caled. for CysHy3OsNa, 443.1829)
(Supplementary Figure 2); 'H and '*C NMR data, see Table 2
and Supplementary Figures 3-7.

Chemical Synthesis Procedures
Synthesis of Compounds 15 and 16
Compound 6 (30 mg, 85 pmol) was dissolved in MeOH (10 mL),
and 200-300 mesh silica gel (4 g) was then added to the
solution. After the reaction was stirred overnight at rt, the
solvent was evaporated. The residue was purified by flash column
chromatography (FCC) eluting with EtOAc-CH,Cl, (v/v 1:5)
to give compound 15 (26 mg, 74 wmol, 87% yield) as a light-
yellow solid (Ry 0.4). By the same procedure, compound 16
(24 mg, 65 pmol, 80% yield) was prepared from the reaction of
compound 7 (30 mg, 81 pmol) and purified as a light-yellow solid
(Rf 0.4) by FCC eluting with EtOAc-CH,Cl, (v/v 1:3).
Compound 15: 'H NMR (600 MHz, DMSO-ds) and *C NMR
(150 MHz, DMSO-dg) data, see Supplementary Table 5 and
Supplementary Figures 8, 9. ESIMS m/z 351.0 [M—H] .
Compound 16: 'H NMR (600 MHz, DMSO-dg) and '*C NMR
(150 MHz, DMSO-dg) data, see Supplementary Table 5 and
Supplementary Figures 10, 11. ESIMS m/z 367.1 [M—H] ™.
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TABLE 1 | Antioxidant and a-glycosidase activities of compounds 1-25.

Compound DPPH (IC5¢, M) ORAC (wmole TE/wmole) a-glucosidase (ICsp, M) a-glucosidase in caco-2 (ICsp, pM)
1 >100 1.0+ 0.04 >500 -

2 >100 1.2 £0.09 239.1 £5.9 -

3 >100 21+05 >500 -

4 1.7 £0.02 6.8 +0.05 59+ 0.6 -

5 10.9+0.3 6.0 £ 0.09 28+0.2 0.38 £+ 0.01
6 1.4 £0.01 57+0.3 109+13 0.29 +£0.02
7 1.1+£0.03 45+04 18.3+0.9 0.36 + 0.01
8 57.8 +£0.8 0.5 £+ 0.01 129.8 £ 3.5 -

9 1.9+0.04 0.5+ 0.06 464.5 + 23.6 -

10 >100 0.5+ 0.03 >500 -

1 1.6 £0.01 1.2+£05 34.4+11 -

12 1.6 £0.02 1.4 £0.01 64.4+£1.2 -

13 >100 0.4 +0.07 152.5+ 9.6 -

14 40+£0.2 0.4 £+ 0.06 1283+ 2.3 -

15 3.6 £ 0.06 2.1 +0.06 13.1 £ 0.2 0.11 £0.02
16 3.2+0.1 2.0 +0.06 79+0.3 0.36 £+ 0.01
17 5.3+ 0.06 48+0.3 251 +0.7 -

18 3.7 £0.07 3.7+0.1 25.0+0.8 -

19 1.8 +£0.04 2.6+ 0.1 19.4 £ 0.1 -

20 5.9+ 0.08 6.1 +0.2 89+04 0.11 £ 0.01
21 1.6 £0.04 3.9+ 0.1 4.0 +0.08 0.12 £ 0.01
22 1.7 £0.02 2.8+ 0.3 10.1 £ 0.1 -

23 >100 0.1 £0.01 >500 -

24 37.8+0.1 0.8 +0.07 >500 -

25 11.0+ 0.1 1.7 £0.07 >500 -

VvC 2.8 +£0.03

Acarbose 265.4 +£10.2 167.7 £ 14.0
— not tested.

Synthesis of Compounds 17-19

Compound 5 (30 mg, 89 pmol) was dissolved in CH,Cl, (5 mL),
and BBr;3 (0.8 mL, 0.54 mmol, 17% in CH,Cl,) was then added
at —20°C under the protection of argon. The reaction mixture
was warmed up to rt and stirred overnight. The reaction was
quenched by adding H,O (20 mL) at 0°C, and EtOAc (200 mL)
was then added. The EtOAc phase was washed with H,O
(20 mL x 4), dried over anhydrous Na;SOy4, and concentrated
in vacuo. The residue was purified by semipreparative HPLC
eluting with 40% MeOH/H,O containing 0.15% TFA to provide
compound 17 (26 mg, 84 pwmol, 94% yield, tg 7.5 min) as an
orange solid. By the same procedures, compound 18 (25 mg,
77 pwmol, 91% yield, tg 8 min) was prepared from the reaction of
compound 6 (30 mg, 85 pmol) and BBr3 (0.76 mL, 0.51 mmol) in
CH,Cl, and purified from HPLC by 30% MeOH/H,O containing
0.15% TFA, while compound 19 (25 mg, 73 pumol, 90% yield, tr
7 min) was prepared from the reaction of 7 (30 mg, 81 pmol) and
BBr3 (0.72 mL, 0.48 mmol) in CH,Cl, and purified from HPLC
by 25% MeOH/H,O containing 0.15% TFA.

Compound 17: 'H NMR (600 MHz, DMSO-dg) and '*C NMR
(150 MHz, DMSO-dg) data, see Supplementary Table 6 and
Supplementary Figures 12, 13. ESIMS m/z 309.2 [M—H] .

Compound 18: IR (KBr) vy 3122, 2355, 2337, 1714,
1653, 1504, 1392, 1236, 1109, 1030, 827, 671 cm~'. HR

ESIMS m/z 325.0716 [M—H]~ (calcd. for C1gH 30s, 325.0707)
(Supplementary Figure 14). I'H NMR (600 MHz, DMSO-ds)
and ’C NMR (150 MHz, DMSO-dg) data, see Table 2 and
Supplementary Figures 15, 16.

Compound 19: IR (KBr) vy 3134, 2357, 2339, 1682, 1653,
1556, 1508, 1456, 1279, 1184, 1107, 1032, 872, 667 cm~!. HRESI
MS m/z 343.0808 [M+H]" (caled. for CigHi507, 343.0812)
(Supplementary Figure 17). 'H NMR (600 MHz, DMSO-dg)
and 3C NMR (150 MHz, DMSO-ds) data, see Table 2 and
Supplementary Figures 18, 19.

Synthesis of Compounds 20-22

Compound 5 (1 g, 3.0 mmol) was dissolved in CH,Cl, (100 mL),
and BBr3 (27 mL, 18 mmol, 17% in CH,Cl,) was added at
—20°C under the argon atmosphere. After stirring overnight
at rt, H,O (40 mL) was added to quench the reaction at 0°C.
The CH,Cl, was evaporated and then EtOAc (200 mL) was
added. The EtOAc phase was washed with HO (20 mL x 4)
and concentrated in vacuo. The residue was dissolved in MeOH
(50 mL), and silica gel (200-300 mesh, 20 g) was added to
the solution. The reaction mixture was stirred overnight at rt
and then the solvent was evaporated in vacuo. The residue was
purified by FCC eluting with EtOAc-CH,Cl, (v/v 1:1) to provide
compound 20 (550 mg, 1.78 mmol, 59% yield) as a dark red
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TABLE 2 | 'H (600 MHz) and '3C (150 MHz) NMR data of compounds 1, 18, and 19 in DMSO-ds.

Position 1 18 19
S¢ 8 y (Jin Hz)? Sc 8y (Jin Hz) ¢ 8 5 (Jin Hz)
1 126.5, C 125.7,C 125.7,C
2 115.0, CH 6.88,d(1.8) 118.6, CH 6.75,d (2.0) 118.6, CH 6.74,d (2.0)
3 148.2,C 143.8, C 143.7,C
4 146.7, C 144.3,C 144.2,C
5 112.5, CH 6.96, d (8.3) 114.8, CH 6.71,d (8.0) 114.8, CH 6.71,d(8.0)
6 123.1, CH 6.82,dd (8.3, 1.8) 122.0, CH 6.60, dd (8.0, 2.0) 122.0, CH 6.59, dd (8.0, 1.9)
1’ 117.7,C 116.0, C 115.8,C
2 148.3, C 145.0, C 144.9,C
3 139.5,C 134.4,C 134.4,C
4 132.7,C 129.6, C 130.1,C
5 103.2, CH 6.46, s 106.5, CH 6.26, s 106.5, CH 6.24,s
6 153.2,C 148.2,C 148.1,C
17 138.2,C 128.2,C 128.2,C
2/ 128.7, CH 7.61,d(7.5) 130.0, CH 7.35,d (8.5) 116.6, CH 6.97,d (2.0)
3’ 128.4, CH 7.47,1(7.5) 114.9, CH 6.79,d (8.5) 144.7,C
4" 127.3, CH 7.37,t(7.5) 166.2, C 144.2,C
5" 128.4, CH 7.47,1(7.5) 114.9, CH 6.79, d (8.5) 115.3, CH 6.75,d (8.0)
6" 128.7, CH 7.61,d(7.5) 130.0, CH 7.35,d (8.5) 119.9, CH 6.79, dd (8.0, 2.0)
1" 64.8, CHy 4.58,d(6.7)
2" 120.4, CH 5.47,1(6.7)
37 136.9, C
4" 18.0, CH3 1.72, s
5" 25.5, CHs 1.76, s
3-OMe 55.5, CHz 3.73,s
3-OMe 60.4, CHz 3.30, s
6’-OMe 55.7, CHs 3.67,s
2’-OH 8.68, s

ad, dd, s, t respectively means doublet, a doublet of doublets, singlet and triplet.

solid (Ry 0.2). By the same procedures, compound 21 (389 mg,
1.2 mmol, 86% yield, Rf 0.2) was prepared from the reaction of
compound 6 (500 mg, 1.4 mmol) with BBr3 (12.7 mL, 8.4 mmol)
in CH,Cl, and then 200-300 mesh silica gel (12 g) in MeOH,
and purified by FCC eluting with EtOAc-CH,Cl, (v/v 2:1), while
compound 22 (58 mg, 0.17 mmol, 63% yield, Ry 0.3) was prepared
from the reaction of compound 7 (100 mg, 0.27 mmol) with
BBr3 (2.4 mL, 1.62 mmol) in CH,Cl, and then 200-300 mesh
silica gel (6 g) in MeOH, and purified by FCC eluting with
EtOAc-CH,Cl, (v/v 4:1).

Compound 20: 'H NMR (600 MHz, DMSO-dg) and '*C NMR
(150 MHz, DMSO-dg) data, see Supplementary Table 6 and
Supplementary Figures 20, 21. ESIMS m/z 307.1 [M—H] .

Compound 21: IR (KBr) vyax 3122, 2359, 2339, 1653, 1602,
1510, 1404, 1335, 1281, 1228, 1176, 1101, 841, 667, 538 cm~!. HR
ESIMS m/z 325.0704 [M+H]* (calcd. for C;sH1304, 325.0707)
(Supplementary Figure 22). 'H NMR (600 MHz, DMSO-dg)
and ’C NMR (150 MHz, DMSO-dg) data, see Table 3 and
Supplementary Figures 23, 24.

Compound 22: IR (KBr) vy 3417, 3130, 2357, 2333, 1655,
1618, 1552, 1506, 1281, 1201, 1099, 933, 876, 820, 779, 667 cm ™~ ".
HR ESIMS m/z 341.0649 [M + H]* (caled. for Ci3H;307,
341.0656) (Supplementary Figure 25). '"H NMR (600 MHz,

DMSO-dg) and *C NMR (150 MHz, DMSO-dg) data, see Table 3
and Supplementary Figures 26, 27.

Synthesis of Compounds 23-25

Compound 5 (30 mg, 89 pmol) was dissolved in CH,Cl,
(3 mL), then DMAP (102 mg, 0.8 mmol) and acetic anhydride
(0.08 mL, 0.8 mmol) were added sequentially. After stirring
for 2 h at 40°C, the CH,Cl, was evaporated and EtOAc
(20 mL) was added. The obtained organic phase was washed
with H,O (20 mL x 4), dried over anhydrous Na;SOy4, and
concentrated in vacuo. The residue was purified by SepaBean
machine eluting with 5-70% MeOH/H,O to provide 23
(36 mg, 78 pwmol, 88% yield) as a white solid. By the same
procedures, compounds 24 (35 mg, 67 pwmol, 79% yield) and
25 (38 mg, 66 pwmol, 81% yield) were, respectively, prepared
from the reaction of compound 6 (30 mg, 85 pwmol) with
DMAP (124 mg, 1.02 mmol) and acetic anhydride (0.1 mL,
1.02 mmol) in CH,Cl, (3 mL), and compound 7 (30 mg,
81 pmol) with DMAP (148 mg, 1.21 mmol) and acetic anhydride
(0.12 mL, 1.21 mmol) in CH,Cl, (3 mL). Both compounds
24 and 25 were purified by SepaBean machine eluting with
5-65% MeOH/H,O0.

Frontiers in Microbiology | www.frontiersin.org 27

February 2021 | Volume 12 | Article 654963


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Xu et al.

p-Terphenyls From Aspergillus sp.

TABLE 3 | 'H (600 MHz) and '3C (150 MHz) NMR data of compounds 21, 22, and 25 in DMSO-dg.

Position 21 22 252

dc 8 4 (Jin Hz)? Sc 3y (JinHz) S¢c 84 (JinHz)
1 122.4,C 122.4,C 130.8, C
2 119.0, CH 6.81,d (2.0) 118.9, CH 6.81,d (2.0) 124.9, CH 7.10,s
3 144.2,C 144.2,C 141.5,C
4 1451, C 145.0,C 141.3,C
5 114.7, CH 6.74,d (8.2) 114.7, CH 6.73,d (8.2) 123.2, CH 7.32,d (8.5)
6 121.6, CH 6.66, dd (8.2, 2.0) 121.6, CH 6.66, dd (8.2, 2.0) 128.4, CH 7.17,d (8.5)
1/ 118.4,C 118.3,C 1227, C
o 152.2,C 152.2,C 142.4,C
3 183.4,C 183.3,C 143.0,C
& 1416, C 1416, C 132.9,C
5 131.2, CH 6.72,s 131.2, CH 6.65, s 110.5, CH 7.04,s
6 187.0,C 186.9, C 152.6, C
1" 123.1,C 1235, C 135.4,C
2" 130.8, CH 7.46,d (8.5) 116.6, CH 7.04,d(2.2) 124.0, CH 7.54,s
3" 115.3, CH 6.85,d (8.5) 147.5,C 141.9,C
4" 159.1,C 1451, C 1416, C
5" 115.3, CH 6.85,d (8.5) 115.5, CH 6.80, d (8.0) 123.7, CH 7.39,d (8.5)
6" 130.8, CH 7.46,d (8.5) 120.9, CH 6.94, dd (8.0, 2.0) 127.1, CH 7.58,d (8.5)
3-OMe 60.8, CHs 3.42,s
6'-OMe 56.2, CHg 379, s

aThe 'H and '°C NMR Data for five acetoxy were 8y 2.06 (s, 3H), 2.29 (s, 3H), 2.31 (s, 9H), and 3¢ 168.3 x 2 (C), 168.4 x 2 (C), 168.7 (C), 20.0 (CH3), 20.4 x 4
(CHs), respectively. °d, dd, s respectively means doublet, a doublet of doublets, and singlet.

Compound 23: IR (KBr) vy 3132, 2356, 2333, 1761, 1653,
1562, 1522, 1479, 1396, 1228, 1201, 1667, 1107, 1082, 1009,
920, 841, 671 cm™!. HR ESIMS m/z 465.1537 [M+H]* (calcd.
for Cp¢H,50s, 465.1544) (Supplementary Figure 28). 'H NMR
(600 MHz, DMSO-dg) and '*C NMR (150 MHz, DMSO-d;) data,
see Supplementary Table 6 and Supplementary Figures 29, 30.

Compound 24: 'H NMR (600 MHz, DMSO-dg) and '*C NMR
(150 MHz, DMSO-dg) data, see Supplementary Table 6 and
Supplementary Figures 31, 32. ESIMS m/z 545.0 [M+Na] .

Compound 25: IR (KBr) vy 3128, 2359, 2337, 1768, 1655,
1558, 1522, 1475, 1400, 1203, 1115, 1093, 899, 671 cm™!.
HR ESIMS m/z 603.1470 [M+Na]t (calcd. for C30H23012Na,
603.1473) (Supplementary Figure 33). 'H NMR (600 MHz,
DMSO-dg) and 3C NMR (150 MHz, DMSO-dg) data, see Table 3
and Supplementary Figures 34, 35.

Oxygen Radical Absorbance Capacity
(ORAC) Assay

The anti-oxidative activity of compounds was evaluated by
ORAC assay (Huang et al., 2002) that was carried out mainly by
using 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH,
153.0 uM), fluorescein (FL, 81.6 nM), testing compounds,
and trolox as a positive control, all of which were dissolved
in phosphate buffer solution (PBS, 75 mM, pH 7.4). The
concentrations were 6.25 pM for compounds 4-7 and trolox,
12.5 pM for compounds 1-3, 8-16 and trolox, and 25.0 uM
for compounds 17-25 and trolox, respectively (Supplementary
Figure 36). In short, each 25 pL of testing compounds, blank
(PBS), negative (PBS) and trolox, and 150 iL of FL were added

in each well and incubated at 37°C for 10 min. Each 25 puL
of AAPH was then added to the testing compounds, blank and
trolox groups, and 25 L of PBS was added to the negative group.
Fluorescence intensity of each well was measured one time every
1 min for 90 cycles using a Fluoroskan Ascent FL plate-reader
(Thermo Scientific Varioskan LUX) at excitation of A 485 nm and
emission of A 530 nm. The relative fluorescence intensity f was
equaled to the ratio of the absolute fluorescence reading to the
initial fluorescence reading, and the net area under curve (AUC)
was obtained by subtracting the AUC of the blank from that of
the compound. The AUC was calculated as 0.5 + f1 +... f; +...
+ fg9 + 0.5 X fgp, in which f; means the ratio of fluorescence
reading at time i to the initial fluorescence reading. The final
ORAC values were calculated as micromole of trolox equivalents
per micromole of the compound (pumole TE/pmole) by using
a regression equation between the trolox concentration and the
net area under the FL decay curve. That is, the relative ORAC
value = (AUCcompound = AUC1ank )/ (AUC1r010x — AUChpiank)-

DPPH Radical-Scavenging Assay

The anti-oxidative activity of compounds was also evaluated by
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging assay
(Wang et al., 2007). The experiment was divided into the
following five groups, blank (methanol, MeOH), sample (mix
compound and DPPH solution), background (pure compound
solution), negative (pure DPPH solution), and positive [mix
vitamin C (VC) and DPPH solution] controls. DPPH (0.15 mM),
compounds (1-100 uM), and VC (1-100 uM) that was regarded
as a compound sample in the following procedures all were
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dissolved in MeOH. Each 160 pL of MeOH was placed in
negative control and blank groups, while each 160 pL of testing
compounds or VC was placed in sample and background groups.
Then, MeOH (each 40 L) was, respectively, added to blank
and background groups, while 40 pL of DPPH was, respectively,
added to negative, positive, and sample controls. After 30-min
incubation in the dark at rt, the decrease in DPPH radical
concentration was monitored by measuring the absorbance at A
517 nm with a microplate reader (Multiskan Spectrum, Thermo
Scientific Varioskan LUX). The DPPH radical-scavenging rate
was calculated as:

Scavenging rate (%) = [(Anegative - Ablank)

- (Asample - Ahackground)]/
(Anegative - Ablank) x 100%.

The ICsp (half maximal inhibitory concentration) values of
compounds and VC were calculated by SPSS (Statistical Package
for the Social Sciences) software from the radical-scavenging rates
at the final concentrations of 100, 50, 10, 5, and 1 pu M.

a-Glucosidase Inhibitory Assays
a-Glucosidase Inhibitions in Saccharomyces
cerevisiae

The inhibitions of the compounds against a-glucosidase from
Saccharomyces cerevisiae were assayed by reported method
(Xu et al,, 2018). The testing compounds were dissolved in
dimethyl sulfoxide (DMSO) to obtain stock solution (10 mM)
and then diluted into the concentrations by PBS (pH 6.8),
while a-glucosidase (2.0 U/mL, Sigma), 4-nitrophenyl-a-D-
glucopyranoside (PNPG, 2.5 mM, Macklin), Na,CO3 (0.2 M),
and acarbose (2.5 mg/mL, Sigma) were directly dissolved in PBS.
20 wL of the compound solution and acarbose were, respectively,
mixed in a 96-well microplate with 20 pL of a-glucosidase and
60 L of PBS as the drug and positive groups, while the pure PBS
solution was used as the blank group. After incubation for 15 min
at 37°C, 20 L of PNPG solution was added to each well of testing
groups and further incubated at 37°C for 30 min. Finally, 80 wL of
Na;CO3 solution was added to each well to stop the reaction and
the absorbance was measured by a microplate reader (Multiskan
Spectrum, Thermo Scientific Varioskan LUX) at A 405 nm. The
inhibitory rate (%) was calculated as [1 — (Agrug/ Apiank)] x 100%.
The ICsg values were calculated by SPSS software from the drug
inhibitory rates at the final concentrations of 500, 250, 50, 25, 5,
and 1 wM (Table 3).

«-Glucosidase Inhibitions in Caco-2 Cell Line

The a-glucosidase inhibition assay was also carried out in caco-
2 cell line (Hansawasdi and Kawabata, 2006). Caco-2 cells at
logarithmic growth stage were inoculated in a 6-well plate
with an inoculation density of 4000/cm? and cultured in an
incubator with 5% CO; at 37°C in a Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum,
1% non-essential amino acid, 1% penicillin/streptomycin, 1%
L-glutamine, and 0.25 mg plasmocin. The DMEM medium
was changed one time every 2 days for 24 days. Then, the

culture medium was removed, and the cell surface was washed
three times by a PBS solution (pH 7.4) at 37°C. 1.0 mL
of sucrose/maltose (both 28 mM) PBS solution was added
to the control well, 1 mL of PBS was added to the blank
well, 0.2 mL of compounds or acarbose (positive control) with
different concentration and 0.8 mL of above sucrose/maltose
solution were added to the drug well. The final concentration
gradients of compounds and acarbose were 1.0, 0.3, 0.1, 0.03,
0.01 pM and 10000, 3000, 1000, 300, 100 g/mL, respectively.
The obtained solutions for the enzymatic hydrolysis reactions
of sucrose and maltose were incubated at 37°C for 60 min.
After terminating the reactions in an ice bath for 10 min,
10 pL of the reaction mixture was added into 1 mL of
the glucose kit (Nanjing Jiancheng Bioengineering Institute
Co., Ltd.) and maintain 10 min at 37°C. The a-glucosidase
inhibitory activity of the compounds was then determined
by measuring the glucose content in the reaction solution
(pipette 100 pL reaction solution into 96-well plate) via the
absorbance at A 505 nm with a microplate reader (BioTek
Synergy H1, BioTek, VT, United States). The a-glucosidase
inhibitory rate (%) was calculated as [1 — (Agrug— Apiank)/
(Acontrol= Aplank)] x 100%. The ICsq values were calculated as
showed in Table 3 by SPSS software.

The cytotoxic effects on the coca-2 cells were evaluated by the
CTG assay (Elisia and Kitts, 2008; Wang et al., 2019). Briefly,
coca-2 cells were seeded in 96-well plates at a density of 2 x 103
cells/well and treated with the final concentration of 1.0 puM of
the compounds. After 72 h incubation, 100 pL of CTG solution
(Promega) was added into each well. The luminescence value was
tested by using a microplate reader (BioTek Synergy H1) after
staying at rt for 10 min.

RESULTS AND DISCUSSION

Metabolic Regulation of the Fungus

After adding the leaves of Eucommia ulmoides in the rice
medium, both the production and the a-glucosidase inhibitory
activity of the EtOAc extracts of the solid-state fermentation
increased significantly from 5.3 to 9.5 g/kg and from the
ICsop value of 15.0 to 2.0 pg/mL, respectively. The original
p-terphenyl products 5-7, 10, and 12 in the rice medium
also largely increased by adding the leaves of E. ulmoides. In
addition, the number of the p-terphenyl-type chromophores
also increased significantly. For example, p-terphenyls 1-4,
8, 9, 11, and 13-16 were newly produced after adding the
leaves of E. ulmoides (Figure 1). The results indicated that
the content and diversity of the microbial natural products
could increase highly by adding the host materials to the
culture media of the microorganisms via the chemical microbe-
host interaction.

The Identification of the New

p-Terphenyl (1)

Compound 1 was obtained as a white powder. Its molecular
formula was determined as Cy6H»305 according to its HR-ESIMS
peak at m/z 443.1837 [M+Na]t (Supplementary Figure 2).
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FIGURE 3 | Key HMBC (red arrows) and COSY (blue bold lines) of
compound 1.

The NMR spectra displayed nine sp?- non-hydrogenated
carbons, ten sp?-methines, one sp>-methylene, three
methoxyls, and two methyls (Supplementary Figures 3-
5). Except for the lack of 4”-hydroxyl, these data (Table 2)
were very similar to those reported 3-methoxyterprenin
(13), indicating compound 1 as a highly oxygenated
p-terphenyl. The signals of five mono-substituted phenyl
protons at 8y 7.61 (d, ] = 7.5 Hz, H-2"/H-6"), 7.47 (t
J = 7.5 Hz, H-3"/H-5"), and 7.37 (t, ] = 7.5 Hz, H-4")
which showed 'H-'H COSY correlations (Figure 3 and
Supplementary Figure 6) of H-2"/H-3"/H-4” confirmed
replacement of 4”-OH in 13 by a hydrogen atom in 1.
Furthermore, the 'H-'H COSY between H-5 (3y 6.96)
and H-6 (dy 6.82), H-1" (8y 4.53) and H-2” (3y 5.47),
along with the key HMBC connections (Figure 3 and
Supplementary Figure 7) from H-1" to C-3” (8¢ 136.9)
and C-4 (3¢ 146.7), H-4" 3y 1.72) to C-2""" (3¢ 128.7)
and C-5” (8¢ 25.5), and H-2"/H-6" to C-4' (8¢ 132.7)
supported the structure. Thus, compound 1 was identified as
3-O-methyl-4”-deoxyterprenin.

Synthesis of p-Terphenyls 17-25
As shown in Scheme 1, compounds 17-19 were synthesized from
compounds 5-7 by demethylation reaction using BBr3, which

were further transformed to compounds 20-22 by oxidation of
air in the system of silica gel and MeOH. The acetylation of
compounds 5-7 provided compounds 23-25 by Ac;O/DMAP.
It is interesting that compounds 15 and 16 could be synthesized
from compounds 6 and 7 by an oxidative dehydrocyclization
of air in the system of silica gel and MeOH. But compound 5
cannot undergo the same reaction to form the corresponding
2,2-oxygen bridged p-terphenyl derivative, indicating that the
oxidative cyclization might be carried out by a radical process.
That is, compounds 6 and 7 formed a radical intermediate a
which underwent an intramolecular cyclization to generate the
keto intermediate b in the presence of SiO; and O,. Compounds
15 and 16 were then yielded by a keto-enol tautomerization of the
intermediate b in the SiO, and MeOH (Scheme 2). To confirm
the effect of silica gel and O, the reaction of compound 6 was
carried out in the four conditions, i.e., O, silica gel/argon, silica
gel/air, and silica gel/O,. The results showed that compound 6
could not be converted to compound 15 without silica gel. Both
the reaction and conversion rates increased in the order of O,
silica gel/argon, silica gel/air, and silica gel/O, (Supplementary
Figure 37). And the silica gel acted as a catalyst to accelerate
the tautomerization between keto and enol. The fact that a little
compound 15 was also formed in the silica gel/argon system
could be explained from the air adsorbed in the silica gel.

The Bioactivities of p-Terphenyls

All of the obtained p-terphenyls (1-25) were tested for the anti-
oxidative activity against DPPH radicals and ORAC as well
as the a-glucosidase inhibitions. The results (Table 3) showed
that compounds 4-7, 17, and 20 have a significant antioxidant
capacity with the ORAC values of 6.8, 6.0, 5.7, 4.5, 4.8, and
6.1 pmole TE/pmole, respectively, indicating that 4-, 2’-, and 4”-
hydroxys are active sites of p-terphenyls. When these hydroxyls
were changed to hydrogens or etherified in part or wholly, the
antioxidant capacity was greatly reduced. Compounds 4, 6, 7,
9, 11, 12, 19, 21, and 22 showed more potent DPPH radical-
scavenging activity than VC with the ICsy value of 1.7, 1.4, 1.1,
1.6, 1.6, 1.8, 1.6, 1.7, and 2.8 (VC) wM, respectively, indicating

—0 OH .

o— OH o=
R R OH
oA I 2 o -0
Sio, 5 OH
—o OH MeOH —0
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SCHEME 2 | A possible mechanism forming 15 and 16 by an oxidative cyclization of 6 and 7.
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that 4- and 2’-hydroxys are very important active sites of the
p-terphenyls. As the disappearance of the two hydroxys, changing
to hydrogens, methoxyls or acetoxyls, for example, the DPPH
radical-scavenging activity of p-terphenyls was greatly reduced.
However, the activity is still maintained when the 2'-hydroxy
formed a furan ring with C-6.

The most obvious inhibition against a-glucosidase from
Saccharomyces cerevisiae was observed for compounds 4, 5,
16, 20, and 21 whose ICsy values were 5.9, 2.8, 7.9, 8.9, and
4.0 pM, respectively. The results indicated that 4-, 2',- and 4”-
hydroxys are the most important active-sites for a-glucosidase
inhibition of p-terphenyls, two or three of which were replaced
by hydrogens, methoxyls or acetoxyls resulted in the loss or
decrease of a-glucosidase inhibitory activity. Seven compounds
(5-7, 15, 16, 20, and 21) with significant antioxidant and «-
glucosidase inhibitory activities could be prepared on a large
scale, were further tested for the a-glucosidase inhibitions in
caco-2 cell line. As expected, these seven compounds exhibited
the announced activity with the ICsq values of 0.38, 0.29, 0.36,
0.11, 0.36, 0.11, and 0.12 pM, respectively. It is interesting that
these seven compounds were not toxic to the caco-2 cells at the
concentration of 1 WM, whose inhibitory rate was 0.4%, 0.2%,
0.5%, 20.5%, 2.7%, 0.4%, and 1.2%, respectively.

CONCLUSION

There is a mutually beneficial relationship between endophytes
and their host plants. Adding the host plants to the culture
medium of endophytes could enhanced the metabolic potential
of the endophytic strains and thus enriched the chemodiversity
of the microbial natural products. p-Terphenyls, especially those
4,2 4" -trihydroxy or 4,4”-dihydroxy-1,2,1,2’-furan substituted
ones, have a stronger antioxidant activity, a-glucosidase
inhibitory activity and lower cytotoxicity, implying their
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Vitamin C (VC) is comprehensively applied in foods, cosmetics, pharmaceuticals, and
especially clinical medicine. Nowadays, the industrial production of VC mainly relies on
the classic two-step fermentation route, and researchers have explored the way for one-
step fermentation of VC in recent years. In this study, a VC biosynthesis pathway that
directly produced VC from glucose was reconstructed in Saccharomyces cerevisiae,
and the protein engineering and metabolic engineering strategies were adopted to
improve it. First, five exogenous modules from Arabidopsis were introduced into the
chassis cells by synthetic biology approaches to obtain the strain YLAA harboring
VC biosynthesis. In addition, L-galactose dehydrogenase (L-GalDH) and L-galactono-
1,4-lactone dehydrogenase (L-GLDH) were fused and expressed in S. cerevisiae
cells for the first time, which increased the intracellular VC accumulation by 2.78-
fold, reaching 9.97 4+ 0.09 mg/L. Through copy number engineering, it was further
confirmed that the last step catalyzed by L-GLDH is the rate-limiting step. GDP-
L-galactose phosphorylase (GPP) encoded by vtc2 is another rate-limiting enzyme
confirmed by GAL1p overexpression results. Finally, by balancing gene expression
and cell growth, the highest production strain with overexpressing vtc2 by multicopy
plasmids was constructed. The VC accumulation reached 24.94 + 1.16 mg/L, which
was currently the highest production from glucose in S. cerevisiae. The production of the
recombinant strain reached nearly 44 mg/L with the exogenous addition of L-galactose
or glutathione. The results further emphasized the importance of the step catalyzed by
GPP. The investigation provided experience for the efficient biosynthesis of VC and the
determination of rate-limiting steps.

Keywords: vitamin C, Saccharomyces cerevisiae,
synthetic biology

protein engineering, copy number engineering,

INTRODUCTION

Vitamin C (VC) is a water-soluble vitamin, which is closely related to human beings. For more
than 80 years since the discovery of VC, its physiological activities and biological functions
have been continuously developed (King and Waugh, 1932; Naidu, 2003; Grosso et al., 2013;
Camarena and Wang, 2016). As a result of the strong reducing ability of ascorbic acid, it is an
important antioxidant, free radical scavenger, and one of the nutrients for preventing sepsis (Padh,
1990; Timoshnikov et al., 2020). By the 1950s, VC was considered to have an anti-cancer effect
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by participating in the redox reaction to affect the growth
of cancer cells and even kill them (McCormick, 1954; Yun
et al, 2015; De Francesco et al., 2017). Recently, researchers
discovered VC advanced plasma cell difference to enhance
antibody production, and high injecting doses enhanced the
effectiveness of antibodies and slowed down or even prevented
the growth of cancer (Magri et al., 2020; Qi et al,, 2020). What
is more, VC could also be used in the treatment of leukemia by
regulating the number and function of blood-forming blood stem
cells and reducing the patients’ pain as a cofactor for the synthesis
of substances that had analgesic effects (Prigge et al., 2000; Yeom
et al., 2007; Harrison and May, 2009; Agathocleous et al., 2017;
Carr and McCall, 2017; Cimmino et al., 2017).

Nowadays, the industrial production of VC mainly relies on
the classic two-step fermentation method (CTFR) to convert
D-sorbitol to 2-keto-L-gulonic acid (2-KLG, the precursor
for VC) (Reichstein and Griissner, 1934; Pan et al., 2017).
Afterward, researchers improved the fermentation process to
optimize CTFR by the improvement of the fermentation
process and the reconstruction of microorganisms, such as the
exogenous addition of cofactors or specific complex nutrients
(Gao and Yuan, 2011; Zou et al,, 2012; Huang et al., 2013), the
reconstruction of the helper microorganisms (Zhou et al., 2011;
Du et al, 2012; Zhu et al, 2012a,b), the optimization of the
metabolic pathway in the production microorganisms (Cai et al.,
2012; Du et al, 2013; Pan et al, 2017), and a new design of
bacterial consortia (Mandlaa et al., 2013; Jia et al., 2016).

In addition, researchers have been working on the production
of VC in one-step fermentation over the years. It seemed to be
the most direct method for one-step fermentation producing 2-
KLG that CFTR-related dehydrogenases were introduced into
a certain microorganism (Gao et al.,, 2014; Zeng et al., 2020).
Furthermore, the direct biosynthesis of VC from D-glucose or
D-sorbitol was a practical approach. Although most microalgae
had a complete path to synthesize VC, its cultivation cost was
much higher than that of microorganisms, which greatly limited
its application (Running et al., 2002). Yeast could synthesize
D-erythorbic acid (D-EAA), a structural and functional analog of
VC (Huh et al., 1998). Compared with the transformation process
of VC synthesis in plants, the molecular configuration changes
in the last two steps were very similar (Kim et al., 1998). With
the continuous exploration, researchers gradually discovered the
enzymes lacking in yeast to synthesize VC. Rosa et al. (2013)
transferred the VC synthesis pathway of plants to Kluyveromyces
lactis, but the maturity of its genetic manipulation and the
breadth of its application were not as good as Saccharomyces
cerevisiae. Martani et al. (2013) introduced this pathway into
S. cerevisiae, giving it the ability to synthesize VC with the
production of 0.2 mg/L (Branduardi et al., 2007).

In this study, S. cerevisiae cells were selected as the chassis
cells to construct the strains capable of biosynthesizing VC.
Furthermore, the rate-limiting steps of the VC synthesis pathway
in S. cerevisiae were investigated. The effect of the fusion protein
expression, the promoter optimization, copy number engineering
or the addition of intermediate products, and GSH on VC
accumulation was revealed. Finally, based on the above research,
a S. cerevisiae strain with the highest production of VC from

glucose by one-step fermentation was obtained. The research
process can provide an effective reference for designing a one-
step fermentation route to efficiently produce VC or other
chemicals in S. cerevisiae strains.

MATERIALS AND METHODS

Gene Amplification and Plasmid

Construction

Plasmids used in this study are all listed in Table 1. Genes
synthesized in this study are all listed in Supplementary
Table S3. All syngeneic genes for the reconstruction of the
VC synthesis pathway in yeasts were optimized with yeast
codons and obtained by Kingsley Corporation. The fragments
of constitutive promoters and terminators were amplified from
S. cerevisiae genome. The fragments used for strain constructions
and the primers used for fragments for this study are listed in
Supplementary Table S1. All fragments were amplified using
Phanta” Super-Fidelity DNA Polymerase (Vazyme Biotech.)
and were gel purified using a kit (TTANGEN) before cloning.
Fragment assembly was performed using the Gibson method
(Gibson, 2011) or yeast assembly (Gibson et al., 2008).

As shown in Supplementary Figure S1, five exogenous
modules were subcloned into pRS416 (ura3 auxotrophic marker)
digested by Kpnl and Notl, resulting in the p2-4-6-1 vector. The
exogenous modules expressing gldh was subcloned into pRS415
(leu2 auxotrophic marker) digested by NotI and Sacl, resulting in
the pGLDH-1 vector.

In order to improve the recombination efficiency, 300 bp
homologous fragments were used to construct the plasmids with
overexpressing exogenous modules and fused proteins. As shown
in Supplementary Figure S2, all exogenous optimized modules
were subcloned into pRS426 (ura3 auxotrophic marker) digested
by Kpnl and Notl, resulting in the vectors p2-4-6-1-2, pGME-
VTC2, pVTC2-VTC4, and pGalDH-GLDH.

The fragments vtc2-gldh, alo1-vtc2, alol-gldh, and TDH3p-
alo1-ENO2t were obtained according to the designed order by
overlap extension PCR (OE-PCR). The first three fragments
were, respectively subcloned into pRS425 (leu2 auxotrophic
marker) digested by Xhol and HindII], resulting in the multi-copy
plasmids pVTC2-GLDH, pALO1-VTC2, and pALO1-GLDH.
The last fragment was subcloned into pRS423 (his3 auxotrophic
marker) digested by Xhol and Sall, resulting in the multi-copy
plasmid overexpressing alol (Supplementary Figure S3A).

GAL1p-PGIlt was obtained after OE-PCR, digested by
HindIIl and Notl and eventually subcloned with linearized
pRS413 (his3 auxotrophic marker), resulting in the GALIlp
expression cassette. Each exogenous module was, respectively,
subcloned into this cassette digested by Bsal, resulting in
five vectors pGME-Gal, pVTC2-Gal, pVTC4-Gal, pGalDH-
Gal, and pGLDH-Gal (Supplementary Figure S3B). The
fragment TEF2p-gldh-ENO2t was subcloned into pRS413
(HIS auxotrophic marker) digested by NotI and Sacl resulting
in the vector pGLDH-2. All fragments of exogenous genes
were amplified and then digested by NotI and Sacl. Each
exogenous module was eventually subcloned with linearized
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TABLE 1 | List of plasmids used in this study.

Plasmid Description Source

p2-4-6-1 PRS416-Ppgk 1p-gme-HXT7t-Pgpy 1p-vtc2-CYC1t-Prpgp-vtc4-GPM1t-Prpj 1 -galdh-PGK1t This study
pGLDH-1 PRS415-Prer2p-gldn-ENO2t This study
p2-4-6-1-2 pR8426-PpGK1p-gme-HXTT[-PGpM1p-v102-CYC1t-PTDng-vtc4-GPM1t—PTEng-gldh-ENOZt- This study

PTpHp»gaIdh»PGKH

pGME-VTC2 PRS426-Pgpw 1p-vic2-gme-CYC1t-Prppzp-vicd-GPM1t-Prerop-gldh-ENO2t-Prpy 1, -galdh-PGK1t This study
pVTC2-VTC4 PRS426-Ppgk 1p-gme-HXT7t-Pgpp 1 p-vtc2-vtcd-GPM1t-gldh-ENO2t-Pp 1, -galdh-PGK 1t This study
pGalDH-GLDH PRS426-Ppck 1p-gme-HXT7t-Pgpy 1p-vtc2-CYC1t-Prpngp-vtc4-GPM1t-Ppy 15 -galdh-gldh-ENO2t This study
pVTC2-GLDH PRS425-Prer1p-vtc2-CYC1t-Prppzp-gldh-ENO2t This study
pALO1-VTC2 pRS425-Pgpy 1p-alo1-HXT7t-Prerqp-vtc2-CYC1t This study
pALO1-GLDH PRS425-Pgpv1p-alo1-HXT7t-PrpH3p-gldh-ENO2t This study
PALOA pPRS423-P1pH3p-alo1-HXT7t This study
pHE-Gal pRS413-Pga 1p-PGI1t This study
pGME-Gal PRS413-PgaL 1p-gme-PGI1t This study
pVTC2-Gal RS413-Pgar 1p-vtc2-PGI1t This study
pVTC4-Gal pRS413-Pga| 1p-vic4-PGl1t This study
pGalDH-Gal pRS413-Pgal 1p-galdh-PGI1t This study
pGLDH-Gal pRS413-Pgal 1p-gldh-PGI1t This study
pGLDH-2 pRS413-Prerop-gldn-ENO2t This study
pGME-425 PRS425-Ppgk 1p-gme-HXT7t This study
pVTC2-425 pRS425-Pgpy 1p-vtc2-CYCTt This study
pVTC4-425 pRS425- PrpH3p-vtc4-GPM1t This study
pGalDH-425 pRS425- Prpj1p-galdh-PGK1t This study
pGLDH-425 PRS425-Prerop-gldh-ENO2t This study

pRS425, resulting in five multicopy vectors pGME-425,
pVTC2-425, pVTC4-425, pGalDH-425, and pGLDH-425
(Supplementary Figure S3C).

All the restriction enzymes and modification enzymes used in
this study were from New England Biolabs.

Strains, Medium, and Culture Conditions
Yeast strains used in this study are listed in Table 2. Plasmid
cloning work and circuit construction characterization were all
performed in Escherichia coli Trans-T1 strains. They were grown
in Luria-Bertani broth (LB) media (10 g/L of peptone, 5 g/L of
NaCl, and 5 g/L of yeast extract) at 37°C and 220 rpm. S. cerevisiae
strain BY4741 (MATa his3A1 leu2 A0 met15A0 ura3A0) was
used as the parental strain in this study. All yeast transformations
were performed using the LiAc/PEG/ss-DNA protocol. The
parental yeast strain was treated under heat shock at 42°C for
15 min, recovered in 5 mM calcium chloride for 5 min after
incubation, and eventually plated on a suitable selection medium
(Martani et al.,, 2013). Engineered yeast strains were grown in
synthetic complete (SC) medium (20 g/L of glucose, 6.7 g/L of
yeast nitrogen base without amino acids, and appropriate amino
acids) under auxotroph-screening conditions (Uracil 0.02 g/L,
histidine 0.02 g/L, tryptophan 0.02 g/L, and leucine 0.1 g/L)
or yeast extract-peptone-dextrose (YPD) medium (20 g/L of
glucose, 10 g/L of yeast extract, and 20 g/L of peptone). They were
grown in shake tubes at 30°C and 220 rpm.

Yeast cells for intracellular VC determination were inoculated
in 5 mL of SC medium with appropriate selectivity. After
transferring, the culture was inoculated in the fermentation

medium with an initial ODggg = 0.1 for shake flask fermentation.
The fermentation medium was YPD medium with diploid sugar
(40 g/L of glucose). All strains were grown in shake flasks at
30°C and 150 rpm, and the ratio of flask volume:medium was
5:1. When GAL1p yeast strains completely consumed glucose for
growth (24 h), galactose, with a final concentration of 20 g/L, was
added to the medium to introduce gene overexpression.

The Extraction of Vitamin C

Yeast cells of 5 mL fermentation were harvested in a 10-mL ice-
cold centrifugal tube by centrifugation at 4°C and 5,000 rpm
for 10 min, washed once with ice-cold distilled water in a new
ice-cold 2 mL centrifugal tube, and then resuspended in 400 pL
ice-cold 2.5% metaphosphate and 100 wL 1 M DTT. The same cell
volume of silicon dioxide was added, and the cells were vortexed
vigorously for 5 min. Then they were immediately kept in ice for
5 min. After six cycles, the supernatant was then cleared from
cell debris by centrifugation at 4°C and 12,000 rpm for 15 min
and transferred to a new ice-cold 2-mL centrifugal tube with
15 pL of aqueous ammonia to adjust the pH. The supernatant
passed through a 0.22-pm filter prior to high-performance liquid
chromatography (HPLC) analyses.

Vitamin C, Glucose, and Ethanol
Quantification

The identity of VC was confirmed by HPLC (Waters ¢2695-
2489) with a Hypersil GOLD™ HILIC column (5 wm inner
diameter, 250 pm by 4.6 pm, Thermo Scientific, catalog no.
26505-254630) with 85% acetonitrile, 14.985% H,0, and 0.015%
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TABLE 2 | List of yeast strains and plasmids used in this study.

Strain Genotype Description Source
BY4741 MATa; his3A 1; leu2A 0; met15A O; ura3A O / QOur laboratory
YLAA MATa; his3A 1; leu2A 0; met15A 0; ura3A 0 BY4741 (p2-4-6-1, pGLDH-1) This study
YLAA-2 MATa; his3A 1; leu2A 0; met15A 0; ura3A O BY4741 (p2-4-6-1-2) This study
YLAAF-1 MATa; his3A 1; leu2A 0; met15A 0; ura3A O BY4741 (o GME-VTC2) This study
YLAAF-2 MATa; his3A 1; leu2A 0; met15A 0; ura3A 0 BY4741 (pVTC2-VTC4) This study
YLAAF-3 MATa; his3A 1; leu2A 0; met15A 0; ura3A O BY4741 (pGalDH-GLDH) This study
YLAA* MATa; his3A 1; leu2A 0; met15A 0; ura3A O BY4741 (p2-4-6-1, pGLDH-2) This study
YLAAK-1 MATa; his3A 1; leu2A 0; met15A 0O; ura3A 0 YLAA* (pVTC2-GLDH) This study
YLAAK-2 MATa; his3A 1; leu2A 0; met15A 0; ura3A O YLAA* (pALO1-VTC2) This study
YLAAK-3 MATa; his3A 1; leu2A 0; met15A 0; ura3A O YLAA* (pALO1-GLDH) This study
YLAAK-4 MATa; his3A 1; leu2A 0; met15A 0; ura3A 0 BY4741 (p2-4-6-1, pALO1, pVTC2-GLDH) This study
GME-Gal MATa; his3A 1; leu2A 0; met15A 0; ura3A 0 YLAA (pGME-Gal) This study
VTC2-Gal MATa; his3A 1; leu2A 0; met15A 0; ura3A O YLAA (pVTC2-Gal) This study
VTC4-Gal MATa; his3A 1; leu2A 0; met15A 0; ura3A O YLAA (pVTC4-Gal) This study
GalDH-Gal MATa; his3A 1; leu2A 0; met15A 0; ura3A 0 YLAA (pGalDH-Gal) This study
GLDH-Gal MATa; his3A 1; leu2A 0; met15A 0; ura3A O YLAA (pGLDH-Gal) This study
GME-M MATa; his3A 1; leu2A 0; met15A 0; ura3A O YLAA* (pGME-425) This study
VTC2-M MATa; his3A 1; leu2A 0; met15A 0; ura3A 0 YLAA* (pVTC2-425) This study
VTC4-M MATa; his3A 1; leu2A 0; met15A 0; ura3A O YLAA* (pVTC4-425) This study
GalDH-M MATa; his3A 1; leu2A 0; met15A 0; ura3A 0 YLAA* (pGalDH-425) This study
GLDH-M MATa; his3A 1; leu2A 0; met15A 0; ura3A 0 YLAA* (pGLDH-425) This study

phosphoric acid, a flow rate of 1 mL/min, and UV detection
set at 245 nm, with pure VC as the standard (as shown in
Supplementary Figure S3).

The identity of glucose and ethanol was confirmed by HPLC
with an Aminex” HPX-87H Ion Exclusion column (9-wm inner
diameter, 300 pm by 7.8 wm, Bio-Rad, catalog no. 125-0140)
with 5 mM H,SOy, a flow rate of 0.6 mL/min, at 65°C with
glucose-2H, O and absolute ethanol as the standard.

Transcriptional Analysis

RNA was extracted using the Column Fungal RNAout (TTANDZ,
catalog no. 80804-50). Nearly 1 g of total RNA was used for
cDNA synthesis with the SPARKscript II RT Kit (SparkJade),
following the manufacturer’s instructions. cDNA samples were
diluted with ddH,O and were used for fluorescence quantitative
PCR (qPCR). qPCR analysis was performed on q225-0265 qPCR
system (Kubo tech Ltd.) using Unique Aptamer™ qPCR SYBR”
Green Master Mix (Novogene). The primers used for gPCR to
quantify relevant genes are listed in Supplementary Table S2.
The internal standard is Gene TDH3.

RESULTS

The Construction and Fermentation of

Vitamin C Biosynthesis Strain

The VC synthesis pathway of plants starts with glucose, and
it is finally produced after 10 steps of reactions (Figure 1;
Wheeler et al, 1998). Three bio-reactive enzymes of this
pathway, GME, GGP, and GPP, did not exist in S. cerevisiae,
and the research of Branduardi et al. (2007) proved that

these genes from Arabidopsis could express exogenously. Since
codon optimization would improve the efficiency of the
enzyme (Wang et al.,, 2017), we optimized the codons of the
genes related to this pathway from Arabidopsis. Each gene
was collocated with a different constitutive promoter and
terminator to construct an exogenous module, and all the
modules were introduced to S. cerevisiae BY4741, but VC
could not be detected. After that, two modules, respectively,
expressing L-GalDH, L-GLDH were together transformed
into BY4741 resulting in the recombinant stain YLAA. This
construction enabled it to synthesize VC from glucose, and
it accumulated 3.58 + 0.40 mg/L of intracellular VC at
72 h (Figure 2A).

In order to investigate whether the introduction of exogenous
modules related to VC synthesis would affect the normal cell
growth, the curves of the growth, the glucose consumption, and
the ethanol and VC production of strain BY4741 and YLAA
are indicated in Figure 2A. The growth of YLAA was basically
similar to BY4741, and 40 g/L of glucose was simultaneously
consumed at the end of the logarithm. Following this, ethanol
was consumed for the secondary growth of the strain with the
final ODgpp of about 25 in the stationary phase. The results
indicate that the introduction of the VC synthetic pathway did
not bring additional growth burden and glucose requirement to
S. cerevisiae. In addition, intracellular VC began to accumulate at
24 h and reached a maximum at 72 h. The reason for the decrease
at 96 h might be due to its oxidation. It could be seen that VC
synthesis was not synchronized with the growth in S. cerevisiae.
It indicated that GDP-D-mannose was first used to synthesize
cytoderm to achieve high cell concentration, and then the excess
was converted to VC (Jiang et al., 2008).
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FIGURE 1 | The Vitamin C biosynthesis pathway reconstructed in S. cerevisiae. The following enzymes are involved: HK, hexokinase; GPI, glucose-6-phosphate
isomerase; MPI, mannose-6-phosphate isomerase; PMM, phosphomannomutase; GMP, GDP-mannose pyrophosphorylase; GME, GDP-mannose-3,5-epimerase;
GGP, GDP-L-galactose phosphorylase; GPP, L-Galactose 1-phosphate phosphatase; ARA, D-Arabinose dehydrogenase; ALO, D-Arabinono-1,4-Lactone Oxidase;
L-GalDH, L-galactose dehydrogenase; L-GLDH, L-galactono-1,4-lactone dehydrogenase. The introduced genes from Arabidopsis are marked in green.
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FIGURE 2 | Fermentation and transcriptional level analysis of YLAA. (A) Time courses showing changes in cell concentration (circles), glucose consumption

(squares), ethanol production (rhombuses), and VC production (triangles) of YLAA (red solid) and BY4741 (black hollow) during fermentation. (B) The transcriptional
level of genes involved in the VC biosynthetic pathway in strain YLAA. The control gene is Gene gldh. Error bars represent + standard error of mean (SEM, n = 3).

In order to investigate the rate-limiting steps of the
pathway, the transcriptional levels of five endogenous genes and
five exogenous genes in YLAA were simultaneously detected
(Figure 2B). It could be apparently seen that the transcriptional
levels of the five endogenous genes were much higher than those
of the exogenous genes. Among the transcriptional levels of
endogenous genes, the highest one was sec53, and the lowest two

were psal and aral. What was more critical was the comparison
of the transcriptional level of exogenous genes. The gene with
the highest transcriptional level was galdh, and the lowest two
were vtc2 and gldh. The transcriptional level of galdh was about
10-fold that of gldh. The transcriptional level of aral was about
46-fold that of gldh. In summary, one of the sticking points
to improve the production of VC was how to increase the
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transcriptional level and expression intensity of exogenous genes,
especially vtc2 and gldh.

Metabolic Pathway Optimization by
Engineering Multiple Exogenous

Modules

The Whole-Exogenous-Module Overexpression
Improving the transcription levels of exogenous genes
was urgently needed, so five exogenous modules involved
in the VC pathway were overexpressed by multicopy
plasmid to obtain strain YLAA-2. After the shake
flask fermentation of YLAA-2, the production of VC
was detected at 72 h. Its production was increased by
61.5% compared with the initial strain YLAA, reaching
5.78 £ 0.04 mg/L (Figure 3A).

Protein Fusion Engineering

According to the above qPCR results, the rate-limiting enzymes
of the VC synthesis pathway in S. cerevisiae were probably
GPP and L-GLDH. The fusion protein had the complete
coding sequence of each enzyme molecule, so it owned
the respective catalytic functions of the enzyme molecules
that composed it. Therefore, a protein engineering strategy
using (GGGGS); flexible linker for fusion overexpression of
GPP or L-GLDH and its adjacent-step protein was adopted,
resulting in constructing three recombinant strains (Huston
et al, 1988). After fermentation for 72 h, only the fusion
overexpression of L-Galdh and L-GLDH significantly increased
the intracellular VC accumulation, reaching 9.97 + 0.09 mg/L,
which has been raised 1.78 times as against that of YLAA
(Figure 3A). The production increase of the other two strains
was not obvious, and it might be caused by the changes
in enzyme structure or the inappropriate linker. The main
reasons for the increase of strain YLAAF-3 might be the
following: Proximity effects were exhibited by the fusion
of enzymes in adjacent catalytic reactions, and transient
time of reactions was decreased (Ljungcrantz et al, 1989,

1990). In addition, fusion-protein expression could reduce the
degradation of intermediate metabolites by the intracellular
proteases (Albertsen et al.,, 2011; Dai et al.,, 2012; Ignea et al.,
2014).

Copy Number Engineering of the Possible
Rate-Limiting Genes for Its Expression Optimization
It was inferred from qPCR results that it was urgent to
increase the expression intensity of vtc2 and gldh. Some studies
demonstrated that D-arabinono-1,4-lactone oxidase (ALO) was
likely to be an isoenzyme of L-GLDH (Huh et al., 1994; Lee
et al., 1999; Sauer et al., 2004). Sauer et al. (2004) found that
overexpression of Gene alol and gldh enhanced yeast cells to
accumulate VC, which indicated the significance of the last step.
Three genes are divided into four combination modules: vtc2
and gldh; alol and vtc2; alol and gldh; and alol, vtc2, and
gldh. Aiming to improve the strength of expression initiation,
each gene was equipped with a strong constitutive promoter,
e.g., TEFlp, TDH3p, or GPMlp (Partow et al, 2010; Sun
et al,, 2012; Wang et al,, 2015). Thus, four recombinant strains
overexpressing the above gene modules were constructed. As
shown in Figure 3A, YLAAK-3 had the highest production
(16.97 £ 0.65 mg/L), which was consistent with the conclusion
that the last step of the VC synthesis pathway was the rate-
limiting step (Sauer et al., 2004). The others were similarly about
twice that of YLAA.

From the growth curve of strains, the growth of four
recombinant strains was obviously weaker than that of BY4741
and YLAA (Figure 3B). Its specific manifestations were long
lag phase, lagging logarithmic phase, and low cell concentration.
In addition, it was included that the overexpression of alol
had a significant negative impact on the cell growth. The
weakest strains were YLAAK-3 and YLAA-4, and the same
genes they overexpressed were alol and gldh. In summary,
overexpression of excessive gene modules indeed caused the
growth and metabolism disorders in S. cerevisiae, especially the
modules related to the important last step.

Description Strain

Overexpression of ALO1, VTC2 and GLDH YLAAK-4

Overexpression of ALO1 and GLDH YLAAK-3

Overexpression of ALO1 and VTC2 YLAAK-2

Overexpression of VTC2 and GLDH YLAAK-1

L-GalDH and L-GLDH fusion expression  YLAAF-3

YLAAF-2

T

GGP and GPP fusion expression

GME and GGP fusion expression YLAAF-1
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FIGURE 3 | Fermentation of the strains with multiple-exogenous-module optimization. (A) The VC production of the initial strain (YLAA, gray), the strain
overexpressing the whole exogenous module (YLAA-2, red), the strain overexpressing different fusion-protein (YLAAF-1/2/3, blue), and the strain overexpressing
different combination modules (YLAAK-1/2/3/4, green) after 72 h of fermentation. (B) Time courses showing changes in cell concentration of YLAAK-1 (triangles),
YLAAK-2 (rhombuses), YLAAK-3 (hexagons), YLAAK-4 (squares) and BY4741 (circles). Error bars represent + SEM (n = 3). Significance levels of Student’s t-test:

*P < 0.05, P < 0.01, **P < 0.001, and ****P < 0.0001.
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Engineering the Pathway of Vitamin C by
Improving Single Exogenous Module

Expression

Due to the negative effects of overexpression of excessive gene
modules, we attempted to overexpress one exogenous module.
In this study, two overexpression methods were chosen: Fusions
of an open reading frame to GAL1p inducible promoter; Using
plasmid with multiple copies (Rine, 1991).

Improving an Exogenous Module Expression by
Gallp

The first step of gene expression is DNA transcription. The
promoter is a sequence that RNA polymerase recognizes,
binds, and begins to transcribe. Therefore, transcription with a
suitable promoter was of considerable significance for metabolic
engineering (Nevoigt et al., 2006). The GAL1 promotor initiated
induction with galactose as the sole carbon source in the medium
and had a strong transcriptional initiation strength (Stagoj and
Komel, 2008). According to the above conclusions, VC was
beginning to accumulate in S. cerevisiae cells when glucose was
lacking. Therefore, GAL1p was used to induce the overexpression
of target genes by exogenous addition of galactose after glucose
has been completely consumed.

Each exogenous module, respectively, overexpressing gme,
vtc2, vtc4, galdh, and gldh by GALIp was introduced into
strain YLAA to obtain five overexpression strains. Through
HPLC results, we found that the use of GALIp to overexpress

any exogenous module indeed increased the intracellular
accumulation of VC to varying degrees. Among them,
strain VTC2-Gal had the greatest impact on the production
(8.53 £ 0.95 mg/L), which indicated that vtc2 is one of the
rate-limiting genes in this pathway (Figure 4A). However, the
production was not as high as that of the previous strains,
and the external addition of galactose caused a supernumerary
increase in cost.

Balancing Gene Expression and Cell Growth by Copy
Number Engineering

In addition to protein engineering, using multicopy plasmid
was often used to increase the strength of gene expression
in S. cerevisiae (Rine, 1991). What is more, increasing the
copy numbers of too many gene modules caused disturbances
in cell growth and metabolism. Therefore, the copy numbers
of only one gene module were increased to improve its cell
growth and metabolism.

Five recombinant strains were constructed to investigate the
effect of a single gene overexpression by multicopy plasmid on
the VC production in S. cerevisiae. As shown in Figure 4A,
it could be clearly seen that the positive effect of using
multicopy for overexpression on the production was better
than using GAL1p. The production range was 15.86 % 0.60-
23.83 £ 2.25 mg/L at 72 h. The production of strain VTC2-
M was the highest, which has been raised nearly 5.66-fold
compared with that in YLAA. As shown in Figure 4B, it could
be clearly seen that all strains accumulated VC after 24 h, and
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FIGURE 4 | Fermentation of one-gene-module overexpression strains. (A) VC production of GAL1p overexpression strains (blue) and multicopy plasmid
overexpression strains (red). Time courses showing changes in (B) VC production, (C) cell concentration, (D) glucose consumption (solid), and ethanol production
(hollow) of GME-M (green stars), VTC2-M (red triangles), VTC4-M (purple rhombuses), GalDH-M (brown hexagons), GLDH-M (blue squares), and YLAA (black circles).
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the VC accumulation rate was fast from 24 to 48 h. It was
worth paying attention that the difference from other strains
was that VTC2-M reached the highest value of VC production
of 24.94 £ 1.16 mg/L at 96 h (Figure 4B). The results once
more indicated the importance of vtc2 in this pathway. From
other aspects, overexpression of a single gene module promoted
its cell concentration. Interestingly, the ethanol content of the
two strains with the highest production was a little higher
among five strains (Figures 4C,D). When secondary growth is
caused by the consumption of ethanol and other metabolites
in the stationary phase, their final ODgpp was higher than
YLAA. In particular, the cell growth of VTC2-M was better than
others. The reason could be that higher VC bio-synthesis led to
more reduction of reactive oxygen species (ROS) through redox
reaction. By comparing the results of Figures 3B, 4C, it was
found that their cell concentration was higher than that of strains
overexpressing combination modules, which might be due to
the reduction of metabolic burden that allowed cells to perform
normal physiological activities.

In order to quantify the increment of gene copy number,
the transcriptional level of the corresponding gene in YLAA
and five overexpression strains was analyzed (Figure 5A).
Obviously, the overexpression by multicopy plasmid increased
the transcription level by increasing its copy number. The
copy number of vtc4 in VITC4-M increased the most, up by
eightfold, followed by GME-M and GalDH-M. Both the copy
number for gme and galdh almost increased by sixfold. The
remaining VTC2-M or GLDH-M only increased by three or
twofold, respectively. By combining with the VC production,
there was a conclusion: For those genes whose transcriptional
level were already relatively high, such as vtc4, gme, and
galdh, the increased copy number was not as effective as the
overexpression of genes with low transcription level, such as
vtc2 and gldh. Furthermore, the strains with a low copy number
increase had higher VC accumulation, which might be related
to a more appropriate ratio of gene copy numbers. Through
the analysis of the transcriptional level of all exogenous genes
in VIC2-M, GLDH-M, and YLAA (Figure 5B), it was found

that overexpression of vtc2 or gldh not only increased its own
transcriptional level but also increased the transcription level
of others. It might be related to the accent and decline of the
intermediate metabolite level.

The Effect of Adding Exogenous

Substances on Vitamin C Production

In order to investigate which intermediate metabolites were
still lacking in the process of the VC synthesis, 250 mg/L of
L-galactose or L-galactono-1,4-lactone was exogenously added
to the shake flask. What is more, the addition of glutathione
(GSH) promoted thiamin/thiamin pyrophosphate (TPP) and
GSH transport, increased the metabolism of tricarboxylic acid
cycle and pentose phosphate pathway, and upregulated ROS
detoxification proteins (Ma et al., 2012). At the same time, it was
also an antioxidant, so 200 mg/L of GSH was exogenously added
in the hope that it might reduce the loss of VC.

For VTC2-M, all three kinds of exogenous substances had a
positive effect on the VC biosynthesis in late fermentation period
(Figure 6). VTC2-M with the addition of GSH and L-galactose
accumulated nearly 44 mg/L of VC intracellularly on the fifth
day, and there seemed to be an upward trend. With the addition
of L-galactono-1,4-lactone, the accumulation of VC reached
the highest value (42.56 £ 0.65 mg/L) on the fourth day and
then declined. Since L-galactose was the upstream intermediate
metabolite of L-galactono-1,4-lactone, and the effect of adding
this substance was consistent with that of vtc2 overexpression, we
inferred that it was critical to reconstruct and even look for more
efficient enzymes than GPP encoded by vtc2 from Arabidopsis.
As for the reason for the positive effect of the addition of GSH, it
could be further proved by transcription analysis in the future.

DISCUSSION

The two-step fermentation method, used in industrial production
of VC, included two chemical reaction steps and two biological
fermentation steps. Nowadays, people are focusing on achieving
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FIGURE 6 | Time courses showing changes in Vitamin C production of
VTC2-M with adding exogenous substances. The addition of L-galactose (red
squares), L-galactono-1,4-lactone (green rhombuses), GSH (blue triangles),
and none (black circles). Error bars represent + SEM (n = 3).

one-step fermentation. Branduardi et al. (2007) first designed
the metabolic pathway of synthesizing 0.2 mg/L of VC from
glucose in S. cerevisiae. S. cerevisiae cells, as a model organism,
were widely used to express exogenous genes for large-scale
industrial production due to the well investigation of its
genetic and growth characteristics (Lian et al., 2018). However,
researchers were currently exploring the stress resistance of
VC biosynthesis yeasts (Branduardi et al., 2007; Fossati et al.,
2010; Martani et al., 2013). This research focused on exploring
the rate-limiting steps and optimizing the VC biosynthesis in
S. cerevisiae.

Overexpressing alol and gldh in several module combinations
has the best effect to improve VC production, which emphasized
the importance of the last step (Figure 3). Sauer et al. (2004)
enhanced the ability of yeast cells to generate VC from L-galactose
by overexpressing alol and gldh, which proved that the last
step was the rate-limiting step. In addition, the results of
overexpressing a single gene module proved that that the step
catalyzed by GPP encoded by vtc2 was also one of crucial rate-
limiting steps (Figures 4A,B).

Protein fusion could implement the balance and optimization
of the synthesis pathway by increasing the concentration of
enzymes and intermediate metabolites at the specific location.
Ozaydin et al. (2013) enhanced the biosynthesis of bisabolene
through the fusion protein expression. Combining the fusion
protein of t3CrGES/Erg20WW and Erg20"" increased the
production of geraniol by 2.73 times (Jiang et al, 2017).
The intensity of gene expression also played an important
role for product synthesis. Kim et al. (2016) regulated gene
expression by promoter engineering to achieve low ethanol
production and high 2,3-butanediol production. Chen et al.
(2012) improved the expression of exogenous proteins by
multi-copy plasmids and enhanced patchoulol production. In

this study, the metabolic engineering methods were improved
and applied to the optimization of one-step biosynthesis of
VC in S. cerevisiae. First, the fusion expression of L-GalDH
and L-GLDH was applied and increased intracellular VC
production by 2.78-fold in S. cerevisiae (Figure 3A). In order
to balance cell production and concentration, a single-module-
overexpression strategy was adopted. The best recombinant
strain overexpressing vtc2 could accumulate 24.94 + 1.16 mg/L
of intracellular VC at 96 h, and it could reach nearly 44 mg/L
in 144 h with the exogenous addition of 250 mg/L of
L-galactose or 200 mg/L GSH (Figures 4, 6). Our research
provided the experience in engineering S. cerevisiae strains
for one-step fermentation of VC or any other valuable
chemical production.

One-step biosynthesis of VC by S. cerevisiae has been long
sought for, but there is still a long way to go. What is more, a
yeast capable of synthesizing VC improved its antioxidant and the
tolerance to low pH, weak organic acids, and the positive effect of
VC on the treatment of cancer was related to its influence on ROS
(Branduardi et al., 2007; Yun et al., 2015). The recombinant yeast
constructed in this study could also represent a cellular model to
investigate the occurrence/protection of ROS in eukaryote.
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Macrofungi, which are also known as mushrooms, can produce various bioactive
constituents and have become promising resources as lead drugs and foods rich in
nutritional value. However, the production of these bioactive constituents under standard
laboratory conditions is inefficiency due to the silent expression of their relevant genes.
Coculture, as an important activation strategy that simulates the natural living conditions
of macrofungi, can activate silent genes or clusters through interspecific interactions.
Coculturing not only can trigger the biosynthesis of diverse secondary metabolites
and enzymes of macrofungi, but is also useful for uncovering the mechanisms of
fungal interspecific interactions and novel gene functions. In this paper, coculturing
among macrofungi or between macrofungi and other microorganisms, the triggering
and upregulation of secondary metabolites and enzymes, the potential medicinal
applications, and the fungal-fungal interaction mechanisms are reviewed. Finally, future
challenges and perspectives in further advancing coculture systems are discussed.

Keywords: macrofungus, coculture, interspecific interaction, biosynthesis potential, metabolite

INTRODUCTION

Macrofungi, most of which belong to basidiomycetes, with the minority belonging to ascomycetes,
are fungi that produce spore-bearing structures visible to the naked-eye and are known for
their nutritional properties, medical value, and/or degradation capacity. It is estimated that
approximately 140,000 macrofungi exist in nature and now, approximately 20,000 species have
been found (Zhang, 2002; Niskanen et al., 2018). Macrofungi live as haploid mycelia and grow
vegetatively in soil, woods, or solid media to develop into fruiting body. The mycelium of
macrofungi can also be cultivated under submerged fermentation in shaking flasks. Both the
fruiting body and liquid-cultivated mycelium have been reported to produce a number of useful
constituents, including bioactive lead compounds (such as alkaloids, polyketides, terpenoids,
and steroids) and degradation-related oxidative enzymes (such as laccase, lignin peroxidase, and
manganese peroxidase) (Qu et al., 2019; Shen et al., 2019; Zhang et al., 2019; Lira-Pérez et al., 2020),
which make macrofungi an important resource for agriculture, industry, and medicine.
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Currently, the genomes of more than 90 macrofungi have
been sequenced, which provides great genetic knowledge for
profound research (Li et al., 2018). However, the silent expression
of genes or gene clusters has often been reported in macrofungi,
suggesting that their potential capacities urgently need to be
developed. For example, the whole-genome sequence of the
widely known medicinal macrofungus Ganoderma lucidum
indicated 16,113 annotated or predicted genes in its 43.3-
Mb genome, suggesting that many gene clusters related to its
metabolite or enzyme synthesis were present (Chen et al., 2012),
but so far, only about 400 metabolites have been found. This
meant that many genes remained cryptic or had low expression.

To explore the silent gene clusters of diverse fungi, including
macrofungi, many strategies have often been used, such as
the OSMAC (one strain many compounds) strategy, genetic
engineering, and coculture (Scherlach and Hertweck, 2009).
The OSMAC strategy, which is usually performed by altering
the culture media and cultural conditions or adding the
chemical inducers, is an important mean to explore the
metabolic potential of fungi because of its simplicity and
effectiveness, but it is difficult to produce certain types of targeted
compounds in this way (Bode et al., 2002). Recently, the rapid
development of biotechnology, such as the emergence of third-
generation of genome sequencing and CRISPR-Cas9 (clustered
regularly interspaced short palindromic repeat-Cas9) technology,
has made fungal genetic manipulation for mining secondary
metabolite potential (e.g., high expression of transcription
factors, knockout of HDAC genes) relatively easier (Noedvig
et al., 2015; Weber et al., 2015). However, the genetic system
of macrofungi, especially many basidiomycetes, is much more
complex than those of other fungi and is still challenging
to efficiently manipulate. Only a few macrofungi, including
G. lucidum, Ganoderma lingzhi, Cordyceps militaris, Agaricus
bisporus, Schizophyllum commune, and Coprinopsis cinerea, have
been reported to be edited by the CRISPR-Cas9 system or to
achieve an overexpression system using traditional plasmids
(Zhou et al., 2012; Qin et al., 2017; Sugano et al., 2017;
Chen et al,, 2018; Jan Vonk et al., 2019; Shen et al., 2019,
2020). By comparison, the coculture strategy can simulate the
symbiotic relationship of microorganisms in nature and easily
activate silenced gene clusters through the interaction between
strains (Moody, 2014; Xu et al, 2018; Shen et al, 2019).
Recently, coculturing has been widely used in mining unknown
biosynthetic potential, such as discovering novel secondary
metabolites and enzymes that might be applied in the fields
of medicine, agriculture, and industry in the future (Figure 1).
Further study of the interaction mechanisms in coculture systems
is useful for understanding the relationship of fungal-fungal
interactions in a certain ecological niche. The coculture of
bacteria and filamentous fungi has been well-reviewed, but the
coculture of macrofungi has not yet been reviewed in detail. In
this paper, coculture among macrofungi or between macrofungi
and other microorganisms, the triggering and upregulation of
secondary metabolites and enzymes, the potential medicinal
applications as well as the fungal-fungal interaction mechanisms
are reviewed. Finally, future challenges and perspectives in
further advancing coculture systems are also discussed.

INTERACTIONS OF MACROFUNGI IN
NATURE

In nature, microorganisms always coexist in the same niche,
and they inevitably interact with neighbors when competing
for nutrients and space. These interactions can affect fungal
morphologies, adaptation modes, and development patterns and
trigger their ability to synthesize novel metabolites and release
extracellular enzymes (Sandland et al,, 2007; Bertrand et al.,
2014). For macrofungi, the interactions mainly manifest as one
of the relationships of antagonism, mutualism and parasitism,
and sometimes, the relationships can switch from one type
to another. These interactions have been used for mining
the metabolic potential of fungi or for studying the relevant
metabolic mechanisms.

Antagonism is the most common relationship between
macrofungi living in nature, which combat via cell-cell contact or
form a confrontation zone due to the production of antimicrobial
substances or chemical signals, such as in relationships between
Cordyceps cicadae and many of its endophytic bacteria (Qu
et al., 2019). The appearance of confrontation zones usually
indicates the induction of bioactive substances and their
release to inhibit competitors. Mutualism and parasitism are
also important relationships of macrofungi. For instance, the
sclerotial formation of Grifola umbellate relies on the existence of
its companion fungus Grifola sp., and the continuous growth and
development of G. umbellate sclerotium requires Armillariella
mellea as the nutrient source (Guo and Xu, 1992; Guo et al., 2001,
2002; Xing and Guo, 2003).

ADVANCES IN THE STUDY OF
MACROFUNGAL COCULTURES FOR
EXPLORING THE BIOSYNTHESIS
POTENTIAL OF SECONDARY
METABOLITES

To mimic the relationships of fungi in nature, different coculture
systems, including macrofungi-macrofungi, —macrofungi-
microalgae, macrofungi-cyanobacteria, macrofungi-filamentous
fungi, macrofungi-bacteria, and macrofungi-actinomycetes,
have been established. These cocultures have shown various
bioactivities, such as antimicrobial activity, antitumor activity,
and antioxidant activity (Zheng et al., 2011; Shen et al., 2019).

Cocultures Among Macrofungi or of

Macrofungi With
Microalgae/Cyanobacteria

Currently, the cocultures of macrofungi-macrofungi or
macrofungi  with microalgae/cyanobacteria are mainly

performed under submerged conditions with liquid media
in view of sufficient exposure and competition. Given that the
growth rates of macrofungi are similar, it is proper, convenient,
and common to inoculate them simultaneously. Secondary
metabolites of various structural types such as phenols,
terpenoids, and exopolysaccharides (EPSs) have been reported
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FIGURE 1 | Flow chart of the coculture strategy to explore the fungal biosynthesis potential.

to be triggered or upregulated in these coculture systems (Zheng  obvious confrontation zone on agar plate. Furthermore, they
etal., 2011; Angelis et al., 2012). analyzed the crude extracts by LC-MS with PCA and found

The basidiomycete macrofungus Inonotus obliguus has  that 62 features were newly produced or upregulated during the
been reported to generate diverse bioactive substances in  coculture of T. versicolor and G. applanatum in liquid media
natural habitats, but few have been reported in submerged  (Figure 2B). Molecular network analysis was used to identify
liquid cultures. To increase its biosynthetic potential, Zheng a new compound named N-(4-methoxyphenyl)formamide 2-
et al. established a submerged coculture system of I obliquus  O-B-D-xyloside (8) (Table 1), which could improve the cell
with another basidiomycete macrofungus Phellinus punctatus,  viability of the human Beas-2B cell line at 1-5 M. In addition,
resulting in the upregulation of many metabolites (Zheng  they found that the production of carboxylic acids such as
et al., 2011). I obliquus and P. punctatus were inoculated  3-phenyllactic acid, gluconic acid, and orsellinic acid, was
simultaneously at a ratio of 5:1 (w/w) in liquid medium, increased and that several glycosides were newly synthesized,
and mycelial extracts of both monocultures and coculture  including the known N-(4-methoxyphenyl)formamide 2-O-B-D-
were analyzed by 'H NMR with principal component  xylobioside and other undetermined glycosides. Based on these
analysis (PCA) (Figure2A). The results indicated that the  findings, they revealed a potential gene (GI: 636605689) encoding
upregulation of phenols [such as phelligridin C (1), methyl  xylosyltransferases, which is responsible for glycoside production
inoscavin A (2), and davallialactone (3)], triterpenoids [such  in T. versicolor. Moreover, the same research group found 28
as foscoparianol D (4) and 21,24-cyclopentalanosta-38,21,25-  additional features using optimized chromatography with PCA,
triol-8-ene (5)], disaccharides [for instance, the new compound  leading to the production of a novel phenyl polyketide, 2,5,6-
inotodisaccharide (6)], and melanins [for instance, melanin (7)]  trihydroxy-4,6-diphenylcyclohex-4-ene-1,3-dione (9) (Table 1)
during the cocultivation (Table 1). Moreover, these metabolites ~ with an over 15-fold increased titer in the coculture of T.
were shown to increase the antioxidant activity and inhibitory  versicolor and G. applanatum than monoculture of T. versicolor
activity against HeLa 229 cells. (Xu et al., 2018). Biological activity screening showed that this

To observe the interactions among macrofungi, Yao et al.  compound has potential cytotoxicity to the leukemic cell line
established 136 symbiotic systems using 17 basidiomycetes (Yao ~ U937 with a half maximal inhibitory concentration (ICsg) of 276
etal., 2016). The coculture of Trametes versicolor and Ganoderma =+ 5 WM. Moreover, it also showed moderate antioxidant activity
applanatum showed the strongest antagonistic effect, with an  (82.65 &= 1.25%) at a concentration of 200 pg/ml.
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With the increasing drug resistance of pathogenic fungi,
human-pathogenic infections have become a major threat to
human safety, especially infection with Candida albicans and
Cryptococcus neoformans, which show high morbidity and
mortality among immunodeficient individuals. To screen out
novel leading compounds with efficient antifungal activity, Shen
et al. conducted 110 pairs of cocultivations of basidiomycetes.
The fermentation broth from the coculture of Trametes
robiniophila Murr. and Pleurotus ostreatus showed the strongest
inhibitory activity against the human-pathogenic fungi C.
albicans and C. neoformans (Shen et al., 2019). The combination
of metabolomics analysis and activity-guided isolation led
to the discovery of three unusual linear sesterterpenes,
postredienes A-C (10-12) (Table1), with 80% minimum
inhibitory concentrations (MICgp) of 1 to 32 pug/ml against C.
albicans and C. neoformans. In addition, dynamic *C-labeling
analysis suggested that these sesterterpenes were produced
by P. ostreatus under the induction of T. robiniophila Murr.
(Figure 3A). Furthermore, the results of transcriptomic analysis
and RT-qPCR helped determine a putative gene cluster for
biosynthesizing these novel sesterterpenes and predict potential
synthetic pathways (Figure 3B). Unlike the classic biosynthesis
of the C25 precursor geranylfarnesyl diphosphate (GFPP),
farnesyl-diphosphate farnesyltransferase (KDQ25270) was
proposed to catalyze geranyl pyrophosphate (GPP) and farnesyl
pyrophosphate (FPP) to form an unusual C25 precursor. Oxidase
(KDQ25268) was suggested to further modify the C25 precursor
through the epoxidation reactions at positions C-2, C-3, C-10,
and C-11 to generate the final sesterterpenes of postrediene
A to postrediene C. This impressive study indicates a great

opportunity to discover unusual second metabolites and their
relevant gene clusters by the coculture strategy.

Many EPSs produced by microalgae and macrofungi can
enhance immunity to resist diseases such as cancer and hepatitis.
Additionally, EPS generated by lignocellulolitic fungi is also of
great importance in wood decay. Angelis et al. investigated the
production of EPS in coculture of the basidiomycete T. versicolor
and Agaricus blazei, as well as the cocultures of T. versicolor or A.
blazei with microalgae and cyanobacteria in liquid fermentation
(Angelis et al., 2012). The hydrosoluble EPS synthesized by
monocultures and cocultures were compared using *C-NMR
and GC-MS. The results indicated that the cocultures could
not only obviously enhance the production of EPSs and reduce
the fermentation time, but could also trigger the production
of new polysaccharides. Although structural characterization of
the polysaccharides requires further interpretation, this study
provides a new strategy to improve the total production of
EPSs and to activate new EPSs synthesis for medical and/or
industrial applications.

Cocultures of Macrofungi and Filamentous
Fungi

To explore the biosynthetic potential of secondary metabolites by
coculturing of macrofungi and filamentous fungi, most studies
have been carried out by cultivating the mycelium on solid
media. Currently, a number of secondary metabolites, such as
mycotoxins, alkyl aromatics, and nucleosides, have been reported
to be synthesized through activation in these coculture systems
(Zhou and Jiang, 2008; Yu et al., 2019; Knowles et al., 2020).
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TABLE 1 | Typical macrofungi coculture groups and accordingly producing metabolites.

Coculture strains

Coculture types

Upregulated or newly produced Bioactivities of the References
metabolites metabolites

Inonotus obliquus and Phellinus
punctatus

Trametes versicolor and
Ganoderma applanatum

Trametes robiniophila Murr. and
Pleurotus ostreatus

Xylaria cubensis and Aspergillus
fischeri

Xylaria flabelliformis and
Aspergillus fischeri

Xylaria sp. with Penicillium
crustosum

Submerged culture in liquid
medium

Submerged culture in liquid
medium

Submerged culture in liquid
medium

Unsubmerged culture in
solid medium

Submerged culture in liquid
medium

Unsubmerged culture in
solid medium

Showed the potential antioxidant
activity or the inhibitory activity ~ Zheng et al., 2011
against Hela 229 cells

Compound 9 has potential

cytotoxicity to leukemic cell line ~ Yao etal., 2016; Xu et al.,
U937 and moderate antioxidant 2018

activity

Showed potent inhibitory

activities against Candida Shen et al., 2019
albicans and Cryptococcus

neoformans

Showed fungistatic properties or
cytotoxicity Knowles et al., 2019

Displayed cytotoxic activity
against breast, ovarian, and Knowles et al., 2020
melanoma cancer cell lines

Compounds 23, 24, 26, and 27
had obvious antibacterial Yu et al., 2019
activities

HO.
W\/\/\/\éA/\/
24**R =OH

on o 25%* R = 0SO5"

HO.
26°R=0H "

OH 272R = 0SO5

(Continued)
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TABLE 1 | Continued

Coculture strains

Coculture types

Upregulated or newly produced
metabolites

Bioactivities of the
metabolites

References

Cordyceps militaris and
Monascus rubber

Serpula lacrymans with different
kinds of bacteria

Pleosporales sp. and Bacillus
wiedmannii

Unsubmerged culture in
solid medium

Unsubmerged culture in
solid medium

Submerged culture in liquid
medium

o__ /™ HO. =
| ~—0
on NN N NN
OH

30° R'=R?=H 312 R'=0H, R?%=H
327 R'=H, R?=0H 33® R'=R?=OH

Showed the various potential
activity, such as anti-tumor,
anti-virus, and antimicrobial
activities

Compound 34 can inhibit

Zhou and Jiang, 2008

Tauber et al., 2016, 2018

Wang et al., 2019

Cordyceps cicadae and its
endophytic bacteria

Submerged culture in liquid
medium

Heterobasidion abietinum and
Streptomyces

Submerged culture in liquid
medium

Triple coculture of Trichoderma
viride, Aspergillus terreus, and
Leptosphaerulina sp.

Submerged culture in liquid
medium

Staphylococcus aureus

Have the potential bioactivity of
enhancing immune regulation
and renal function

Qu et al.,, 2019

Keilhofer et al., 2018

Increased the removal rate of

Reactive Black 5 dye Copete-Pertuz et al., 2019

The metabolites with “@” represent the upregulated compounds, the metabolites with “°” represent the newly produced compounds, the metabolites with “*” represent new compounds.

“~” means no activities was reported.

Knowles et al. cocultured Xylaria cubensis with Aspergillus
fischeri, which can produce griseofulvin and a suite of
mycotoxins, respectively (Knowles et al,, 2019). The authors
investigated the spatial distribution of the fungal secondary
metabolites on solid medium in monocultures and coculture
using a droplet-liquid microjunction-surface sampling probe
(droplet probe; Figure 2C). For example, they found that the
two compounds griseofulvin and dechlorogriseofulvin were
only detected at the contact zone of the coculture but
existed throughout the mycelia in monoculture of X. cubensis
and showed more accumulation at the colony edge. Further
large-scale fermentation revealed that the coculture of X.
cubensis and A. fischeri not only triggered the production
of 5’-hydroxygriseofulvin (13), dechloro-5'-hydroxygriseofulvin,
(14), and hirsutatin A (15) but also increased the titers
of cytochalasin C (16), cytochalasin D (17), cytochalasin Q
(18), zygosporin E (19), and 7-O-acetylcytochalasin B (20)

(Knowles et al., 2019; Table 1). Moreover, they found a new
compound, wheldone (21) (Table 1), which displayed cytotoxic
activity against breast, ovarian, and melanoma cancer cell lines
(Knowles et al, 2020). To explore the roles of secondary
metabolites in interspecific interactions, they further established
another cocultured system—X. cubensis with a mutant strain
of A. fischeri that lacked the master regulator laeA in
secondary metabolism. The mutant A. fischeri was found to
be displaced by X. cubensis because it was unable to regulate
secondary metabolite biosynthesis in the competition of the
coculture (Knowles et al., 2019). Similarly, Yu et al. researched
another Xylaria species by coculturing (Yu et al, 2019).
In this experiment, four novel alkyl aromatics, penixylarins
A-D (22-25) and two known compounds, 1,3-dihydroxy-5-
(12-hydroxyheptadecyl)benzene (26) and 1,3-dihydroxy-5-(12-
sulfoxyheptadecyl)benzene (27), were isolated when Xylaria
sp. HDN13-249 was cocultured with Penicillium crustosum
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PRB-2 on solid medium (Table1). Further analysis of the
LC-MS results and the structural characteristics indicated that
novel compounds 22 and 23 were formed in the coculture
by a non-enzymatic Michael addition reaction between two
fragments from P. crustosum PRB-2 and Xylaria sp. HDN13-
249, respectively, while compounds 24-27 could be synthesized
in monoculture of Xylaria sp. HDN13-249, but their titers were
obviously enhanced in the coculture. These findings suggested
that different mechanisms appeared to produce new compounds
in the coculture system. Evaluation of the activities showed that
compounds 23, 24, 26, and 27 could inhibit bacterial growth,
among which compound 24 displayed the best activity against

Mycobacterium phlei, with an MIC of 6.25uM. This result
suggested that compound 24 could be designed as a potential
antituberculosis leading drug.

The macroascomycete C. militaris is a traditional Chinese
medicine that produces a variety of bioactive components,
such as adenosine and cordycepin. However, these active
components usually have an issue of low production titers
and high production costs. Researchers are attempting to solve
this challenge through a coculture strategy. Zhou and Jiang
cocultivated C. militaris CM9-26 and Monascus rubber MT305
on an optimized solid medium in an orthogonal test, resulting
in the significant enhancement of many bioactive components
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(Zhou and Jiang, 2008). The titers of cordycepin (28) and
adenosine (29) were 2.5- and 5.1-fold higher than those in the
monoculture of C. militaris CM9-26, respectively (Table 1). The
pigments produced by M. rubber MT305 were 3-fold higher
than those produced by its monoculture. Similarly, C. militaris
was cocultured with M. rubber in an optimized solid medium,
temperature and humidity. The titer of cordycepin (28) was
increased by up to 1.4-fold of that in the monoculture of C.
militaris, and its fruit-body production was increased as well (Liu,
2015; Table 1).

Cocultures of Macrofungi and Bacteria or

Macrofungi and Actinomycetes

The cocultures of macrofungi and bacteria have been studied
more extensively compared with other cultivated pairs. Both
submerged liquid cultivations and solid cultivations have
been investigated by adjusting the inoculation quantity and
inoculation times, which induce various constituents such as
antimicrobial peptides, pigments, and ergosterol (Essig et al.,
2014; Tauber et al., 2016; Wang et al., 2019).

The basidiomycete macrofungus C. cinerea grows on the
dung of herbivores, which provides a high humidity habitat
with diverse microbes. To mimic this habitat and identify new
antibiotics and fungicides, Essig et al. studied the interaction
of C. cinerea with different bacteria in an artificial coculture
system. C. cinerea was first grown on glass beads submerged
in liquid medium, and after 60h, this medium was replaced
by a culture solution of bacteria including Bacillus subtilis 168,
Pseudomonas aeruginosa 01, or Escherichia coli BL21 (Essig et al.,
2014). C. cinerea was found to secrete some constituents to
inhibit the growth of B. subtilis 168. Further study led to the
identification of a novel antimicrobial peptide, copsin. Copsin
showed broad inhibitory activity against diverse gram-positive
bacteria, including human-pathogenic Enterococcus faecium and
Listeria monocytogenes, through the mechanism of binding
specifically with peptidoglycan precursor lipid II to interfere with
the biosynthesis of the bacterial cell wall.

Atromentin has been proven to play a role in redox cycling,
but there are still no clues about the function of this pigment in
the interaction of natural systems. To solve this mystery, Tauber
et al. established cocultured systems of the model basidiomycete
Serpula lacrymans with many terrestrial bacteria, including
Bacillus subtilis 3610, Pseudomonas putida, and Streptomyces
iranensis, on solid medium. During cocultivation, B. subtilis 3610
and P. putida were precultured overnight, while S. iranensis was
precultured for 4 days before spotting onto the fungal mycelial
bed precultured for 13-14 days (Tauber et al., 2016). As a result,
the gene cluster related to atromentin biosynthesis, including
atromentin synthetase and aminotransferase was upregulated,
and the corresponding atromentin-derived pigments, i.e.,
atromentic, xerocomic, isoxerocomic, and variegatic acids (30—
33) (Table 1), were increased. Further bioinformatics suggested
that highly conserved motifs of atromentin synthesis genes might
be regulated by similar transcription factors through the same
regulatory mechanisms. In addition, although these pigments
had no antimicrobial activity, they might play a role in the

nutritional perspective and be related to the redox cycling of
lignocellulose degradation. Thus, they could be induced by a
nutritional response or coregulated along with other cellular
processes, such as stress and secondary metabolism. In 2018, the
same research group further investigated this phenomenon in
depth, and they demonstrated that coculturing of S. lacrymans
with 10 other bacteria (such as Lysinibacillus fusiformis M5,
Arthrobacter spp., and Micrococcus luteus) could also improve the
production of atromentin-derived pigments (Tauber et al., 2018).
The exogenous addition of protease inhibitors and the use of
heat-killed bacteria in coculture suggested that enzymatic hyphal
damage and/or accordingly released peptides could trigger the
synthesis of atromentin-derived pigments.

To diversify the synthesis of secondary metabolites of the
endophytic macroascomycete Pleosporales sp. F46 isolated from
Mahonia fortunei, Wang et al. treated Pleosporales sp. F46
with Bacillus wiedmannii Coml, which was an endophytic
bacterium isolated from the same plant (Wang et al., 2019).
In this coculture system, the bacterium B. wiedmannii Coml
was precultured for 3 days and then added to the coculture
medium (solid rice medium). After 6 days, Pleosporales sp.
F46 cells precultured for 7 days were added to the same
coculture medium. By cocultivation, two new HPLC peaks were
observed in the crude extracts, which were not detected in the
individual monocultures. Further chemical structural analysis
led to the identification of a new ergosterol derivative, 23R-
hydroxy-(20Z,24R)-ergosta-4,6,8(14),20(22)-tetraen-3-one (34),
and a known related compound, (22E,24R)-ergosta-4,6,8(14),22-
tetraen-3-one (35) (Table 1). Compound 34, with the MIC of
100 pg/ml against Staphylococcus aureus, was the first reported
ergosterol derivative containing a side chain with a A20?2).
double bond.

Cordyceps cicadae as an ascomycete fungus is parasitic in the
larvae of Cicada flammata and can produce diverse compounds
such as N6-(2-hydroxyethyl)-adenosine (HEA) (36) (Table 1),
adenosine, ergosterol, and cordycepin to improve immune
regulation and renal function. Fifty-four endophytic bacteria
were isolated along with C. cicadae, and four of them were
chosen to be cocultured with C. cicadae according to metabolite
analysis and their inhibitory phenomena (Qu et al, 2019).
Coculture was performed with C. cicadae precultured for 5 days
before inoculating bacteria (including Enterobacter aerogenes
T4-4, Serratia marcescens T4-16, Cedecea neteri T4-8, and T4-
11). Further metabolite profiling indicated that the titer of
HEA was increased to at least 13-fold compared to that in
the monoculture. Meanwhile, three nucleosides (i.e., adenosine,
uridine, and guanosine), as the structural analogs of HEA, were
found to be decreased significantly during the coculture.

There is little research on the cocultures of macrofungi and
actinomycetes. One example is the coculture of Heterobasidion
abietinum and Streptomyces. Heterobasidion spp. can cause root
rot in Norway spruce, and its infection is further intensified
by rhizospheric streptomycetes. To clarify their interaction
mechanism, Keilhofer et al. studied the coculture system of H.
abietinum 331 and Streptomyces AcH 505, including the mode
of action on Norway spruce (Keilhofer et al., 2018). Streptomyces
AcH 505 and H. abietinum 331 began to be cocultured in
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liquid medium after the monocultivation for 2 and 7 days.
HPLC analysis showed that 5-formylsalicylic acid (5-FSA) (37)
produced by H. abietinum 331 was upregulated under the
stimulation of Streptomyces AcH 505 (Table 1). H. abietum 331
cocultured with many other Streptomycetes isolated from soil
had similar results. Norway spruce seedlings treated with 5-
FSA indicated that ergosterol in infected roots was obviously
increased, and the infection degree was comparable to that of the
seedlings treated by H. abietinum 331 and Streptomyces AcH 505.
Further research demonstrated that 5-FSA can interfere with the
emission of defensive signals in Arabidopsis thaliana in a manner
similar to salicylic acid.

ADVANCES IN THE STUDY OF
MACROFUNGAL COCULTURES FOR
EXPLORING THE BIOSYNTHESIS
POTENTIAL OF FUNCTIONAL ENZYME

With continuous agricultural and industrial development,
the environmental pollution caused by crop straw burning,
petroleum hydrocarbon (PHC) overexploitation, and dye and
pesticide abuse is emerging as a serious problem. Many
macrofungi can produce various oxidative and degradative
enzymes, such as laccase (38) (Tablel), lignin peroxidase,
and manganese peroxidase. These enzymes not only have
great potential in the treatment of agricultural and industrial
wastes enriched with lignocellulose, but can also be used
in industrial production, such as pulp delignification and
bleaching, dye decolorization, sewage disposal, and food
processing. Researchers have found that the coculture strategy
can dramatically enhance the production of oxidative and
degradative enzymes compared to the monoculture, including
coculturing among macrofungi (such as P. ostreatus with T.
versicolor and Marasmius pallescens with Marasmiellus troyanus),
coculturing of macrofungi and filamentous fungi (such as T.
versicolor with Trichoderma harzianum/Candida sp./Aspergillus
niger, Lentinula edodes with Trichoderma sp., P. ostreatus with
Trichoderma longibrachiatum, and C. cinerea with Gongronella
sp.), and coculturing macrofungi and bacteria (such as Fomitopsis
pinicola with B. subtilis) (Freitag and Morrel, 1992; Savoie et al.,
1998; Baldrian, 2004; Veldzquez-Cedeno et al., 2004; Ferreira
Gregorio et al., 2006; Zhang et al., 2006; Chi et al., 2007; Stoilova
and Krastanov, 2008; Flores et al., 2009; Wang et al., 2009; Hiscox
et al,, 2010; Wei et al., 2010; Chen et al., 2011; Kuhar et al., 2015;
Ma and Ruan, 2015; Mewada et al., 2017; Huo et al., 2019; Kumar
et al., 2019; Wiberth et al., 2019; Lira-Pérez et al., 2020). For
example, the production of laccase in the coculture of T. versicolor
and T. harzianum was more than 40-fold higher than that in the
monoculture (Baldrian, 2004).

Cocultures Among Macrofungi

To enhance the production of functional enzymes, researchers
have tried to set up cocultures among macrofungi in either liquid
media or solid media, both of which have obtained good results
with the increment of oxidative and degradative enzymes, such

as P450 monooxygenases, dioxygenases, and laccases (Yanto and
Tachibana, 2014).

Petroleum hydrocarbons (PHCs) and related products
released into the environment during the exploitation,
processing, and utilization of petroleum are carcinogenic
and mutagenic pollutants that are seriously harmful to the
health of humans and animals. An increasing number of
studies have reported that microbial coculture can biodegrade
PHCs more efficiently. Yanto and Tachibana studied how to
efficiently degrade PHCs through the cocultures of different
basidiomycetes, including Trametes versicolor U97, Pleurotus
ostreatus PL1, Cerena sp. F0607, and Polyporus sp. S133 with
ascomycetes Pestalotiopsis sp. NG007 (Yanto and Tachibana,
2014). The influence of different inoculation proportions was
investigated for four pairs of these strains. The results showed
that a 50/50 inoculation proportion of Polyporus sp. S133 and
Pestalotiopsis sp. NG007 had higher biodegradation rates of
PHCs. For example, the degradation rate of the main aromatic
ingredients in PHCs increased from 53.06% (the monoculture
of Pestalotiopsis sp. NG007 for 15 days) and 37.40% (the
monoculture of Polyporus sp. S133 for 15 days) to 89.35% in
this coculture for 15 days. In vitro crude enzymatic assays and
inhibition experiments suggested that the increased production
of degradative enzymes, such as P450 monooxygenases,
dioxygenases, and laccases, led to the high biodegradation
of PHCs.

Indigo carmine is a traditional dye that widely used in dyeing
plastic and textiles. The methods of removing indigo carmine
from polluted water include absorption, photocatalysis, and
biodegradation. Among those methods, the absorption method
is low cost and easy to operate. For instance, sesame straw,
which is an abundant agricultural waste, can be used as an
absorbent. Because the absorbance efficiency of sesame straw
is limited (21.90 mg/g), Li et al. improved it by coculturing
Tremella fuciformis and Morchella sp. with sesame straw (Li
etal., 2019). The absorption efficiency of sesame straw fermented
by the cocultured strains was increased nearly 2-fold compared
with untreated or Morchella sp.-treated sesame straw and was
up to 1.4-fold compared with T. fuciformis-treated sesame straw.
Moreover, with the addition of inductors including acetic acid,
Cu?T, and alkaline lignin during fermentation by the coculture,
the absorption of fermented sesame straw was further increased
to 74.25 mg/g.

Malachite green (MG) is a triphenylmethane dye and
antifungal agent that also shows high toxicity toward the health
of mammals. In 2015, Kuhar et al. found that culturing G.
lucidum and T. versicolor simultaneously in a sawdust-based
medium resulted in increased laccase production by 3.5- and
9.2-fold than G. lucidum and T. versicolor in the monoculture.
This finding inspired them to investigate the MG degradation
ability of the coculture system. The results showed that the time
required to completely decolorize MG in the coculture system
was obviously decreased, and the half-life of decolorizing MG was
approximately 1/3 that of the monocultures of G. lucidum and T.
versicolor (Kuhar et al., 2015).

Similarly, cibracron brilliant red 3B-A dye is also widely
used in textile industries and is harmful to the environment and
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challenging to address. In 2018, Bankole et al. investigated the
dye-degrading abilities of two ascomycete white-rot macrofungi,
Daldinia concentrica and Xylaria polymorpha under the
monoculture and coculture (Bankole et al., 2018). They found
that coculturing D. concentrica and X. polymorpha by solid
state fermentation could remove dye more efficiently than the
monocultures of either strains. When cibracron brilliant red
3B-A dye was treated with the monoculture of X. polymorpha,
the absorbance peak was deceased more efficiently than when
treated with D. concentrica, but only less than half of the dye
was degraded. In contrast, when treated with D. concentrica and
X. polymorpha coculture, almost 100% of dye was degraded. In
addition, phytotoxicity evaluation indicated that the degradation
products of the cibracron brilliant red 3B-A dye produced by the
coculture of D. concentrica and X. polymorpha became less toxic.

Cocultures of Macrofungi and Filamentous

Fungi or Macrofungi and Bacteria
Lignocellulosic resources, such as agricultural residues, waste
woods, and paper, are promising low-cost feedstocks for
producing renewable energy. For example, to improve corn
stover bioconversion, Ma and Ruan established an effective
lignocellulose-biodegrading system by coculturing of Coprinus
comatus and Trichoderma reesei in liquid medium (Ma and
Ruan, 2015). Their research showed that the production
of lignocellulolytic enzymes such as carboxymethyl cellulase,
xylanase, and laccase in the coculture was much higher than
that in the monocultures, and the lignocellulose delignification
times were becoming shorter. To further improve the production
of lignocellulolytic enzymes in the coculture system, they
also investigated the influences of chemical inducers, metal
ions, inoculation ratios, and inoculation intervals. The results
suggested that those factors all have obviously influences, among
which, with an inoculation ratio of C. comatus and T. reesei of
5:2 and an inoculation interval of 12 h, the production of laccase
was increased 2.6-fold and the maximal production was obtained
3 days earlier, compared to the monoculture of C. comatus. In
addition, the influences of the temperature, pH, and solid/liquid
ratio on the delignification and saccharification of corn stover
were also tested. The results suggested that the temperature of
50°C, the pH of 5.0, and the solid/liquid ratio of 1:20 were
the optimal conditions, and a maximum delignification rate of
66.5% and the conversion rate of original polysaccharides to
fermentable sugars of 82.2% were obtained at 50°C. This study
provided a useful strategy for transforming corn stover into sugar
by simultaneous biodelignification and saccharification.
Benzo[a]pyrene (BaP), which is a carcinogenic and mutagenic
polycyclic aromatic hydrocarbon that exists in coal tar from
the smoke of car exhaust, tobacco, and wood burning, etc., has
been classified as a pollutant prior to treatment (Bhattacharya
et al, 2017). Bhattacharya et al. focused on the treatment
of BaP by cocultures of P. ostreatus PO-3 with bacteria or
non-basidiomycete fungi. P. ostreatus PO-3 was precultured in
liquid medium for 15 days and then cocultured with either
the filamentous fungi A. niger, Penicillium chrysogenum, and T.
reesei or the bacteria P. aeruginosa and Bacillus cereus. Among

these cocultures, cocultures of P. ostreatus PO-3 with Penicillium
chrysogenum MTCC 787 or with Pseudomonas aeruginosa MTCC
1688 showed degradation rates at 86.1 and 75.1%, respectively,
which were higher than that of the monoculture of P. ostreatus
PO-3 (64.3%). Researchers proposed that the improvement of
BaP degradation in fungal cocultures was related to the increased
production of both lignolytic and non-lignolytic enzymes such
as laccase, cytochrome P-450 monooxygenase, and epoxide
hydrolases. The enhanced BaP degradation in the basidiomycete
and bacterial cocultures was probably associated with bacterial
surfactants and/or other bacterial enzymes such as salicylate
hydroxylase, 2-caroxybenzaldehyde dehydrogenase, and catechol
1, 2-dioxygenase. In this study, BaP was degraded into polar and
hydrosoluble products which could be further mineralized by
other indigenous microorganisms.

In 2019, Copete-Pertuz et al. observed the production of
ligninolytic enzymes with decolor ability in the ascomycete
white-rot fungus of Leptosphaerulina sp. by coculturing with
other microorganisms, including the species Aspergillus,
Trichoderma, Fusarium, and Penicillium (Copete-Pertuz et al.,
2019). Among these, Trichoderma viride and Aspergillus terreus
showed the best inducing effect in solid media assays. Then,
a triple-coculture system was established by response surface
methodology, which was performed by inoculating T. viride
(1,000 pl) and A. terreus (1,000 wl) into 7-day precultured
Leptosphaerulina sp. in liquid medium. The amounts of laccase,
versatile peroxidase, and manganese peroxidase were found to
be increased by 8-, 36-, and 88-fold, respectively. The removal
rate of Reactive Black 5 dye was increased by 1.2-fold compared
with the monoculture of Leptosphaerulina sp.

These studies indicated the efficiency of macrofungal
coculture in the eco-friendly restoration of polluted
environments, providing an important direction for further
research on treating organic pollution.

APPLICATION OF MACROFUNGI
COCULTURES FOR GENERATING THE
FRUITING BODY

With the increasing demand for edible and medicinal
macrofungi, artificial cultivation is becoming increasingly
common. However, researchers found that the fruiting bodies of
some macrofungi were difficult to cultivate under the standard
laboratory conditions, partly because of the lack of symbiotic
microorganisms. Thus, the coculture strategy mimicking the
natural environment was developed for fruiting body formation
of these edible and medicinal macrofungi on solid media (Guo
etal,, 2001; Liu, 2015).

Grifola umbellate, which is a medicinal macrofungus whose
sclerotium has the effect of diuresis and detumescence, is hard
to artificially cultivate before researchers identified the symbiotic
relationship with Grifola sp. (companion fungus of G. umbellate)
and A. mellea. As mentioned earlier in this paper, Guo et al.
conducted a systematic study on the cocultures of G. umbellate,
Grifola sp., and A. mellea (Guo and Xu, 1992; Guo et al.,, 2001,
2002; Xing and Guo, 2003). The results showed that G. umbellate
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could produce a mass of mycelium bundles on the surface of
its colony when cocultured with its companion fungus Grifola
sp. This was a phenomenon in the early stage of sclerotial
formation, while almost no mycelium bundles was formed in the
monoculture. A. mellea was found to infect G. umbellate after the
sclerotium formation, and the following nutrient exchange could
promote the sclerotium growth.

In addition to the example mentioned above, the coculture
strategy can also improve the quality of the fruit body. For
instance, Liu et al. found that the active constituent of cordycepin
in the fruit body of C. militaris was enhanced by coculturing with
M. rubber (Liu, 2015).

INTERACTION MECHANISMS IN
MACROFUNGI COCULTURES

Elucidation of the potential interaction mechanisms is important
for improving the application of coculture strategy. Generally,
microorganisms are considered to communicate with each
other through either chemical signals or cell-cell contact to
change the production of related metabolites. In recent years,
an increasing number of experiments have been carried out
to demonstrate the interaction mechanisms, such as exogenous
addition experiments, >C-labeling analysis, proteomic analysis,
and genetic engineering.

Chemical Signals Mediating the

Interactions in Cocultures

To compete for limited nutrition and living space, the
microorganisms in the coculture system often produce diverse
chemical signals to communicate with each other. These
chemical signals can affect both cell growth and secondary
metabolite production.

Ferreira-Gregorio et al. reported the rapid induction and
release of laccase and manganese peroxidase into the culture
supernatant when coculturing M. pallescens and M. troyanus
in liquid medium. Neither enzyme was produced in the
monocultures (Ferreira Gregorio et al., 2006). Further research
showed that laccase could be induced to different degrees when
adding the filter-sterilized or autoclaved supernatant of M.
pallescens into M. troyanus culture, but no effect occurred in
the opposite experiment. Both M. troyanus and M. pallescens
(in a small quantity) were able to produce laccase when using
the inducer 2,5-dimethylalanine. These results suggested that M.
pallescens could secrete thermostable and thermolabile chemical
signals to induce the laccase produced by M. troyanus. Huo et al.
discovered that C. cinerea grew slowly and produced little laccase
in a monoculture with sucrose as the carbon source, but the
production of laccase was significantly increased in the coculture
with Gongronella sp. w5 (Huo et al., 2019). Further study showed
that strain w5 could hydrolyze sucrose to glucose and fructose
during coculture, and fructose was an eflicient carbon source for
C. cinerea growth and laccase production. In addition, isolating
strain w5 with C. cinerea by dialysis tubes still led to laccase
activity similar to that of the coculture treatment, suggesting
that certain extracellular metabolites, as chemical signals, were

also responsible for the increased production of laccase. Indeed,
they found that the ethyl acetate extract of strain w5 could also
increase the production of laccase in the monoculture of C.
cinerea. p-Hydroxybenzoic acid was isolated from this extract,
which could improve laccase production to a level similar to that
of the coculture by using fructose as the carbon source.

As mentioned previously, Shen et al. discovered three novel
sesterterpenes by coculturing of P. ostreatus and T. robiniophila
Murr. They further applied dynamic '*C-labeling analysis to find
that 1*C-labeled sesterterpenes could only be produced when P.
ostreatus was stimulated by T. robiniophila Murr. (Figure 3A). By
further analyzing the '*C-labeling patterns in the monoculture
of P. ostreatus with the addition of the supernatant of the
coculture, they speculated that the biosynthesis of sesterterpenes
was triggered by some chemical signals released into the
culture medium.

In addition, Knowles discovered that X. cubensis could
produce more fungistatic compounds when cocultured with
A. fischeri. Meanwhile, A. fischeri increased the titer of the
mycotoxins. Furthermore, they explored the functions of
secondary metabolites during the interaction by constructing a
mutant A. fischeri lacking the master regulator laeA of secondary
metabolism and coculturing it with X. cubensis (Knowles et al.,
2019). The mutant A. fischeri was found to be displaced by
X. cubensis because it lost the ability to regulate secondary
metabolite biosynthesis in this competition system.

Cell-Cell Contact, Enzymes, or Related
Proteins Mediating the Interactions in

Cocultures

In addition to chemical signals, the enzymes or related proteins
produced by cocultured microorganisms can also affect the
metabolic pathways. Kumar et al. studied the interaction
mechanism between Trametes Ijubarskyi and Rhodotorula
mucilaginosa, which was a coculture system that can efficiently
produce laccase (Kumar et al., 2019). Investigation by electron
microscopy indicated that the yeast R. mucilaginosa adhered to
the mycelia of T. ljubarskyi, and the strong interactions resulted
in morphologic changes in the yeast and mycelial surface damage
of T. ljubarskyi. Further proteomic analysis indicated that the
differential synthesis of a series of oxidoreductases, antioxidants,
membrane-related proteins, and transporter proteins would be
beneficial for the cosurvival of these two fungi.

As mentioned earlier in this paper, Tauber et al. found that
the coculture of S. lacrymans with different bacteria increased
the production of atromentin-derived pigments (Tauber et al.,
2018). Further exogenous addition experiments showed that the
addition of cell-wall-damaging enzymes (i.e., lytic enzymes and
proteases) into S. lacrymans can also increase the production
of those pigments, but other lysozymes or mechanical damage
did not obtain the same effect. In addition, pigment production
was obviously reduced when S. lacrymans was treated with
heat-killed bacteria or by protease inhibitors and B. subtilis
simultaneously. These results suggested that enzymatic hyphal
damage and/or released peptides could promote the titers of
atromentin-derived pigments.
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Carbon Source Succession Mediating the

Interactions of Cocultures
In the coculture systems, microorganisms compete with limited
nutritions, such as carbon and nitrogen sources for survival,
among which researchers demonstrate that carbon source
succession is an important factor in the regulation of metabolic
pathways. In 2009, Wang et al. found that laccase activity was
increased to 10,500 £ 160 U/L by coculturing T. versicolor
and Candida sp. HSD07A, 11.8-fold higher than that of the
monoculture of T. versicolor (Wang et al., 2009). Enzymatic
analysis of Candida sp. HSDO7A suggested that it could not
produce laccase but could excrete amylase and cellulase which
can hydrolyze the cell walls of T. versicolor. Similar results
have also indicated that amylase and cellulase could induce the
production of pigments in Monascus by hydrolyzing its cell
walls (Shin et al, 1998). Thus, Wang et al. speculated that
the upregulation of laccase would be related to the effect of
amylase and cellulase on the cell walls of T. versicolor. However,
they noticed that the hydrolysis of cell walls or the addition of
enzyme solutions could not result in the upregulation of laccase,
suggesting that the hydrolysis of cell walls was not the key reason.
Furthermore, researchers explored whether glucose starvation
could lead to the upregulation of laccase in T. versicolor due to
the high ability of Candida sp. HSDO07A in assimilating glucose.
This hypothesis was preliminarily supported by analyzing the
relationship between the sugar amount and laccase activity.
Similarly, the mechanism of upregulating laccase by
coculturing G. lucidum and Candida sp. HSDO7A was studied
by Li et al. (2010). This study revealed that the nitrogen source,
sulfur source, hydrolytic enzymes, and inducers did not have
obvious effects on laccase production, and glucose deprivation
could only result in the upregulation of laccase to some extent.
NMR and GC data indicated that Candida sp. HSD07A could
transform glucose into glycerol and ethanol, among which
glycerol was an effective carbon source for G. lucidum. Further
glycerol addition experiments suggested that the production of
glycerol was indeed another key reason for the upregulation of
laccase in addition to glucose starvation. This was likely because
glycerol could prolong the production time of laccase under
the glucose starvation state. These studies demonstrate that
the glucose starvation and glycerol succession that result from
yeast Candida sp. HSDO7A are new approach to improve laccase
production in basidiomycete fungi.

CONCLUSION AND PERSPECTIVES

Compared with the complicated living conditions in nature,
many genes or clusters of microorganisms are silent in standard
culture under the laboratory conditions. To activate these
silent genes or clusters, the coculture strategy is considered
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fungus Aspergillus sp. CYH26 from the rhizosphere soil of Cynanchum bungei Decne.
The structures of compounds were elucidated by spectroscopic data and quantum
NMR and ECD calculations. Compounds 1 and 2 represented a new family of sulfur
containing natural products with a 3-methyl-4H-cyclopenta[b]thiophen-4-one skeleton.
Compounds 1-4 showed inhibitory activities against nitric oxide (NO) with I1C5q values
of 38.0, 19.8, 46.3, and 56.6 wM, respectively.

Keywords: Aspergillus sp. CYH26, thio-compounds, monoterpenes, anti-inflammatory activity, fungus

INTRODUCTION

Early inflammatory response is generally to eliminate the harmful stimulation condition (Cameron
and Landreth, 2010). However, low-grade, chronic inflammation response plays a critical role
in the pathological process of many diseases, such as arthritis, cancer, type 2 diabetes, and
autoimmune diseases (Chen et al., 2017). Nitric oxide (NO) as a pro-inflammatory mediator
is critical in the secretion of proinflammatory cytokines such as IL-6, TNF-a (Sharma et al,
2007). Thus, suppressing the production of NO could be a potential therapeutic method in the
prevention of various diseases induced by excessive inflammation. Microorganism, including
bacteria, actinomycetes, and fungi, have been proven to be a prolific source of structurally new
and biologically active natural products (Qadri et al., 2013). The secondary metabolites obtained
from fungi have gained considerable attention, as they contribute most of the new natural products
from microorganism and many compounds from fungi possess unique structure with potent
biological activity (Keller, 2019). In our ongoing search for new bioactive metabolites from fungi
(Kong et al., 2017, 2019), the secondary metabolites produced by the soil fungus Aspergillus sp.
CYH26 isolated from the rhizosphere soil of Cynanchum bungei Decne. from Mount Tai, China,
were investigated, which resulted in the isolation and identification of two new thio compounds
named aspergerthinol A and B (1 and 2) and two new monoterpenes named aspergerthinacids
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A and B (3 and 4) (Figure 1). All of the compounds could
suppress the over-production of NO without affecting the cell
viability. Herein, we describe the isolation, structural elucidation,
and bioactivities of compounds 1-4.

MATERIALS AND METHODS

General Experimental Procedures

Optical rotations were measured on a JASCO P-1020 digital
polarimeter, and UV spectra were measured on a Beckman DU
640 spectrophotometer. ECD data were collected using a JASCO
J-715 spectropolarimeter. NMR spectra were recorded on a
Bruckmercury Plus-400 or a INM-ECZR-500 spectrometers with
TMS as an internal standard. HRESIMS spectra were recorded
with a Micromass Autospec -Uitima- TOE, API QSTAR Pulsar
1, or Waters Autospec Premier spectrometer. Semi-preparative
HPLC was carried out using an ODS column (YMC-pack ODS-
A, 10 x 250 mm, 5 wm, 4 mL/min). Thin layer chromatography
(TLC) and column chromatography (CC) were performed on
plates precoated with silica gel GF»54 (10-40 pum, Yantai Jiangyou
Silicone Development Co., Ltd.).

Fungal Material and Fermentation

The fungus Aspergillus sp. CYH26 was isolated from the
rhizosphere soil of C. bungei Decne., from Mount Tai, China
in December 2018. After grinding, the sample (1.0 g) was
diluted to 1072 g/mL with sterile H,O, 100 pL of which was
deposited on PDA (potato 200 g, glucose 20 g, agar 20 g per
liter of tap water) plate and Bengal red medium (maltose 20 g,
monosodium glutamate 10 g, glucose 10 g, yeast extract 3 g,
corn pulp 1 g, mannitol 20 g, sodium chloride 0.3 g, potassium
dihydrogen phosphate 0.5 g, agar 20 g per liter of tap water)
plate containing chloramphenicol (200 pg/mL) as a bacterial
inhibitor. A single colony was transferred onto another PDA plate
and was identified according to its morphological characteristics
and ITS gene sequences (GenBank accession No. MW578366,
Supplementary Material). A reference culture of Aspergillus sp.
CYH26 maintained at —80°C is deposited in our laboratory.
The isolate was cultured on plates of PDA medium at 28°C for
4 days. Plugs of agar supporting mycelium growth were cut and
transferred aseptically to 5 x 250 mL Erlenmeyer flasks each
containing 100 mL of liquid medium (potato 200 g, glucose 20 g
per liter of tap water) and cultured at 28°C at 150 RPM for 3 days.
The seed liquid was inoculated aseptically into 50 x 1,000 mL
Erlenmeyer flasks each containing rice medium (80 g rice, 100 mL
tap water) at 1% inoculation amount and incubated at room
temperature under static conditions for 35 days.

9COOH

7 S0 oH
HOG o 8., MO, o 8., HOOC, S, i on
H o
I r = : 0" ™COOH
1 2 3 4

FIGURE 1 | The chemical structures of compounds 1-4.

Extraction and Isolation

The cultures (4 kg) were then extracted in to EtOAc (20 L)
by soaking overnight. The extraction was repeated for three
times. The combined EtOAc extracts were dried under vacuum
to produce 22.6 g of extract. The EtOAc extract was subjected
to a silica gel VLC column, eluting with a stepwise gradient
of 0, 9, 11, 15, 20, 30, 50, and 100% EtOAc in petroleum
ether (v/v), to give eight fractions (Fr. 1-8). Fraction 4 (3.4 g)
was applied to ODS silica gel with gradient elution of MeOH-
H,O (1:5, 2:3, 3:2, 4:1, and 1:0) to yield five subfractions
(Fr. 4-1-Fr. 4-5). Fr. 4-2 (90 mg) was purified using semi-
prep HPLC (isocratic system 50% MeOH/H,O, v/v) to give
compounds 4 (fr 6.0 min; 7.7 mg) and 3 (tr 9.5 min; 11 mg).
Fraction 5 (1.3 g) was applied to ODS silica gel with gradient
elution of MeOH-H,O (1:5, 2:3, 3:2, 4:1, and 1:0) to yield four
subfractions (Fr. 5-1-Fr. 5-5). Fr. 5-2 (71 mg) was further purified
using semi-prep HPLC (isocratic system 40% MeOH/H,O,
v/v) to give compounds 1 (tr 5.3 min; 53 mg) and 2 (fp
5.6 min; 4.1 mg).

Aspergerthinol A (1): brown oils; [a]25 D —10 (¢ 0.1, MeOH);
UV (MeOH) hpax (log€): 304 (2.85) nm; ECD (1.18 mM, MeOH)
Mmax 207 (—5.31), 298 (—4.71), 325 (+3.68) nm. 'H and *C
NMR data, Table 1; HRESIMS m/z 169.0318 [M-H]~ (calcd for
CgHo0,S, 169.0329).

Aspergerthinol B (2): brown oils; [a]25 D —7 (¢ 0.1, MeOH);
UV (MeOH) hmax (log €): 304 (2.84) nm; ECD (0.35 mM, MeOH)
Mmax 217 (+ 5.63), 296 (+ 3.27), 323 (—3.31) nm. 'H and *C
NMR data, Table 1; HRESIMS m/z 169.0323 [M-H] ~ (calcd for
CsHo0,8, 169.0329).

Aspergerthinacid A (3): yellow powder; [a]25 D —46 (c
0.1, MeOH); UV (MeOH) hpax (log €): 218 (2.80) nm; ECD
(1.2 mM, MeOH) hmax 214 (—1.54) nm. 'H and *C NMR
data, Table 2; HRESIMS m/z 197.0811 [M-H] — (calcd for
C10H1304, 197.0819).

Aspergerthinacid B (4): yellow powder; [a]25 D —168 (c
0.1, MeOH); UV (MeOH) hpax (log €): 213 (2.83) nm; ECD
(3.7 mM, MeOH) hmax 213 (—2.58) nm. 'H and *C NMR
data, Table 2; HRESIMS m/z 259.0824 [M-H] ~ (calcd for
C11H1507, 259.0823).

TABLE 1 | The 'H (400 MHz) and '3C NMR (100 MHz) Data of Compounds 1 and
2in CD30OD.

Position 1 2
3¢ 3y (Jin Hz) 3¢ 3y (J in Hz)
2 49.0,CH, 3.39,dd(11.5,6.1) 49.0,CH, 3.39,dd (11.5,5.1)
4.02,dd (11.5,9.2) 4.03,dd (11.5,9.1)
3 36.5, CH 3.26, m 36.4, CH 3.27, m
3 147.7,C 147.8,C
4 197.6, C 197.5,C
5 51.7,CHy,  2.56,dd (18.0,1.8) 51.7,CH,  2.55,dd (18.0, 1.9)
3.05, dd (18.0, 6.2) 3.08, dd (18.0, 6.2)
6 67.0, CH 4.89, m 67.2, CH 491, m
6 187.7,C 187.8,C
7 18.1, CH3 1.25,d (6.8) 17.7, CHs 1.19,d (6.8)
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TABLE 2 | The "H (400 MHz) and "3C NMR (100 MHz) Data of Compounds 3 and

4 in CD30D.
Position 3 4
S¢c Sy (J in HZ) 8¢ 8H (J in HZ)
1 131.4,C 129.8, C
2 140.1, CH 6.95, m 139.4, CH 6.78, m
3 31.1, CHy 2.03, m 28.6, CH, 2.66, dddd (18.1, 4.7, 2.0, 2.0)
2.25;m 2.29, dddd (18.1, 4.7, 1.6, 1.6)
37.1,CH 1.80, m 77.0, CH 3.79,ddd (7.1, 4.7, 4.7)
26.2, CHy 1.31,m 71.0, CH 3.86, dd (7.1, 4.5)
1.92, m
6 25.3, CHy 242, m 67.1, CH 4.40, m
217, m
7 170.7,C 168.6, C
8 45.2,CH 2.32, overlap 74.8, CH 4.26, q (7.0)
9 179.8,C 176.0, C
10 14.7,CHz 1.18,d(7.0) 19.5, CH3 1.34,d (6.9)
HO, s Hooc > o oH
k AN OH
P T,
0o COOH O COOH
1/2 3 4
COSY: =— (three bond coupling) = (long range coupling); HMBC: /\
FIGURE 2 | Selected HMBC and COSY correlations of 1-4.

Bioactivity Assay

Cell viability of the isolated compounds was detected using
MTT assay. Mouse macrophages (RAW264.7 cells) obtained
from the Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China), were cultured in DMEM (Gibco,
United States) with 10% FBS at 37°C in a 5% CO, atmosphere.
After that, cells were seeded in a 96-well plate (2 x 10* cells/well)
and pre-treated with different doses of compounds for 24 h
at 37°C. After that, 10 WL of MTT was added to each well
and incubated for another 4 h. The media and MTT were
removed and 150 iL of dimethylsulfoxide (DMSO) was added.

Following incubation for 0.5 h, the absorbance value was
determined at 570 nm. For Determination of NO content,
cells were seeded in a 96-well plate and pre-treated with
different dose of compounds, and then stimulated with or
without LPS (5 pg/mL) for another 24 h. The supernatants
were analyzed for NO by commercial kit (Jiancheng, Nanjing,
China). All tests were performed in triplicate. The NO inhibitory
rate (%) was calculated as [1 — (Agrug~ Ablank)/(Acontrol—
Aplank)] x 100%. The ICsy values were calculated using prism
software (GraphPad). The NO inhibitory rate (%) was calculated
as [1 — (Adrug_Ablank)/(Acontrol_Ablank)] x 100%. The ICsg
values were calculated using prism software (GraphPad).

RESULTS AND DISCUSSION

Structure Elucidation of Compounds

Compounds 1 and 2 were assigned the molecular formula
C19oHs0O,S by HRESIMS. The double-bond equivalents of 1 and
2 were calculated to be four. The '*C and HSQC NMR spectra
(Table 1) of 1 revealed a total of eight carbons including one
ketone carbonyl, two olefinic non-protonated carbons, two sp?
methylenes with one heteroatom-bonded, two sp*> methines with
one oxygenated, and one methyl. Detailed analysis of the COSY
data (Figure 2) of 1 revealed the presence of two partial structures
CH3-7/CH-3/CH;-2 and CH;-4/CH(OH)-6. The presence of the
o,B-unsaturated ketone moiety constructed by the remaining
three non-protonated sp? carbons C-4 (8¢ 197.6), C-3 (8¢ 147.7),
and C-6' (8¢ 187.7) was deduced by their characteristic chemical
shifts and HMBC correlations (Figure 2) from both H,-5 and
H-6 to C-4, C-3/, and C-6'. The connection between C-3 and
C-3’ was revealed by the HMBC correlation from H3-7 to C-
3’. The connections of C-6'/C-6 and C-3'/C-4 to construct a
five-membered carbon ring were deduced by the long-range
coupling (Figure 2) between H-3 and H-6 as well as the HMBC
correlations from H,-5 to C-3’. The above data accounted
for three out of four double-bond equivalent, indicating the
presence of another ring in the molecule. According to the
molecular formula, a sulfur atom was present in the structure of 1.
Considering the above, a linkage between C-2 and C-6' through
a sulfur atom was proposed, as also suggested by the chemical

10
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FIGURE 3 | Experimental ECD curves for 1 and 2 and calculated ECD curves for the four possible isomers a, ent-a, b, and ent-b.
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shifts of CHz-2 (8c/n 49.0/4.02, 3.39) and C-6" (3¢ 187.7). The
planar structure of 2 was assigned the same as 1 by their same
2D NMR data (Figure 2). Because there are only two stereogenic
centers in the structure, 2 was thus assigned to be the C-3 or C-
6 epimer of 1. The determination of the relative configurations
of 1 and 2 using NOESY spectra was failed for the far spatial
distance between the two stereogenic centers, and the *C NMR
calculation method would not work either due to the nearly
identical *C NMR data between 1 and 2. In order to determine
the absolute configurations of 1 and 2, quantum ECD calculations
(Kong et al.,, 2019) of the four possible stereoisomers a, ent-a, b,
and ent-b were thus performed (Figure 3 and Supplementary
Figure 1), and the calculated UV and ECD curves were compared
with the experimental ones of 1 and 2. The results showed that
the experimental UV curves of 1 and 2 were in good agreement

with those of the calculated (Supplementary Figure 2), which
further confirmed the planar structure of 1 and 2. Furthermore,
the ECD curves of 1 and 2 matched well with the calculated
ECD curves of a and b (Figure 3), respectively, thus assigning
the absolute configurations of 1 and 2 as (3R,6R)- and (3R,6S5)-,
respectively. Molecular orbital (MO) analysis (Supplementary
Figure 3) revealed that the strong Cotton effects (CEs) around
300 and 325 nm in 1 and 2 were resulted from w — w*
(MO45 — MO46) and n — w* (MO44 — MO46) transitions
in the a,B-unsaturated ketone, respectively. It has been reported
(Gawronski et al., 1996) that the signs of the CEs related to the
m — 7* and n — 7w* transitions of the a,f-unsaturated ketone
in a five-membered ring correlated with the configuration of the
chiral carbon at the y position, i.e., C-6 in 1 and 2. Thus, the
nearly reverse CEs around 300 and 325 nm between 1 and 2
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also confirmed their different configurations at C-6. Structurally,
compounds 1 and 2 represented a new family of sulfur containing
natural products with a 3-methyl-4H-cyclopenta[b]thiophen-4-
one skeleton.

Compound 3 was obtained as a yellow powder, and its
molecular formula was determined as C;oH 404 according to the
HRESIMS data, with four degrees of unsaturation. The '*C NMR
and DEPT spectra displayed signals for two carboxylic carbonyls,
one tri-substituted double bond, three sp> methylenes, two sp?
methines, and one methyl. In the COSY spectrum (Figure 2),
correlations of H3-10/H-8/H-4/H,-5/H,-6 and H-8/H,-3/H-2
were observed. In the HMBC spectrum (Figure 2), H3-10
correlated with the C-9 carboxylic carbonyl, and H,-6 and H-
2 correlated with both C-1 and C-9 carboxylic carbonyl. The
above data led to the determination of the planar structure of
3. In order to determine the relative configuration of 3, the
13C NMR calculations (Kong et al., 2019) of 3 and 4-epi-3 at
the B3LYP/6-311 + + G(2d,p) level were performed (Figure 4
and Supplementary Figures 4, 5). As shown in Figure 4, the
calculated NMR chemical shifts of 3 (Figure 4A) coincided
better with the experimental data compared to those of 4-epi-
3 (Figure 4B). The DP4 probability analysis (Lv et al., 2019)
also showed that 3 had 89% probability while only 11% for 4-
epi-3 (Figure 4 and Supplementary Table 1). These data led to
the assignment of the relative configuration of 3. Based on the
above assignment, the ECD curves of 3 and ent-3 were calculated
(Figure 5). The calculated ECD curve for 3 matched well with
the experimental one, thus assigning the absolute configuration
as (4S,8R)-.

The molecular formula of compound 4 was established as
C11H1607 by HRESIMS. The double-bond equivalent of 4 was
calculated to be four. The HSQC spectrum indicated the presence
of four oxymethines, one sp3 methylene, and two methyl with one
methoxy, one carboxylic acid and a o,p-unsaturated carboxylic
acid or ester group. The presence of two carbonyls and one tri-
substituted double bond (Supplementary Table 1) indicated that
4 has a ring in its structure. Analysis of the COSY data (Figure 2)
suggested the presence of the substructures CH-2/CH,-3/CH-
4/CH-5/CH-6 and CH3-10/CH-8. HMBC correlations from H-
2 and H-6 to C-1 and C-7 carbonyl led to the construction
of the skeleton of 4. HMBC correlations from CH3-10 to the
carboxylic carbonyl C-9 and from H-8 to the oxymethine C-
4 led to the assignment of the full structure of 4. The large J
value (7.1 Hz) (Table 2) between H-4 and H-5 indicated their
trans relationship, while the small J value (4.7 Hz) between H-
5 and H-6 suggested their cis orientation. In order to assign the
absolute configuration of 4, the ECD curves of the simplified
structure 4a of 4 was calculated and the resulted ECD curve
showed good agreement with the experimental ECD spectrum
(Figure 5), thus assigning the absolute configurations of C-4, C-
5, and C-6 as R, R, and R, respectively. The skeletons of 3 and
4 are very similar with the only difference being the presence
of an oxygen atom between C-4 and C-8 in 4, which suggested
that the biosynthetic pathways of 3 and 4 are closely related.
A biosynthetic pathway including a Baeyer-Villiger like oxidation
key step to afford 4 was thus proposed (Figure 6). Based on the
biosynthetic consideration, the absolute configuration of C-8 of

1507
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FIGURE 7 | Viability effects of compounds 1-4 against RAW264.7 cells.
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FIGURE 8 | NO inhibitory activities of compounds 1-4 at 80 pM.

4 was tentatively assigned to be S according to the assigned C-8
configuration of 3.

Bioactivity Assay

Compounds 1-4 were evaluated for cell viability using MTT
assay. As shown in Figure 7, all the compounds have no obvious
effect on the cell viability of RAW264.7 cells at three different
concentrations (10, 50, and 100 wM) (Figure 7). Based on this,
the suppressive effects of compounds 1-4 on the over-production
of NO in cells were tested (Cao et al., 2021) at the concentration
of 80 wM. The result showed that all the tested compounds
were active (Figure 8). The ICsy values of compounds 1-
4 against the over-production of NO in cells were finally
determined to be 38.0, 19.8, 46.3, and 56.6 WM, respectively
(positive control dexamethasone, ICsp: 7.5 wM). Besides, the
antibacterial activity of 1-4 against Staphylococcus aureus
were also evaluated (Pierce et al, 2008), and all of the
compounds were inactive.
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CONCLUSION

In summary, from the fungus Aspergillus sp. CYH26, two new
thio compounds (1 and 2) and two new monoterpenes (3
and 4) were isolated and identified. Compounds 1 and 2 are
identified as rare sulfur containing natural products with a
3-methyl-4H-cyclopenta[b]thiophen-4-one skeleton, which are
first encountered in nature. Compounds 1-4 could suppress the
over-production of NO without affecting the cell viability. These
results further demonstrated that fungi is an abundant source of
new bioactive products with medicinal use.
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Introducing a Thermo-Alkali-Stable,
Metallic lon-Tolerant Laccase
Purified From White Rot Fungus
Trametes hirsuta

Jing Si*, Hongfei Ma, Yongjia Cao, Baokai Cui* and Yucheng Dai*

Institute of Microbiology, School of Ecology and Nature Conservation, Beijing Forestry University, Beijjing, China

This study introduces a valuable laccase, designated ThLacc-S, purified from white rot
fungus Trametes hirsuta. ThlLacc-S is a monomeric protein in nature with a molecular
weight of 57.0 kDa and can efficiently metabolize endocrine disrupting chemicals. The
enzyme was successfully purified to homogeneity via three consecutive steps consisting
of salt precipitation and column chromatography, resulting in a 20.76-fold increase
in purity and 46.79% vyield, with specific activity of 22.111 U/mg protein. ThLacc-S
was deciphered as a novel member of the laccase family and is a rare metalloenzyme
that contains cysteine, serine, histidine, and tyrosine residues in its catalytic site, and
follows Michaelis-Menten kinetic behavior with a Ky, and a keat/Kpy of 87.466 WM and
1.479 s~ TuM~", respectively. ThLacc-S exerted excellent thermo-alkali stability, since it
was markedly active after a 2-h incubation at temperatures ranging from 20 to 70°C
and retained more than 50% of its activity after incubation for 72 h in a broad pH
range of 5.0-10.0. Enzymatic activities of ThLacc-S were enhanced and preserved
when exposed to metallic ions, surfactants, and organic solvents, rendering this novel
enzyme of interest as a green catalyst for versatile biotechnological and industrial
applications that require these singularities of laccases, particularly biodegradation and
bioremediation of environmental pollutants.

Keywords: laccase (Lac), white rot fungi (WRF), enzymatic performance, endocrine disrupting chemicals (EDC),
bioremediation

INTRODUCTION

Enzymes are currently receiving considerable interest from the public due to their impressive
catalytic functionality, relatively broad abundance, and environmentally friendly nature (Buchholz
and Bornscheuer, 2017; Wiltschi et al., 2020). Laccase (p-diphenol: dioxygen oxidoreductase,
EC1.10.3.2) is a well-studied enzyme belonging to a family of polyphenol oxidases that have a
copper-containing catalytic core, are widely distributed in fungi, bacteria, insects, and plants,
and are classified based on molecular complexity and biological distribution (Thurston, 1994;
Claus, 2004; Baldrian, 2006; Mate and Alcalde, 2015). Laccases of white rot fungi origin are
ubiquitously superior to other enzymes in terms of lignin degradation. Thus, a series of laccases
obtained from white rot fungi have attracted significant interest (Baldrian, 2006; Rivera-Hoyos
et al.,, 2013; Chen et al,, 2019). Laccases are involved in the metabolism of a multifarious range
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of aromatic compounds, organic pollutants, and inorganic
substrates, with a concomitant four-electron reduction process
that only generates water as a by-product. Consequently, these
enzymes have huge potential as green catalysts in the fields
of pulping and papermaking, biosynthesis, food processing,
biosensor manufacturing, and bioconversion and refinement of
agricultural and forestry wastes, in particular biodegradation
and bioremediation of environmental contaminants (Giardina
et al.,, 2010; Pezzella et al., 2015; Senthivelan et al., 2016; Bilal
et al,, 2019). To keep pace with rapidly increasing industrial
demands, it is imperative to capture laccases capable of tolerating
high temperature, alkali pH, the existence of metallic ions and
chemical reagents, or other harsh environments from high-
producing and easily available white rot fungal repositories (Si
etal., 2013; Zheng et al., 2017; Liu et al,, 2020).

Endocrine disrupting chemicals (EDCs), which are
widespread in eco-environments and used in large amounts
globally, are a category of emerging, highly toxic pollutants
that include naturally produced compounds such as estrogens,
androgens, and phytoestrogens, as well as various industrial
chemicals and household products such as synthetic hormones,
polycyclic aromatic hydrocarbons (PAHs), and pharmaceuticals
(Darbre, 2019; Kasonga et al., 2021). These compounds
can interfere with hormonal systems and adversely impact
sexual development, reproduction, the nervous system, and
immunity of both wildlife and humans, even at concentrations
as low as parts per million (ppm) and parts per billion
(ppb) (Su et al, 2020; Viguié et al, 2020). For example,
17B-estradiol (E2) is a representative estrogen that causes
serious environmental and global issues owing to its
induction of reproductive disorders, immune deficiencies,
and even carcinogenic risks (Ye et al, 2017; Du et al,
2020).

This study aimed to purify an extracellular laccase ThLacc-S
from white rot fungus Trametes hirsuta and obtain data on its
enzymatic performance to scrutinize its functional involvement
in bioremediation of EDCs and potential use as a green catalyst
in industrial and biotechnological applications.

MATERIALS AND METHODS

Chemicals

All chemicals used in this study were of analytical reagent
grade. E2 was prepared by filtration through a 0.22-pm
membrane to remove bacteria. Cetyl trimethyl ammonium
bromide (CTAB) rapid plant genome extraction kits-DN14
were purchased from Aidlab Biotechnologies Co., Ltd, Beijing,
China. Agar, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), bovine serum albumin (BSA), diethylaminoethyl
(DEAE)-Cellulose ionic exchange column packing, Sephadex
G-100 column packing, B-mercaptoethanol, guaiacol, trypsin,
iodoacetic acid (IAA), tosyl-L-lysine chloroethyl ketone (TLCK),
phenylmethylsulfonyl fluoride (PMSF), diethylpyrocarbonate
(DEP), N-acetylimidazole (NAI), and ethylenediaminetetraacetic
acid (EDTA) were all Sigma-Aldrich (St. Louis, MO,
United States) reagents.

Fungal Strain and Culture Conditions

A strain of T. hirsuta was isolated from a harvested fruiting
body and cultivated on malt yeast agar (MYA) slants (g/L
ultrapure water: malt extract 5, glucose 20, agar 20, KH,PO4
1, MgSO4~7H20 0.5, ZnSO4-7H20 0.1, CuSO4-5H20 0.1, and
vitamin B1 0.01) for 7 days at 28°C. When mycelia covered the
MYA slants, cultures were stored at 4°C and were sub-cultured
once every 2 months.

Ribosomal DNA (rDNA) Sequencing
Analysis

Identification of the T. hirsuta isolate was carried out by
sequencing analysis of the internal transcribed spacer (ITS)
rDNA. Mycelia from overgrown MYA plates covered with
cellophane membrane were harvested for total genomic DNA
extraction using the improved CTAB protocol (Cui et al,
2019) with some modifications. Regions of ITS-rDNA (ITS-1,
5.8S, and ITS-2) were amplified by PCR using the universal
primers ITS5 (5-GGAAGTAAAAGTCGTAACAAGG-3') and
ITS4 (5'-TCCTCCGCTTATTGATATGC-3"). The PCR program
comprised 95°C for 3 min, followed by 34 cycles of denaturation
(94°C, 40 s), primer annealing (54°C, 45 s), and extension (72°C,
1 min), then a final 10-min extension at 72°C followed by cooling
to 4°C. Amplification products were sequenced and compared
with those in the GenBank database using the National Center
for Biotechnology Information (NCBI)-BLAST tool.

Inoculum Preparation and Flask

Fermentation Cultivation

To prepare seed inoculum, the maintained strain was initially
activated on MYA in a Petri dish for 6 days. Five 1-cm? areas of
the agar culture were chipped off with a sterilized perforator and
transferred into a 250-mL Erlenmeyer flask containing 100 mL
liquid malt yeast medium (MY, identical to MYA without agar).
After cultivation for 6 days at 28°C on a rotary shaker at 150 rpm,
the culture broth was mildly homogenized with a blender at
5,000 rpm for 1 min then used as seed inoculum.

Flask fermentation experiments were performed in 250-mL
Erlenmeyer flasks containing 100 mL MY medium inoculated
with 10 mL seed inoculum and cultivated at 28°C on a rotary
shaker at 150 rpm for 6 days. Subsequently, mycelia and cell
debris in the fermentation broth were removed by centrifugation
(12,000 rpm, 20 min) and the resulting cell-free supernatant was
deemed an extracellular enzyme source for further purification
and was designated ThLacc.

ThLacc Activity Assay and Protein
Quantification

A ThLacc activity assay was implemented quantitatively as
described by Si et al. (2013), based on colorimetric measurement
at 420 nm by monitoring the change in absorbance due to
oxidation of the substrate ABTS. One unit of laccase activity is the
amount of enzyme required to cause one absorption increase per
minute per milliliter of reaction mixture under assay conditions.
A Bradford assay was used to evaluate protein concentration at
280 nm using BSA as a standard (Bradford, 1976).

Frontiers in Microbiology | www.frontiersin.org

May 2021 | Volume 12 | Article 670163


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sietal.

Laccase From Trametes hirsuta

ThLacc Purification Procedure

Initially, the cell-free supernatant containing laccase ThLacc,
seized through flask fermentation cultivation, was saturated up
to 75% with solid (NH4)2SO4 under constant stirring at 4
°C then under stationary conditions overnight. The precipitate
recovered after centrifugation at 12,000 rpm for 20 min at 4°C
was suspended in 0.1 M citrate-phosphate buffer (pH 5.0) and
dialyzed overnight against repeated changes of ultrapure water.

The isolated retentate was chromatographed onto a DEAE-
Cellulose ionic exchange column (27 x 350 mm) pre-equilibrated
with 0.1 M citrate-phosphate buffer (pH 5.0). The column was
extensively washed-out with the citrate-phosphate buffer at a
flow rate of 3.0 mL/min to remove unbound proteins until the
absorbance at 280 nm was < 0.05. A linear gradient concentration
of NaCl from 0.0 to 1.0 M at a flow rate of 1.0 mL/min was
used for stepwise elution of the bound fractions, collecting 5.0 mL
eluate/tube. Fractions were then examined for enzymatic activity
and protein content. All fractions exhibiting laccase activity were
pooled in their respective peak, dialyzed, and concentrated by
ultrafiltration with a 50-kDa cut-oft.

The fraction with highest laccase activity was subsequently
gel-filtered on a Sephadex G-100 column (27 x 600 mm)
pre-balanced with the citrate-phosphate buffer. Elution from
the column was achieved with the same buffer at a flow
rate of 1.0 mL/min. Fractions were collected (5.0 mL/tube)
and the absorbance was detected at wavelengths of 420 and
280 nm; fractions with laccase activity were pooled, dialyzed, and
concentrated for further study.

Electrophoresis, Mass Spectrometry,

and Amino Acid Sequencing

Uniformity and subunit molecular weight (Mw) of ThLacc-S
was authenticated using denaturing sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), composed of a
12% (w/V) separating gel (pH 8.8) and a 5% (w/V) stacking gel
(pH 6.8), as portrayed by Laemmli (1970). A pre-stained protein
marker mixture with apparent Mws from 10 to 100 kDa was
applied for calibration, and protein bands formed in gels were
visualized by staining with Coomassie Brilliant Blue R250.

To reflect the presence of laccase, native PAGE was deployed
in a similar manner as SDS-PAGE without the addition of SDS
and reducing reagent (B-mercaptoethanol) and without boiling
the protein sample. After electrophoresis, the gel was washed with
ultrapure water and subjected to a staining solution of 1.0 mM
ABTS or guaiacol until colorized bands appeared.

Native Mw was unearthed by comparing the elution volume
of ThLacc-S with reference proteins passed to a Sephadex

G-100 gel filtration column and eluted with 0.1 M citrate-
phosphate buffer (pH 5.0) at a flow rate of 1.0 mL/min. Reference
protein markers used for calibration were aldolase (158.0 kDa),
conalbumin (75.0 kDa), BSA (67.0 kDa), ovalbumin (43.0 kDa),
carbonic anhydrase (29.0 kDa), ribonuclease A (13.7 kDa), and
aprotinin (6.5 kDa).

For N-terminal amino acid sequencing, purified ThLacc-S
was run on native PAGE then transferred to trypsin digestion.
After staining with ABTS, the blotted protein band was excised,
destained, and sent for sequencing to identify the protein
of interest. The Mw of ThLacc-S was also determined by
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS; AB SCIEX, United States) with
a MALDI matrix composed of a-cyano-4-hydroxycinnamic acid.
Mass spectra were processed through the MASCOT search engine
(Matrix Science, United Kingdom) and laccase sequences were
retrieved using the NCBI-BLAST database to search for fungal
laccases with a high level of sequence similarity. Homologous
sequences were aligned by using the ClustalX1.83 algorithm and
DNAMANG.0 software.

Determination of Enzymatic

Performance

The optimum pH where ThLacc-S exerted greatest activity was
explored via an enzymatic assay at 25°C using ABTS as the
substrate and adjusting the pH from 1.0 to 13.0 in increments of
1.0 pH unit with various buffers. These buffer systems included
glycine-HCI buffer (pH 1.0-3.0), citrate-phosphate buffer (pH
3.0-5.0), 2-(N-morpholino)ethanesulfonic acid buffer (pH 5.0-
6.0), phosphate buffer (pH 6.0-8.0), Tris-HCl buffer (pH 8.0-9.0),
glycine-NaOH buffer (pH 9.0-11.0), Na,HPO4-NaOH buffer
(pH 11.0-12.0), and KCI-NaOH buffer (pH 12.0-13.0). The pH
stability of ThLacc-S was estimated from pH 1.0 to 13.0 by
pre-incubating the purified enzyme at 25°C for 72 h. ThLacc-
S activity in response to temperature was assessed between 10
and 90°C, in increments of 5°C, by incubating the enzyme at
optimum pH with ABTS as the substrate. Thermostability of
ThLacc-S was determined by pre-incubating the enzyme for 2 h
at the aforenoted temperature ranges and conditions. Aliquots
of samples were taken for measurement of remaining laccase
activity toward ABTS and were expressed as percentage to
highest activity.

ThLacc-S activity in the presence of various metallic ions (Li™,
Na+, Mg2+, A13+, K+, Ca2+, Mn2+, FeZ+) Fe3+, Ni2+, Cu2+,
Zn?T, Pb2 T, Agt, Cd**, Ba?t, or Hg? ™) at final concentrations
of 25.0 mM was investigated. Specific inhibitors of enzymatic
activity such as IAA (cysteine protease inhibitor), TLCK (lysine
protease inhibitor), PMSF (serine protease inhibitor), DEP

TABLE 1 | Summary of purification steps of laccase ThLacc-S from Trametes hirsuta.

Purification step Total activity (U/mL) Total protein (mg/mL) Specific activity (U/mg) Purification fold Yield (%)
Crude extract 1.276 1.198 1.065 1 100
Salt precipitation 1.072 0.759 1.412 1.33 84.01
DEAE-Cellulose ionic exchange chromatography 0.759 0.265 2.864 2.69 59.48
Sephadex G-100 gel filtration chromatography 0.597 0.027 22111 20.76 46.79
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(histidine protease inhibitor), NAI (tyrosine protease inhibitor),
pepstatin A (aspartate protease inhibitor), and EDTA (chelator),
surfactants such as SDS (ionic surfactant) and Triton X-100 (non-
ionic surfactant), and organic solvents such as methanol, ethanol,
propanol, hexane, acetone, toluene, and chloroform, were assayed
at different concentrations for their influences on ThLacc-S
activity. Assays were conducted by pre-incubating ThLacc-S with
the respective additive at pre-selected concentrations at 50°C
for 20 min, followed by evaluation of residual activity using
the standard method with ABTS as the substrate. A control
using ultrapure water instead of additives was accepted as 100%
relative activity.

The Michaelis-Menten constant (K,,) and catalytic constant
(kcat) of ThLacc-S were determined, by using ABTS as a substrate
at various concentrations ranging from 0.1 to 1.0 mM in
0.1 M citrate-phosphate buffer (pH 5.0) at optimum pH and
temperature conditions. A Lineweaver-Burk plot was applied for
calculation of kinetic parameters by linear regression.

Detection of EDC-Bioremediating

Capacity

Bioremediation of EDCs by ThLacc-S was achieved in a 10.0-mL
mixture of 1.0 M citrate-phosphate buffer (pH 5.0) containing
5.0 U/mL purified enzyme solution and 0.01 mM E2. The
mixture was treated dynamically at 55°C for 72 h in darkness
under a shaking speed of 150 rpm. Control groups with
inactivated ThLacc-S or EDC-free reactions were set at the same
conditions. At desired time intervals, reactions were stopped by
adding 10.0 mL methanol and centrifuging at 12,000 rpm for
20 min. The resulting supernatants were concentrated by rotary
vacuum evaporator and used for gas chromatography-mass
spectrometry (GC-MS) analysis to identify partial by-products of
E2 metabolized by ThLacc-S. Aliquots (0.1 mL) of supernatant
were injected into a Shimadzu QP2010-SE GC-MS Spectrometer
(Shimadzu, Japan) equipped with an ionization detector using
a Resteck column (0.25 x 30 nm, XTI-5). The mobile gas was
ultrapure helium gas at a flow rate of 0.7 mL/min in a linear
30-min run time. The initial column temperature was held at
70°C for 2 min, then subjected to an increase of 10°C/min up to
280°C, and finally held at 280°C for 9 min. Chemical formulas of
the possible metabolic by-products were clarified based on mass
spectra and retention times on their gas chromatographs.

Statistical Analysis

This study was conducted with completely randomized
experimental designs. All determinations were performed in
triplicate. Data comparison was statistically computed by analysis
of variance (ANOVA) followed by Waller-Duncan test using
SPSS 20.0 software.

RESULTS AND DISCUSSION

Purification of ThLacc
Sequencing analysis was used for identification of the fungal
isolate based on amplification of the ITS5 and ITS4 regions.

A BLAST search of the ITS-rDNA sequence of the isolate
compared with those in the GenBank database suggested
99% similarity with T. hirsuta, thereby verifying that the
isolate was white rot fungus T. hirsuta (GenBank accession
number: MW881532).

Extracellular laccase ThLacc from T. hirsuta was purified
to homogeneity via three consecutive procedures consisting of
(NH4)2SOy4 saturation (5-100%) followed by ionic exchange and
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FIGURE 1 | Molecular weight authentication of laccase ThLacc-S from
Trametes hirsuta. (A) SDS-PAGE consisting of a 12% (w/V) separating gel (pH
8.8) and a 5% (w/V) stacking gel (pH 6.8) visualized with Coomassie Brilliant
Blue R250 staining. Lane M, protein marker; lane 1, crude extract ThLacc;
lane 2, laccase ThlLacc purified by salt precipitation; lane 3, laccase ThLacc
purified by DEAE-Cellulose ionic exchange chromatography; lane 4, laccase
ThLacc purified by Sephadex G-100 gel filtration chromatography. (B) Native
PAGE. Lane 5, ABTS staining; lane 6, guaiacol staining. (C) Gel filtration
chromatography on a Sephadex G-100 column. (D) Mass spectrum acquired
by MALDI-TOF MS.

Frontiers in Microbiology | www.frontiersin.org

May 2021 | Volume 12 | Article 670163


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sietal. Laccase From Trametes hirsuta

y Type I Copper ) Type II Copper

PDB_2VDZ_Coriolopsis_gallica aL i DNNTNHmI.KS s ﬂGFFO H%MEPEFVN STGHA! I.D QvPD| vVHs HLHTQrCDGL| 79
EJF60081_Dichomitus_squalens QL NVI DNLTNDTLYL T AYT| GF Q| K cPLIF VNQ(d) s K GNS[3L D[ T AT D] [{vyHs HLHTQYCcDGL 79
ABK59826.1_Ganoderma_fornicatum  [JQI NVVNQLTNHTRs KTl HYTGL Fa| E[ETWARIEPAF VT QL] AS GNS VP [{wYHs HLIT a7 cDGL|RGRE]
ABK59827.1_Ganoderma_fornicatum  [§QI NVVNQLTNHTLYs KTuis|l HVZGL Fa| E[giiwablepl: RVP [{vvHs HLET a7 cDGLIRG L]
ACR24357.1_Ganoderma_lucidum QL NVI DAL TNHTW KTys|l HVEGF Fa| K(cid avpD| [{YHs HLHT Q7 CDGL|RG RE]
AHA83584.1_Ganoderma_lucidum QL NVI DQNVT NHT(YL KTiS| HWIGF FQ| K{cpy [8):1> QYGT YWY HS HLET QY CDGL|RG 79
AHA83588.1_Ganoderma_lucidum RLNVI NRNVTNHT[IL KTs|l HWTGL FQ RVP [{YHs HLHT a7 cDGL|RGRE]
AHA83589.1_Ganoderma_lucidum Ql RVVDQLTNETU'L KSys|. HFLGI YQ [HVYHS HLH T Q/CDGL(RG]| 78
AHA83594.1_Ganoderma_lucidum Qi NVVDNLTNS TR T AUl HWIGL FQ [{vvHs HLET a7 cDGLIRG L]
AHA83595.1_Ganoderma_lucidum QL NVI DNLTNHT(IL K! GLFQ [{vYHS HLHT Y CDGLIRG L]
AHA83596.1_Ganoderma_lucidum QL NVVNNLDNTT[IL T ATiVHVTGL FQ [{wvHs HLET a7 cDGL[RG L]
AKP24382.1_Ganoderma_tsugae QI NVI NQNTNHTINK TS|l HWEGF FQ [{vYHs HLHT Q7 CDGL|RG RE]
AKP24383.1_Ganoderma_tsugae Q1 NVI NQNTNHT(INK TS|l HWLIGF FQ| [HVYHS HLH T Q/CDGL(RG] 79
ANA53145.1_Ganoderma_weberianum [§QL NVVDQNTNHS[IL KTl HZGF FQ §GT{WYHS HLET a7 cDGLIRG L]
AAX07469.1_Lentinus_tigrinus QL NL VNQNT NHTL KTiiS|l HWLIGF F Q| [AVWYHS HLHT QY CDGL|RG v E]
PDB_2QT6_Lentinus._tigrinus QL NL VNQNTNHT(YL K TSIl HRGFFQ [{YHs HLHT Q7 CDGL|RG RE]
ABN13591.1_Polyporus_brumalis QL NL VNaNSs NHTYL KTiisfl HWEGF FQ [{wYHs HLHT Q7 cDGL|RG JRE]
AAG09231.1_Polyporus_ciliatus Qi NVI DAL TNNT(YL KSUTIVHWIGF FQ [{vyHs HLET a7 cDGLIRG L]
AAW28936.1_Trametes_sp._420 a1 NviI DNLTNDT[IL T AT HTGF Fa| K[ [{wyHs HLHT a7 cDGL[RGRE]
PDB_3KW7_Trametes_sp._AH28-2 QI NVI DNLTNATL'L KTITl HWGL FQ| Hend [HVYHS HLHT Q/CDGL(RG]| 79
PDB_2HRG_Trametes_trogii QL NVI DNNMTNHT(IL Ksyislt HWRGF Fa| Hed [{YHs HLHT Q7 CDGL|RG RE]
CAA77015_Trametes_versicolor QL NVI DNLTDHT{'L KSpis|l HWGF FQ| K[c1g [{VYHS HLHT QY CDGL|RG £
EIW62366_Trametes_versicolor a1 Nvi DNLTNETIL KsiiT HTG1 Fa [{vYHs HLHT a7 cDGL|RGRE]
AABA47735_Trametes_villosa Qi NVI DNLTNE TUL KsuTil HMZGI FQ [{vYHs HLHT Q7 cDGLIRG JRE]
Trametes_pubescens_Tplac QI NVVANNNNHTI'L KSpis|l HWGF FQ| K| [\WYHS HLHJT QY CDGL|RG 79
Trametes_orientalis_Tolacc-T QL NVI AQTNNHT(YL Kauis|. L MIAYLAL KX T ADlE QUGT[{\YHS HLHT Q7 CDGLIRG JRE]
Trametes_hirsuta_Thlacc-S aL N1 ANVNNHTIIL Koisil HVifcHE G| KIRETWARTEHAF vNAITT] As GHS L YIDG T AP D HellF AT SIEVaN e~ 79
Consensus £ m ot h gtn dg a cpi fy q gt hshl tqycdglrg

f

PDB_2VDZ_Coriolopsis_gallica P BN HAS LT Aoy HL BAKVGAPVPTG. ADATI] MELRERs AATL AAD[AVI TlTKGKIXTRFRAV 158
EJF60081_Dichomitus_squalens AFNYVIINDIZHAS L V] LA HTLIARL GPRFPLG. ADT c] [cl3F TGGDAVD{RAVI S\UTQGKIAGHF RIAV 158
ABK59826.1_Ganoderma_fornicatum  PL\YAEIZHDIZL AHMEY WA TENYHTLIAGL GRRF PVGDANS T| cL{ciiS TATPTADINAVVI QAKIRGHF RIAV 159
ABK59827.1_Ganoderma_fornicatum  PLYWIJHPIJL AHMEY, WATENYHTLJAQL GRRFPVGDANS T| CL[IS TATPTAD{AVV QGK[A4IFRAV 159
ACR24357.1_Ganoderma_lucidum PR LKL KGL @y Vs NDS V] gl s HVLARLGPSFPLGS. DST CLEdS TTNATAGRAVI QGKIRQUFRAV 158
AHA83584.1_Ganoderma_lucidum PFUMDLINGIZHQS L\ VDD T V(| i Al HTLARLGPRFPLGS. DST) CLEAS TETPTAS(NAVI S\UTQGKLAAHF R{RI 158
AHA83588.1_Ganoderma_lucidum PLUMDIZL gL GVL vV DD TLLY HFJARL GPRFPAGLANST e[S PDAP GAD[IAVV HGKIAZAFRAV 159
AHA83589.1_Ganoderma_lucidum P YDP DPESINY DI DI T\YIIT LY HTL)ARLGTGFPR. S. DS CL{IF AGGGSTD{RAI I PUNRGKIZQHFRAV 156
AHA83594.1_Ganoderma_lucidum PLUDIZNGIZHAS L e Vs DD HTLVARL AARFPAGP. DA! cL(cl3F SGGTSS DRAVI V 158
AHA83595.1_Ganoderma_lucidum PLUUMELQOIZHAS Ly G. ADST| CL(cliS TGTAEADRAVI S RV 151
AHA83596.1_Ganoderma_lucidum PMYI fDIZDIZHAS L gy HTLVARL GNRFPGG. ADST) cL[cliF AGGDS T DI§AVV 1 158
AKP24382.1_Ganoderma_tsugae PLUMDIZHDIEL AHMYY, VTLISHLGTRFPAGLANST) CLEITTATSSAE[JAVV V 159
AKP24383.1_Ganoderma_tsugae PLIDIZHDIZL AHMEY VTLISHLGTRFPAGLANS T[]l (el (cHT TATS SAERAVV QGK[R4HFRIAV 159
ANA53145.1_Ganoderma_weberianum PFUWEMZNIZL KSLEgy HVLIARL GPRFPLG. SDST(HII el (s PATPTADAVI S\UTQGKIAGIF RIAV 158
AAX07469.1_Lentinus_tigrinus PFUUVDIINGIZHANL @ Vs DE S V| HVLAKL GPRFPLG. ADST(MII (el (cdS TSTPTADRAVI S(UTKGKIREUF RIAV 158
PDB_2QT6_Lentinus_tigrinus PFUMDBIINDIZHANL [ §y Vs DE S| W HV)AKL GPRFPKG. ADST[H[] [cL[cliSs TSTPTADAVI S\UTKGKA4IFRAV 158
ABN13591.1_Polyporus_brumalis D\ DTV . ADST] CLEdS TATPTADRAVI S\UTKGKIRGUF RIAV 158
AAG09231.1_Polyporus_ciliatus >V DE SV A PDS cL{ciF AGDANADRAVI S\UTQGKIRZHUF RIAV 158
AAW28936.1_Trametes_sp._420 D\Y DT | GDST]| cL{ciF AGATTADRAVI T\UTKGKIAGAFRIAV 158
PDB_3KW7_Trametes_sp._AH28-2 PVDDT \4 ADS CL[IiF AGGNAS D{RAVI T\JE QNK[JJIFRAV 158
PDB_2HRG_Trametes_trogii > VDb DD . ADAT] cL{ciis | DTLNADRAVI TWTKGKIRGAFRIAV 158
CAA77015_Trametes_versicolor V> NDDYV| ADAT] CKEdS PSTTTADRTVI S\UTP GKIR4UF RIAV 158
EIW62366_Trametes_versicolor V> DDTYV| PDS cL(cliF SGDGATNMATVI TVUTQGKIR4UF RIAV 158
AAB47735_Trametes_villosa s VEDDTYV] PDS CLICTUF SGDGATNATVI T\UTQGKYJIFRAV 158
Trametes_pubescens_Tplac PRI DIZS pIZHADL (v Vs DE T I HTLAKL GAAFPI G. ADS TRl (el [eliF AGGP TADRAVI T\UE QGK[A4UFRIAV 158
Trametes_orientalis_Tolacc-T RF\YVZABIZNADL (e VD DE Ayl QTLIAKL GAAF QI G. ATST(HII el (cdF AGDP AADIAVI T\E QGKIAEIF AllV 158
Trametes_hirsuta_ThLacc-S HF YV ADIJHHDL [y V» DE HYyl HVLAKL GHHF QL G. ADS T[H[] [{[eS[cliF AGDPTAH[RTVI Y\TQGK[}4IF HAV 158
Consensus v ydp dp yd d Sl a ling gr I v ryr |

PDB_2VDZ_Coriolopsis_gallica SLS[ebIZNYTIZSI| DGHS LT V|| [3A»S VNL KPHTVDS L Q] F AA[L:3 432 VI NAD{e DV i| RALINS[ETQNF AGGT| L 237
EJF60081_Dichomitus_squalens S| S[ebIZNF T{ZS[| DNHNLTI AVNHQPLTVDE| Q FAGeLAEYZ VI TAD Al 1| RALZQI ITVSFDGG L 237
ABK59826.1_Ganoderma_fornicatum  SIVA[#4S F N3S[| VGHDLT V| VETQPVTVSTI T[] FAA[LREY VITAN{e VI || RANZAF [CDVGF AGGL L 238
ABK59827.1_Ganoderma_fornicatum  SIVAlebIZS F N3S[ DGHDLT V| VETQPVTVSTI T FAALIREYS VIITANeT | || RANZAF [€DVGF AGGL (Y] LY 238
ACR24357.1_Ganoderma_lucidum SLS[ebIINYTIZS]| DGHDNS V|| AL GI ATQPVTANAI Q] FSAIREIIVIITANe T | 1| RANZS F[eNI GFTNGI \NY L[4 237
AHA83584.1_Ganoderma_lucidum SLS[ehIgNY VIS[| DGHDLT V|| [JAGI ETEPVTVNAI QI FSALIREYS VIITANeT | RA NVGF TDGI SFN] L[4 237
AHA83588.1_Ganoderma_lucidum SLS{eplys YT(5S[| DGHELTV] VETYPVTVNAI E[] FAAIREYIVITAN[eTI | RANGNL [ENL GF ADGI [\BJLY] L[ 238
AHA83589.1_Ganoderma_lucidum SLS[ebIZNF TIZS[| DGHANT V|| [JAP AVNHEPL TVDS | FAGIAENZ VIITAD(e DI 1| RALIINR[ETT NF DGGVIMEY] L[4 235
AHA83594.1_Ganoderma_lucidum SIVS[eLIYNF T{Z S| DNHT VNV AVNHTPLTVDE| Q FAGLIE] VA TAD A V! I RALZNI [eTTS F DGGL NN L[4 237
AHA83595.1_Ganoderma_lucidum SIVS[eblgF HTZS]| DNHT LNV GVNAKPLTVDSI P TANeTI I|[RAQZNI [cTTGF ANGI N L[4 230
AHA83596.1_Ganoderma_lucidum ANS[eBIgNF V[3S[| DGHNNT V(] [JANGI NHTPVVVDS | TAD[s Al | RAL[gNI [ETTTF DGGVEEY] L[ 237
AKP24382.1_Ganoderma_tsugae SvAlds F NG sf] DeHOL T V]| @A GVET QPVTVNS | TANeTI I|RANZS L[cVIVGF DAG! N] L[4 238
AKP24383.1_Ganoderma_tsugae SIVAlebIS F NI S[| DGHDLT V| VETQPVTVNS | TANeTI| 1| RANZS L [€VIVGF DAG! (RN LY 238
ANA53145.1_Ganoderma_weberianum SL S[ebI4NY V3S[l DDHDLS V[l (A GI ET QPVSVNAI 1 [ANANTI IR NVGF TDAI (RN L[ 237
AAX07469.1_Lentinus_tigrinus SLS[LINYT(§S[] DSHQLT V]| TQPVTVDSI NAN{e DV || RANGNF [€TT GF ADGV{EEY] L[} 237
PDB_2QT6_Lentinus_tigrinus SLS[ebIINYTIZS]| DSHQLTV] VSTQPVTVDSI Vi 1| RANZGNF[€TT GF ADGVAEY] L[4 237
ABN13591.1_Polyporus_brumalis S| S[ebIINHTZS]| DGHKLT V|| [JALGI STQPVTGDS | TAD{e DVI RAI TTGFAGGI (NI L(H 237
AAG09231.1_Polyporus_ciliatus S| S[ebIgNF VIZS[| DKHNNT V|| [JADAVSHEPVTVDS | TAD[s Al IIRAL S GleTVNF DGGVIMEN] L[4 237
AAW28936.1_Trametes_sp._420 SLS[ehIZNF T{3 Q] QGHS LS V(| [JALAVNVNPVTADS | DV L WAVgNI [cTVS VSGGVIEELY] L[J 237
PDB_3KW7_Trametes_sp._AH28-2 SLS[ehI4NF TI3S[| DGHNNT I GVNHEPLEVDS| S VI 1| RAI NT[eTI DTTGGL L 237
PDB_2HRG_Trametes_trogii SLS[ebIZNHVIS]I DGHS LT V|| [JA S VNL KPQTVDS | DV 1| RALZNS[¢TRNF DGG' L 237
CAA77015_Trametes_versicolor SLS[eLIINHT[FS[| DGHNNTI TS1 NTAPLVVDS | AV I|RANZS F[ENVGF TGGI L 237
EIW62366_Trametes_versicolor S| S[ebIZNF T{ZS]| DGHNNT I V[, GVNHEAL DVDS | Q FAGeL:3 %321 (ANAN(eS | I[RAI NT[eTTDTTGGVMEY] L[4 237
AABA47735_Trametes_villosa S| S[ebIZNF T[ZS[| DGHNNT | V[ GVNHE AL DVDS | FAGLAENZ | (ANANeS | I[RAI NT[eTTDTTGGVINLY] L[4 237
Trametes_pubescens_Tplac SLS[ebINY VIZSI| DSHHNTI VSHEPVTVDS | QI YAALIREYZVIATVD{e DV I|RAL (S G 'TTSFAGGI NS AIRNR| 237
Trametes_orientalis_Tolacc-T SLS[ebIZNF V[5S[| DSNHNTI VILAVSHETVTVDS | Q) YAG[[3§]3! (ATVD{e DV | AQL[4S F[STTSF ADGI ALl 237
Trametes_hirsuta_ThLacc-S SLS[ehlgNHVS[] DS NHVT V]| [JAIRAVSHE HCTVDS | fQRVSF TVD{eDVI 1|RAHZs FETY SF HDGI 237
Consensus cdp i} ied i qrysf | 1q nyw P g nsai r

FIGURE 2 | Multiple alignment of the amino acid sequence of laccase ThLacc-S from Trametes hirsuta with those of other fungal laccases including Coriolopsis
gallica (PDB: 2VDZ2), Dichomitus squalens (EJF60081), Ganoderma fornicatum (ABK59826.1 and ABK59827.1), G. lucidum (ACR24357.1, AHA83584.1,
AHAB83588.1, AHA83589.1, AHA83594.1, AHA83595.1, and AHA83596.1), G. tsugae (AKP24382.1 and AKP24383.1), G. weberianum (ANA53145.1), Lentinus
tigrinus (AAX07469.1 and PDB: 2QT6), Polyporus brumalis (ABN13591.1), P, ciliatus (AAG09231.1), Trametes sp. 420 (AAW28936.1), Trametes sp. AH28-2 (PDB:
3KW?7), T. trogii (PDB: 2HRG), T. versicolor (CAA77015 and EIW62366), T. villosa (AAB47735), T. pubescens Tplac, and T. orientalis Tolacc-T. Numbers on the right
are the positions of the final amino acids in each line. Residues assumed to be involved in binding to copper are boxed in red and residues identical in all 27
sequences are highlighted with a black background. Potential glycosylation sites are indicated with red arrows. Underlined residues indicate the sequences
generated through MALDI-TOF MS.
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gel filtration chromatography. A summary of all purification
data is tabulated in Table 1. Culture supernatant containing
laccase (1.065 U/mg protein) was firstly precipitated with 5-
100% (NHy)2SOy4. After dialysis, the retentate saturated with
75% (NH4),SO4 (1.412 U/mg protein) was loaded onto a
DEAE-Cellulose ionic exchange column to seize five fractions
ThLacc-Fis, ThLacc-S, ThLacc-T, ThLacc-Fo, and ThLacc-Fif;
the second fraction, ThLacc-S, eluted with 0.3 M NaCl had the
highest specific activity of 2.864 U/mg protein, with a 2.69-fold
increase in purity and 59.48% yield. ThLacc-S was therefore re-
chromatographed on a Sephadex G-100 gel filtration column and
this generated: a 20.76-fold increase in purity and 46.79% yield,
with specific activity of 22.111 U/mg protein.

Uniformity and Molecular Weight of
ThLacc-S

Uniformity and subunit Mw of ThLacc-S were estimated
by gel electrophoresis under denaturing and non-denaturing
conditions. ThLacc-S emerged as a single band corresponding to
an Mw of 57.0 kDa on the SDS-PAGE gel (Figure 1A). In the
native PAGE spectrum stained with ABTS or guaiacol, a clear
band that was responsible for laccase activity and migrated at
the same Mw as in the SDS-PAGE was visualized (Figure 1B).
This authenticated the monomeric nature of this enzyme and
constituted a subunit Mw. Gel filtration chromatography on
a Sephadex G-100 column with reference proteins supported
that the native Mw of ThLacc-S was 56.0 kDa (Figure 1C).
Furthermore, mass spectra from MALDI-TOF MS confirmed
that ThLacc-S possessed an apparent Mw of 56976.37 Da
(Figure 1D). Laccases originating from fungi exhibit single-
subunit type protein structures, termed monomeric proteins, in
SDS-PAGE and native PAGE gels and abundantly variable Mws
that might possibly be ascribed to genetic discrepancies among
different species (Claus, 2004; Baldrian, 2006; Rivera-Hoyos et al.,
2013; Si et al., 2013; Mate and Alcalde, 2015; Zheng et al., 2017;
Sadeghian-Abadi et al., 2019). These observations implied that
ThLacc-S was a monomeric protein with an Mw of 57.0 kDa.

Identification of ThLacc-S

The N-terminal amino acid sequence of ThLacc-S (UniProt
Knowledgebase accession number: COHLV6) was acquired
through trypsin digestion, ABTS staining, sequencing, and
MALDI-TOF MS. Multiple alignment of the amino acid
sequence of ThLacc-S with other fungal laccases (Figure 2)
indicated that ThLacc-S contained representative conserved I
and II copper-binding domains and shared three potential
glycosylation sites (Thurston, 1994; Claus, 2004). The alignment
also revealed that the N-terminal amino acid sequence of ThLacc-
S shared sequence identity with laccases from other species
of the genus Trametes, attaining 83.61 and 82.85% sequence
similarity with Tplac from Trametes pubescens and Tolacc-T
from Trametes orientalis, respectively. Moreover, the sequence
of ThLacc-S harbored similarities with other laccases, including
75.63% sequence similarity with Lentinus tigrinus AAX07469.1
and Polyporus ciliatus AAG09231.1, 75.21% with L. tigrinus
PDB: 2QT6, 74.79% with Polyporus brumalis ABN13591.1,
73.11% with Trametes versicolor CAA77015, 72.69% with
Ganoderma lucidum AHA83584.1, 71.85% with Trametes trogii
PDB: 2HRG and Dichomitus squalens EJF60081, 71.43% with
Coriolopsis gallica PDB: 2VDZ, 70.59% with T. versicolor
EIW62366, Ganoderma weberianum ANA53145.1, G. lucidum
AHAS83595.1 and ACR24357.1, and Trametes villosa AAB47735,
70.17% with Trametes sp. 420 AAW28936.1, 69.33% with
Trametes sp. AH28-2 PDB: 3KW7, 68.49% with G. lucidum
AHA83594.1, 68.20% with G. lucidum AHA83588.1, 68.07% with
G. lucidum AHA83589.1, 67.65% with G. lucidum AHA83596.1,
65.69% with Ganoderma fornicatum ABK59827.1, 64.85% with
Ganoderma tsugae AKP24383.1 and AKP24382.1, and 64.44%
with G. fornicatum ABK59826.1, respectively. This indicated
that ThLacc-S from T. hirsuta was a novel member of
the laccase family.

Effect of pH and Temperature on
ThLacc-S Activity and Stability

ThLacc-S was > 60% active over a wide pH range from 4.0 to
10.0, with maximum activity (0.612 U/mL) at pH 6.0 (Figure 3A);
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the enzyme was more active in neutral and alkaline pH. There
was a sharp decline in laccase activity at pH < 4.0 or > 10.0,
presumably attributed to enzyme denaturation or inactivation.
Congruent with the activity data, ThLacc-S stability was higher
within the pH range of 5.0-10.0 compared with pH outside this
range, as evidenced by preservation of enzyme activity above 50%
after incubation at pH 5.0-10.0 for 72 h. The wide pH tolerance of
this enzyme could be explained by increases in charges of amino
acid residues within the active site (Claus, 2004; Pezzella et al.,
2015).

Of the tested temperatures (10-90°C) depicted in Figure 3B,
the range 30-65°C was beneficial for ThLacc-S as the enzyme
maintained more than 57% of its activity at these temperatures.
The optimum temperature for ThLacc-S activity was 50°C,
equivalent to specific activity of 2.037 U/mL. Incubation
at < 25°C or > 70°C dramatically reduced activity and stability
of ThLacc-S. However, comparable marked improvements
in ThLacc-S activity were observed after incubation for
2 h at 10-40 and 60-70°C. The activity and stability of
this enzyme, as well as the reduced sensitivity to extreme
temperatures, are superior to those of other previously described
laccases (Rivera-Hoyos et al, 2013; Sadeghian-Abadi et al.,
2019).

Hence, one important feature of ThLacc-S that is applicable
to numerous industrial and biotechnological areas operating
under severe conditions, is the thermo-alkali stability across
considerably abundant pH and temperature ranges for a
prolonged duration.

Effect of Metallic lons, Specific
Inhibitors, Surfactants, and Organic
Solvents on ThLacc-S Activity

The impact of metallic ions, specific inhibitors, surfactants, and
organic solvents on ThLacc-S activity are outlined in Table 2

Laccase activity relative to the control was 261.97, 252.56,
244.13,220.42,217.71,177.96, 173.39, 159.66, 144.02, or 126.98%,
following separate addition of 25.0 mM Cu?*, Mg?*, K*, Cd*¥,
Zn?*, Ni?*, Nat, Fe**, Pb>*, or Mn?*, respectively. This
indicated that ThLacc-S requires these metallic ions to retain
the conformation of its active site. The greatest effect of Cu?*
on laccase activity might be owing to this ion being involved
in the catalytic process, since typical laccases are known to
contain three types of copper sites and a core center with a
cluster of four copper atoms (Thurston, 1994; Claus, 2004). Other
metallic ions like Lit, AP+, Ca?*, Ba?T, or Fe** inhibited
ThLacc-S activity possibly due to binding near the T1 site, which
blocks access of substrates to the site and thus the ions act
as competitive inhibitors for electron donors (Thurston, 1994;
Si et al, 2013). Obviously, Hg?* strongly inhibited ThLacc-S
activity and is presumed to be a key inactivator of ThLacc-S
as this metallic ion can react with sulthydryl groups present on
histidine residues of the catalytic site and displace other active
metallic ions from their binding positions; such competitive
binding results in enzymatic deactivation (Claus, 2004; Yahiaoui
etal., 2019).

TABLE 2 | Effect of metallic ions, specific inhibitors, surfactants, and organic
solvents on activity of laccase ThLacc-S from Trametes hirsuta.

Additive Concentration Relative activity (%)
Control — — 100 £+ 0.30
Metallic ion Li+ 25.0mM 89.95 + 4.08 jkim
Na*t 25.0mM 173.39 + 4.24 de
Mg+ 25.0mM 252.56 + 5.74 ab
AR+ 25.0 mM 69.63 + 4.60 op
K+ 25.0mM 24413 £12.60 b
Ca?+ 25.0 mM 51.06 & 1.30 ar
Mn2+ 25.0mM 126.98 + 12.22 gh
Fe?* 25.0mM 159.66 + 8.12 ef
Fe3+ 25.0 mM 11.96 + 1.53 tuv
Ni2+ 25.0mM 177.96 £9.86d
Ccu?+ 25.0mM 261.97 £+ 11.43a
Zn?+ 25.0mM 217.71 £5.89¢
Pb2+ 25.0 mM 144.02 + 10.07 fg
Agt 25.0mM 101.49 £ 7.60 ijk
Cd?+ 25.0 mM 220.42 £7.64¢
Ba?* 25.0mM 24.68 +1.77 stu
Hg?+ 25.0 mM 2.83+1.61v
Specific inhibitor IAA (cysteine protease 2.0mM Not detected
inhibitor)
5.0 mM Not detected
10.0 mM Not detected
TLCK (lysine protease 2.0mM 100 + 2.94 jk
inhibitor)
5.0mM 100 + 3.01 jk
10.0 mM 99.17 + 8.55 jk
PMSF (serine protease 2.0mM Not detected
inhibitor)
5.0 mM Not detected
10.0 mM Not detected
DEP (histidine protease 2.0mM Not detected
inhibitor)
5.0mM Not detected
10.0 mM Not detected
NAI (tyrosine protease 2.0mM Not detected
inhibitor)
5.0 mM Not detected
10.0 mM Not detected
Pepstatin A (aspartate 2.0mM 100 + 5.83 jk
protease inhibitor)
5.0 mM 100 + 10.24 jk
10.0 mM 99.84 + 8.64 jk
EDTA (cheating agent) 2.0mM 45.67 +2.05qr
5.0 mM 26.54 +2.49 st
10.0 mM 7.76 £0.31 uv
Surfactant SDS (ionic surfactant) 2.0mM 75.50 £ 7.62 mnop
5.0 mM 62.46 + 4.99 pq
10.0 mM 36.21 +£3.10rs
Triton X-100 (non-ionic 10% (V/V) 103.42 + 8.58ij
surfactant)
30% (V/V) 117.79 £ 3.41 hi
Organic solvent Methanol 10% (V/V) 95.32 + 7.12 jkl
30% (V/V) 81.43 + 7.95 Imno
Ethanol 10% (V/V) 90.54 + 6.67 jkim
30% (V/V) 84.32 + 0.27 kimno
Propanol 10% (V/V) 87.47 £+ 2.45 jkimn
30% (V/V) 79.56 + 8.17 Imnop
Hexane 10% (V/V) 92.78 + 4.99 jkim
30% (V/V) 76.26 £ 5.01 mnop
Acetone 10% (V/V) 62.18 + 3.24 pq
30% (V/V) 50.06 + 4.69 gr
Toluene 10% (V/V) 135.05 + 8.68 gh
30% (V/V) 167.98 £+ 12.67 de
Chloroform 10% (V/V) 85.37 + 5.69 kimno
30% (V/V) 70.51 % 7.68 nop

Data are mean =+ standard deviation. Different lowercase letters represent
significant differences at P < 0.05 level by Waller-Duncan test.
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Protease inhibitors are efficient tools for delimiting categories
of enzymes (Powers et al., 2002). IAA (cysteine protease
inhibitor), PMSF (serine protease inhibitor), DEP (histidine
protease inhibitor), and NAI (tyrosine protease inhibitor)
abolished ThLacc-S activity at 2.0, 5.0, and 10.0 mM, respectively.
This indicated that cysteine, serine, histidine, and tyrosine
residues were present in the functional site of this enzyme.
Complete inhibition by IAA also supported that sulfhydryl
groups are required to retain the structural conformation of
ThLacc-S, as evidenced by Hg?" being a key inactivator of this
enzyme. There were negligible changes in ThLacc-S activity after
incubation with TLCK (lysine protease inhibitor) or pepstatin
A (aspartate protease inhibitor), indicating that ThLacc-S was
not a lysine or aspartate protease. The chelator EDTA at 2.0,
5.0, and 10.0 mM resulted in gradual decreases in ThLacc-S
activity to 45.67, 26.54, and 7.76%, respectively, expounding that
metallic ions are involved in enzymatic catalysis by ThLacc-S, and
therefore ThLacc-S is a rare metalloenzyme.

Surfactants, including ionic and non-ionic types, are
reported to influence enzymatic conformation by interacting
with charges on the surface of the enzyme (Shao et al,
1993). SDS, a recognized ionic surfactant, interfered with
ThLacc-S activity at all assayed concentrations (2.0, 5.0, and
10.0 mM), with diminished activities of 75.50, 62.46, and
36.21%, respectively. A slight promotion of ThLacc-S activity
was observed in the presence of 10 or 30% (V/V) non-ionic
surfactant Triton X-100. This is attributed to Triton X-100

preventing formation of self-aggregates of ThLacc-S and
stabilizing folding of the enzyme.

In the presence of organic solvents, ThLacc-S was strongly
activated by toluene, attaining approximately 1.68-fold laccase
activity compared with the control. Over 70% of ThLacc-S
activity was preserved by separate supplements of ethanol,
methanol, propanol, hexane, and chloroform, respectively,
whereas acetone reduced laccase activity by almost 50%
compared with the control. These findings endorsed that when
encountering organic solvents, enzymatic activity is affected by
the distribution of water molecules and characteristics of organic
solvents like hydrophobicity and polarity, in addition to the
conformation of the enzyme itself (Wan et al., 2010).

The observed enhancement and maintenance of ThLacc-S
activity demonstrate the extraordinary tolerance of this novel
enzyme toward metallic ions, surfactants, and organic solvents,
and render it a promising catalyst to suffice industrial demands.

Kinetic Parameters of ThLacc-S

A Lineweaver-Burk plot relating reaction velocity of ThLacc-
S to ABTS concentrations can be seen in Supplementary
Figure 1. Kinetic parameters K,, and kg /K,, of ThLacc-S
against the substrate ABTS were calculated to be 87.466 uM
and 1.479 s~'uM™L, respectively. Comparisons of the kinetic
parameters of ThLacc-S with those of other reported laccases
are shown in Table 3. The lower K,, and higher k. /K,, values
compared with the values for the other laccases affirmed the

TABLE 3 | Comparisons of the kinetic parameters of laccase ThLacc-S from Trametes hirsuta with those of other reported laccases.

Laccase producing source Name Km (LM) Keat (™) keat/Km (s~ 1uM~—1) References
Trametes hirsuta ThLacc-S 87.466 129.367 1.479 This study
Agaricus bisporus CU13 Lacci 0.394 - - Othman et al., 2018
Lacc2 0.158 - -

Cerrena unicolor GSM-01 CuUL 302.7 286.5 0.946 Wang et al., 2017
Ganoderma lucidum - 47 54 1.149 Manavalan et al., 2013
Lentinus strigosus 1566 Laccase | 11.0 460.97 41.906 Kolomytseva et al., 2019

Laccase Il 17.0 141.02 8.295

Laccase lll 263.2 522.38 1.985
Marasmius sp. Laccase-related enzyme | 3.9 120 30.769 Schuckel et al., 2011
Oudemansiella canarii EF72 - 46.18 - - lark et al., 2019
Pleurotus ostreatus HAUCC 162 rLACC6 459 81.35 0177 Zhuo et al., 2018

rLACC9 413 20.10 0.049

rLACC10 43 15.50 0.360
Pycnoporus coccineus BRFM 938 BRFM 938 laccase 26 218.1 8.388 Uzan et al., 2010
Pycnoporus sanguineus BRFM 902 BRFM 902 laccase 32 236.9 7.408
Py. sanguineus BRFM 66 BRFM 66 laccase 33 214.3 6.494
Thielavia sp. Talac 23.70 414 0.175 Mtibaa et al., 2018
Trametes orientalis Tolacc-T 333.3 21.81 0.065 Zheng et al., 2017
Trametes pubescens Cui 7571 Tplac 105.0 876 8.343 Sietal, 2013
Trametes trogii BAFC 463 LCCS 250 399 1.596 Campos et al., 2016
Tr. trogii S0301 Lac 37 Il 16.1 2977 184.907 Yang et al., 2020
Trametes versicolor LC 4.05 - - Kelbert et al., 2021
Trametes sp. LAC-01 LAC-01 30.28 - - Ling et al., 2015
Trametes sp. F1635 TsL 18.58 - - Wang et al., 2018
All data were obtained by using ABTS as substrates.
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TABLE 4 | Partial metabolic by-products of 17p-estradiol (E2) identified through
GC-MS in the reaction process mediated by laccase ThLacc-S from
Trametes hirsuta.

Compound m/z  Chemical Deduced chemical structure
formula

E2 272.97 C18H2402 OH

Estrone (E1) 271.06 Cq1gH2205 (o]
J

2-OH-E2 288.31 CygH2403 OH

HO

4-OH-E1 286.36 Cq1gH2203 [o]

I
HO

2-OH-E1 286.74 C1gH2203 o

,

iE
Q

2-OH-E2-OCH3317.95 C1gHo604

5=

= 1 = &
o [
;E;O

_o
E2-BP1 318.31 C18H2205 (o]
J
OH {
HO. NN
Il
(o] o
E2-BP2 335.12 CqgH220¢ /0
Q4
0%
OH
HO. y X o
o
E2-BP3 351.05 C1 8H2207 OH o
HO. PP Il /
Il
o Z
E2-BP4 369.94 Cq7H250g O OH O
HO. S Il Il Il OH

strong affinity and reaction velocity of this enzyme toward
the substrate (Rivera-Hoyos et al, 2013; Yang et al, 2020).
This kinetic behavior may be dependent on genetic diversity
of the different laccase producing sources as well as the
nature and structure of the enzyme (Rivera-Hoyos et al., 2013;
Kelbert et al., 2021).

EDC-Bioremediating Capacity of

ThLacc-S

Partial metabolic by-products of E2 in the ThLacc-S-mediated
reaction process were identified through GC-MS analysis and
comprised estrone (E1), 2-OH-E2, 4-OH-E1, 2-OH-El, 2-OH-
E2-OCHs, E2-BP1, E2-BP2, E2-BP3, and E2-BP4 (Table 4 and
Supplementary Table 1). This finding was in accordance with
a previous study reporting similar E2 metabolites mediated
by the T. versicolor laccase (Liu et al., 2021). These data
substantiated that ThLacc-S could efficiently catalyze the
transformation of dominant, highly toxic, natural estrogen such
as E2 in the absence of redox mediators, with formation of
corresponding phenoxy radical intermediates, accompanied
by four-electron reduction of molecular oxygen to water. In
view of the detected by-products and pertinent literatures
(Ye et al, 2017; Li et al., 2020; Wang et al., 2020), different
metabolic pattern of E2 form products with additional hydroxyl
and methoxyl groups to E2 and El, and the degradation
routes by ThLacc-S were deduced to be accomplished by
oxidation, hydroxylation, carboxylation, dehydrogenation,
dehydroxylation, demethylation, and methoxylation. Particularly
noticeable are studies showing that E2 metabolized by
methoxylation can hinder formation of its quinone form
that are major carcinogenic metabolites (Cavalieri and Rogan,
2011). These results marked that this type of metabolism was
also admitted to be a detoxification behavior and suggested
that ThLacc-S would be an effective, safe, and green catalyst
for various industrial applications, especially those involving
bioremediation and biodegradation. Further investigations
are necessary to elucidate the detailed mechanism of E2
metabolism by laccase, to explore estrogenic activities of the
intermediates, and to determine the laccase functionality at more
environmentally relevant concentrations of EDCs.

CONCLUSION

This study identified an efficient laccase, ThLacc-S, from white
rot fungus T. hirsuta that could be competent with multifarious
hardness because it can tolerate wide ranges of thermo-alkali
conditions and is active in the presence of diverse metallic
ions, surfactants, and organic solvents. Furthermore, this enzyme
proved to be a robust, eco-friendly, bioremediating agent for
E2 removal. The findings of this study not only enrich those of
existing laccases as emerging, environmentally safe candidates for
industrial applications such as bioremediation, but also provide
new insights into the functional involvement of laccases in the
metabolism of EDCs.
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7-Dehydrocholesterol (7-DHC) is the direct precursor to manufacture vitamin D3z. Our
previous study has achieved 7-DHC synthesis in Saccharomyces cerevisiae based on
the endogenous post-squalene pathway. However, the distribution of post-squalene
enzymes between the endoplasmic reticulum (ER) and lipid bodies (LD) might raise
difficulties for ERG proteins to catalyze and deliver sterol intermediates, resulting in
unbalanced metabolic flow and low product yield. Herein, we intended to rearrange
the subcellular location of post-squalene enzymes to alleviate metabolic bottleneck and
boost 7-DHC production. After identifying the location of DHCR24 (C-24 reductase,
the only heterologous protein for 7-DHC biosynthesis) on ER, all the ER-located
enzymes were grouped into four modules: ERG1/11/24, ERG25/26/27, ERG2/3,
and DHCR24. These modules attempted to be overexpressed either on ER or on
LDs. As a result, expression of LD-targeted DHCR24 and ER-located ERG1/11/24
could promote the conversion efficiency among the sterol intermediates to 7-DHC,
while locating module ERG2/3 into LDs improved the whole metabolic flux of the
post-squalene pathway. Coexpressing LD-targeted ERG2/3 and DHCR24 (generating
strain SyBE_Sc01250035) improved 7-DHC production from 187.7 to 308.2 mg/L
at shake-flask level. Further expressing ER-targeted module ERG1/11/24 in strain
SyBE_Sc01250035 dramatically reduced squalene accumulation from 620.2 mg/L to
the lowest level (by 93.8%) as well as improved 7-DHC production to the highest
level (to 342.2 mg/L). Then targeting module ERG25/26/27 to LDs further increased
7-DHC titer to 360.6 mg/L, which is the highest shake-flask level production for 7-
DHC ever reported. Our study not only proposes and further proves the concept
of pathway compartmentalized reconstitution to regulate metabolic flux but also
provides a promising chassis to produce other steroidal compounds through the
post-squalene pathway.

Keywords: compartmentation, endoplasmic
7-dehydrocholesterol, Saccharomyces cerevisiae

reticulum, lipid bodies, post-squalene pathway,
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Compartmentation of 7-Dehydrocholesterol Synthesis Pathway

BACKGROUND

7-Dehydrocholesterol (7-DHC) is a high-valued sterol, which
could be converted into vitamin D3 (VD3) when exposed to UV
(Bendik et al., 2014). Besides being an essential nutriment, VD3
and its derivatives [such as 25-OH-VDj3 and 1,25-(OH),-VDj3]
are also medicines for many diseases (Bendik et al., 2014; de Sousa
Almeida-Filho et al,, 2017; Lu et al., 2017; Ali, 2020; D’Avolio
etal., 2020; Kanstrup et al., 2020; Maghbooli et al., 2020). So far, de
novo biosynthesis of 7-DHC has been realized in Saccharomyces
cerevisiae by introducing heterologous AZ24-dehydrocholesterol
reductase (DHCR24) based on endogenous ergosterol synthesis
pathway (Lang and Veen, 2011; Hohmann et al., 2012; Su
et al,, 2015; Guo et al., 2018), in which squalene is a key node
separating the pre-squalene pathway and post-squalene pathway.
The engineering approaches applied on pre-squalene pathway
hardly affect the metabolic flux through the post-squalene
pathway. As there is only one heterologous enzyme involved
in 7-DHC synthesis (Figure 1A), therefore, the production of
7-DHC largely depends on the behavior of the post-squalene
pathway. Although 7-DHC production has been greatly boosted
by many metabolic engineering strategies, such as blocking the
competitive ergosterol accumulation (Hohmann et al., 2012; Su
et al,, 2015), improving precursor supply (Lang and Veen, 2011;
Su et al, 2015; Guo et al,, 2018), screening the key enzyme
sources (Hohmann et al., 2012; Guo et al., 2018), alleviating redox
imbalance (Su et al.,, 2015), as well as regulating lipid metabolism
(Guo et al., 2018), a large amount of post-squalene intermediates
[e.g., squalene, zymosterol (B1), and 5alpha-Cholest-8-en-3beta-
ol (B2)] still accumulated within the producing strains, such
as our previously constructed strain SyBE_Sc0125XJ06 (Guo
et al., 2018; Figure 1B). In this strain, all the mevalonate
(MVA) pathway genes (ERG10, ERG13, tHMG1, ERG12, ERGS,
ERGI9, IDI1, and ERG20) were overexpressed for enhancing
precursor supply; ERG5 and ERG6 were knocked out to block the
branch pathway. Two copies of heterologous gene DHCR24 were
introduced and overexpressed under GAL1 promoter. Notably,
squalene accumulation is the biggest obstacle at the current stage.
There was 187.7 mg/L of 7-DHC obtained along with 718.9 mg/L
of squalene produced at shake-flask level (Figure 1B). These
metabolic bottlenecks within the post-squalene pathway seriously
obstruct the conversion from upstream metabolites to 7-DHC.
Balancing the expression level of the modules besides the
metabolic node is a promising strategy to reduce the bottleneck of
our desired pathway. There are nine ERG proteins catalyzing 16
steps of reactions within the post-squalene pathway (Figure 1A).
Our previous study once tempted to tune the expression level
of DHCR24 (Guo et al,, 2018) and every post-squalene proteins
(Zhang et al., 2016). However, the effect of these modification
on the metabolic flow of the post-squalene pathway is very
limited, which pushed us to seek other solutions for this issue.
Fortunately, the subcellular distribution of these ERG proteins
gives us a hint of the potential solution to those metabolic
bottlenecks. As shown in Figure 1C, post-squalene enzymes
are not organized in one single organelle in the S. cerevisiae
cytoplasm, but distribute between the endoplasmic reticulum
(ER) and lipid bodies (LDs). To be specific, ERGI and ERG27

are found on both organelles, while ERG7 is the only enzyme
that located only in LDs (Milla et al., 2002). The rest of
the ERG proteins locate in the ER (Ott et al, 2005). This
distribution pattern might raise difficulties for ERG proteins to
catalyze and deliver sterol intermediates, resulting in unbalanced
metabolic flow and even low product yield of the desired
product. Meanwhile, excess sterols generated in yeast cells are
always stored in LDs in their ester forms (Zweytick et al., 20005
Jacquier and Schneiter, 2012). Ott et al. (2005) once reported
the existence of sterol metabolites (e.g., B1) accumulated in
LDs at significant levels in the strain with the same AERG6
background as our strain SyBE_Sc0125X]J06 (Figure 1C). These
parts of sterols are hard to be catalyzed by ER-located proteins
like ERG2 for its direct substrate Bl. Moreover, organelles can
provide different intracellular environments for enzyme catalysis,
such as different pH environments or redox states. Therefore,
a certain organelle may be more conducive to the catalysis of
a specific protein. It was reported that mitochondria provided
a preferable environment for amorphadiene synthase (ADS)
activity, which caused enhanced amorphadiene production when
ADS was overexpressed in yeast mitochondria compared with
in the cytosol (Yuan and Ching, 2016). Thus, the subcellular
distribution of post-squalene enzymes might be the limiting
factor for the metabolic flux of this pathway. In addition,
compartmentalized reconstitution, which used to be an effective
way to improve outputs of many natural products (Lin et al.,
2017; Sadre et al., 2019; Yang et al., 2019; Yee et al., 2019; Jia et al,,
20205 Liu et al., 2020), also would be a promising solution to boost
7-DHC titer when applied in the post-squalene pathway.

In this study, after identifying the location of the only
heterologous enzyme DHCR24 (C-24 reductase) on ER like most
of the other ERG enzymes, all the ER-located proteins within
the post-squalene pathway were chosen to prove the concept
of pathway compartmentalized reconstitution on regulation of
metabolic flux. Strain SyBE_Sc0125X]J06 with double deletion of
ERG5/ERG6 and two copies of gallus DHCR24 was employed
as the starting strain. The whole post-squalene pathway was
divided into two parts by B1, and all the ER-located enzymes were
grouped into four modules: ERG1/11/24, ERG25/26/27, ERG2/3,
and DHCR24. These modules were individually overexpressed
on ER or in LDs (Figure 1D). Also, their effects on the
production of 7-DHC as well as the accumulation of sterol
intermediates were investigated, revealing an effective effort
of pathway compartmentalization to pull down the metabolic
flux through the post-squalene pathway. Eventually, targeting
modules ERG25/26/27, ERG2/3, and DHCR24 into LDs along
with supplementing another copy of ER-located ERG1/11/24
promoted 7-DHC production from the initial 187.7-360.6 mg/L
at shake-flask level in strain SyBE_SC01250043, while the
squalene accumulation was dramatically reduced by 95.5%
to 32.4 mg/L. Although adding another copy of ER-located
ERG2/3 into strain SyBE_SC01250043 did not further improve
the 7-DHC titer, it increased the 7-DHC ratio to 39% of
the total sterols, which is 2.29-fold of the initial ratio. This
study achieves the highest shake-flask level titer of 7-DHC as
known, which demonstrates a promising strategy to regulate
metabolic flux by pathway compartmentalized reconstitution. In
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FIGURE 1 | The 7-dehydrocholesterol (7-DHC) biosynthesis pathway and the engineering strategies applied in this study. (A) The 7-DHC biosynthesis pathway in
yeast. The code for each sterol intermediate is labeled beside the compound. Endogenous genes are in dark gray, and the heterologous gene is in red.

(B) Metabolites of the post-squalene pathway accumulations in the control strain SyBE_Sc0125XJ06. (C) Schematic representation of the engineering strategies to
enhance 7-DHC production in Saccharomyces cerevisiae. Enzyme distribution of the post-squalene pathway for the strain with the highest 7-DHC production in this
study compared with the starting strain. LD-targeted or LD/ER dual localized endogenous enzymes of wild yeast are in blue; ER-targeted endogenous enzymes of
wild yeast are in green; heterologous enzyme DHCR24 is in red. Backgrounds of the enzymes without modification are yellow. The up arrows represent protein
overexpression. (D) Schematic representation of all the strains constructed in this study with their 7-DHC production and applied strategies.
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addition, sterol intermediates within the post-squalene pathway
are also precursors to manufacture other valuable steroidal
compounds; therefore, this study also provides an efficient chassis
for microbial steroidogenesis.

RESULTS AND DISCUSSION

Identifying the Subcellular Location of
the Desired Protein in Saccharomyces
cerevisiae

A 7-DHC-producing strain SyBE_Sc0125XJ06, which was
constructed in our previous study (7-DHC titer of 187.7 mg/L),

was chosen as the starting strain for pathway compartmentation.
In this strain, MVA pathway genes were all overexpressed under
GAL promoters (Westfall et al,, 2012) to enhance precursor
supply (Guo et al, 2018). GAL promoters were functioned as
inducible promoters during cultivation (Westfall et al., 2012)
to separate the 7-DHC production stage from the cell growth
stage. In strain SyBE_Sc0125X]J06, the genes ERG5/ERG6 were
knocked out to block branch metabolic flow to ergosterol, while
one copy of gallus DHCR24, which was controlled by GALI
promoter, was integrated into the GAL1,7,10 locus (Johnston,
1987; Peng et al., 2017). As mentioned above, we have already
known all the subcellular locations of the whole post-squalene
proteins in S. cerevisiae, but not for DHCR24. DHCR24 is the
only heterologous enzyme catalyzing one of the rate-limiting
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FIGURE 2 | Identifying the subcellular localization of gallus DHCR24 and verifying the reported LD localization sequence in S. cerevisiae. (A) Analysis of subcellular
localization of gallus DHCR24 in S. cerevisiae. Sec61 is the specific marker of yeast ER. (B) Analysis of subcellular localization of two LD tags including oleosin (Ole)
and AAM-B. ERG7 is the specific marker of yeast LDs. (C) Measurement of the expression levels of ER-/LD-located protein. Their expression levels were determined
by the relative fluorescence units (RFU) of RFP fused with the enzymes. Significance levels of t-test: *P < 0.05, **P < 0.01.
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steps in the 7-DHC synthetic pathway. However, there is little
research on gallus DHCR24 so far. According to Wu et al.
(2004), research on human DHCR24, endogenous DHCR24, was
located on the ER under basal conditions in human cells. The
N-terminus of the human DHCR24 is identified as a potential
transmembrane domain. This part of the sequences is predicted
to partially embed in the membrane as a stem or “peduncle”
rather than to traverse the membrane bilayer, which firmly
anchors the protein to the membrane (Lu et al., 2012; Zerenturk
2013). With a similar structure, when gallus DHCR24
(Caldwell et al., 2005) was introduced into S. cerevisiae, it would
locate at a specific membrane structure with a high probability.
However, yeasts have large and diverse membranes, making the
issue on enzyme original location loss a possibility. Thus, we
need to explore whether the relocating site of gallus DHCR24 in
S. cerevisiae is still on the ER. Correspondingly, red fluorescent
protein (RFP) was fused to the C-terminal of DHCR24 and
coexpressed with green fluorescent protein (GFP)-linked Sec61,
which was recognized as the specific marker for ER (Wilkinson
etal., 1996; Kim et al., 2019). Confocal laser scanning microscopy
demonstrated overlapped fluorescence signal patterns between
DHCR24-RFP and Sec61-GFP (Figure 2A) proving that gallus
DHCR24 is indeed located on the ER in yeast, which is consisted
to DHCR24 in human cells.

As we illustrated above, the ERG protein distribution in yeast
cells may cause an unbalanced metabolic flow. Since most of these
proteins are mainly localized on the ER, we intended to express
another copy on LDs to accelerate the delivering of intermediate
metabolites. As reported, the protein oleosin from Zea mays

et al.,

(van Rooijen and Moloney, 1995; Mullner et al., 2004; Lin et al.,
2017) and the N-terminal of a putative methyltransferase AAM-
B (Zehmer et al., 2008) are commonly used peptides to direct the
desired enzymes to yeast LDs. These two LD-targeting sequences
are usually attached to the N-terminal of the target enzymes. We
chose the yeast native enzymes ERG2/ERG3 and foreign enzyme
DHCR24 to verify the function of these peptides especially on
proteins with original transmembrane regions responding to ER
location. As demonstrated in Figure 2B, oleosin was fused to
ERG3, while AAM-B tag was fused to ERG2 and DHCR24,
respectively. In order to verify whether these oleosin or AAM-
B tag linked proteins were expressed in LDs, RFP was fused to
their C-terminals. In the meanwhile, ERG7, which is the unique
sterol synthesis enzyme that only localized on LDs, was selected
as the LD-specific marker and expressed along with GFP fused
to its C-terminal. Both the RFP and GFP fused proteins were
co-expressed in the same cell. As a result, all the images of
the red fluorescence signals were mainly coincident with the
corresponding green ones (Figure 2B), suggesting that oleosin
and AAM-B tags could target the ER proteins onto yeast LDs.

To test if relocation of enzymes could affect the protein
expression levels, all the relocated enzymes and the original ER-
located enzymes were fused with RFP, and their expression levels
were determined by measuring the relative fluorescence units
(RFU) of these enzymes. As shown in Figure 2C, fusing with
the LD-relocating sequences did not improve protein expression
of these relocated proteins, indicating that further increasing
7-DHC production by relocating post-squalene proteins to LDs
were likely caused by other reasons.
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Compartmentalized Reconstitution of
Downstream Post-squalene Pathway

After Zymosterol

Post-squalene pathway synthesizes subsequent sterols of
squalene. Our former experiments showed that the main
sterol intermediates accumulated in the post-squalene pathway
are always distributed downstream of B1 (Figure 1B). These
accumulated compounds also include B2 and lathosterol
(B3). Sterols in the upstream pathway before Bl had little
accumulation except squalene (Figure 1B). Therefore, the
whole post-squalene pathway was divided into two parts: the
pathway before B1 and the pathway after B1, and the pathway
downstream of Bl (including B1l) was optimized first. All
the enzymes from this part were divided into two modules:
ERG2/3 and DHCR24. Those modules were overexpressed
either on ER or in LDs. To be specific, the control strain
SyBE_0125XJ06 has one copy of the original ERG2/3 and two
copies of DHCR24s expressed on ER. As shown in Figure 1D,
we overexpressed ERG2/ERG3 by supplementing another ER-
or LD-targeted copy in strain SyBE_0125XJ06, producing
strain SyBE_01250034 or SyBE_01250036. Then one copy
of the ER-targeted DHCR24 in strain SyBE_01250034 or
SyBE_01250036 was replaced by the LD-targeted DHCR24,
generating strain SyBE_01250037 or SyBE_01250035. One
copy of ER-targeted ERG2/3 was further introduced into
strain SyBE_Sc01250035, obtaining strain SyBE_Sc01250038.
The production of 7-DHC and the accumulation of other
metabolic intermediates from the post-squalene pathway
in all these ERG2/3- or DHCR24-relocalized strains were
evaluated by GC/MS after a 100-h shake-flask fermentation.

In order to better explore the impact of the modification of
strains on the 7-DHC metabolic pathways, we conducted the
principal component analysis (PCA) on the data presented
in Supplementary Table 1. Through PCA experiments,
we calculated out two principal components, Diml and
Dim2. Lanosterol (Al), 24,25-dihydrolanosterol (A2), 14-
demethyllanosterol (A3), B1, B2, and B3 contributed mainly
to Diml, while squalene, 7-DHC, and 4,4-dimethyl-5alpha-
cholesta-8-en-3beta-ol (A4) contributed both to Diml and
Dim2 (Figure 3A). According to the PCA results (Figure 3A),
all the tested strains were divided into three categories, i.e.,
Class I for SyBE_Sc01250034 and SyBE_Sc01250037, Class II
for SyBE_Sc01250036 and SyBE_Sc01250035, and Class III for
SyBE_Sc01250038. The differences among the strains belonging
to these three classes depended on the location of ERG2/3, which
might be the main cause of the changes in the metabolic flow
of the three classes of strains, suggesting that the location of
ERG2/3 was the key point in the modification of downstream
proteins for improving 7-DHC production.

To be specific, in Class I, the strains have overexpressed
ERG2/3, which were only located in the ER (Figure 3B). In
the strains of this class, metabolites upstream of Bl were
increased compared with the control strain in general, while
the intermediate B2 was significantly reduced (Figure 3B).
The decrease in B2 might be due to the enhanced catalytic
efficiency of ER-located ERG2, and we also speculated that
the increased accumulation of B3 might be brought by
insufficient catalytic ability of ERG3. Compared with the control
strain SyBE_Sc0125XJ06, the amounts of total sterols had no
significant change, while only strain SyBE_Sc01250037, which
harbors one copy of the LD-expresssd DHCR24, achieved
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4
(ERG25-26-27)—

significant improvement on both 7-DHC production (by 46.1%
to 274.2 mg/L) as well as 7-DHC ratio (increased by 40.7%)
(Figure 3C). The increase in 7-DHC output came from
the promoted conversion of sterol intermediates by targeting
DHCR24 into LDs. That function of LD-targeted DHCR24 has
also been proved by strains and SyBE_Sc01250035 from Class II.
In Class II the strains harbor another copy of LD-
expressed ERG2/3 (Figure 3B). Most metabolites in the post-
squalene pathway had been enhanced except squalene in strain
SyBE_Sc01250035 (Figure 3B). The 7-DHC production of these
two strains were both increased by 51.0% (to 283.4 mg/L)
and 64.2% (to 308.2 mg/L), respectively (Figure 3C). In the
meanwhile, their 7-DHC ratios were improved by 25.1 and 40.7%,
respectively (Figure 3C). These data revealed that targeting
ERG2/3 into LDs would not only improve the whole metabolic
flux of the post-squalene pathway but also would be a benefit for
the transformation of sterol intermediates into 7-DHC. The latter
effect could be further enhanced by LD-targeted DHCR24.
Though 7-DHC production of strain SyBE_Sc01250035
increased most in the first part of our study, the intermediates like
B2 and B3 also accumulated on a large scale. Thus, we introduced
ER-located ERG2 and ERGS3 to reduce B2 and B3. Thus, in Class
111, the strain has overexpressed ER-located ERG2/3 as well as one
copy of LD-targeted ERG2/3 (Figure 3B). Fermentation results
showed that B2 and B3 of strain SyBE_Sc01250038 decreased
sharply compared with strain SyBE_Sc01250035 as were our
expectations. Among those post-squalene metabolites, only

squalene and A4 were significantly accumulated and higher than
those in the control strain. The accumulation of squalene was
raised out of our expectation (Figure 3B), which was detrimental
to 7-DHC production. Compared with the control strain, even
though the 7-DHC ratio as well as the 7-DHC production were
enhanced by 18.0%, and 42.7% (to 267.8 mg/L), respectively,
the 7-DHC output was lower than strain SyBE_Sc01250035
without another copy of the ER-targeted ERG2/3 (Figure 3C).
In addition, the Class III strain also took no advantage over
strain SyBE_Sc01250035 on both total sterol accumulation and
7-DHC ratio, suggesting that further overexpressing ER-targeted
ERG2/3 brought no benefit to 7-DHC synthesis. Therefore, strain
SyBE_Sc01250035 was selected as the target for the next round
of optimization.

Compartmentalized Reconstitution of
Upstream Post-squalene Pathway

Before Zymosterol

A similar strategy was conducted on the pathway upstream of
Bl. ER-located post-squalene enzymes upstream of Bl were
divided into two parts according to their catalytic order in the
pathway, i.e., module ERG1/11/24 and module ERG25/26/27.
Those modules were overexpressed either in the ER or in
LDs (Figure 1D). To be specific, introducing one copy of ER-
or LD-targeted ERG25/26/27 into strain SyBE_Sc01250035
generated  strains  SyBE01250039 and  SyBE01250040,
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respectively, while introducing one copy of ER- or LD-
targeted ERG1/11/24 into strain SyBE_Sc01250035 produced
strains SyBE01250041 and SyBE01250042, respectively. Then
a supplement of another copy of LD-expressed ERG25/26/27
into strains SyBE01250041 and SyBE01250042 obtained
strains SyBE01250043 and SyBE01250044, respectively. These
constructed strains were also cultivated for 100 h to measure
their products by GC/MS.

PCA experiments was also conducted on the data presented
in Supplementary Table 2. Through PCA experiments, we
calculated out two principal components, Diml and Dim?2.
Except Al, A2, and B2 contributing both to Dim1 and Dim2,
other sterols like squalene, B3, A3, A4, etc., contributed most to
Dim1. According to the results of PCA experiments (Figure 4A),
all the tested strains were divided into three categories, i.e.,
Class I for SyBE_Sc01250039 and SyBE_Sc01250040, Class III
for SyBE_Sc01250042, and SyBE_Sc01250044, as well as Class
IT for SyBE_Sc01250041 and SyBE_Sc01250043. The differences
among the strains belonging to these three classes depended

on whether ERG1/11/24 was overexpressed and where it was
overexpressed, suggesting that the expression level as well as the
location of ERG1/11/24 were the key points in the modification
of upstream proteins for improving 7-DHC production.

In Class I, module ERG25/26/27 was overexpressed. As
a result, no matter where ERG25/26/27 was located, there
was still a dramatic accumulation of squalene (Figure 4B).
Only A4 was sharply decreased (Figure 4B), due to
overexpression of ERG25/26/27. Compared with the control
strain SyBE_Sc01250035, the total sterol accumulation of
SyBE_Sc01250040 as well as 7-DHC productions of strains
SyBE_Sc01250039 and SyBE_Sc01250040 were both decreased,
along with no improvement on the 7-DHC ratio.

In Class II, one copy of the LD-targeted ERG1/11/24 was
introduced into the control strain SyBE_Sc01250035. Compared
with the control strain, the accumulation of squalene declined
dramatically by 78.9 and 81.1%, respectively, for strains
SyBE_Sc01250042 and SyBE_Sc01250044. This part of squalene
was mainly transformed into sterols upstream of B1 (Figure 4B).
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With unchanged 7-DHC productions and decreased total sterol
amounts, 7-DHC ratios were improved by 22.9%.

Different from Class II, in Class III, one copy of
ER-expressed ERG1/11/24 was introduced into the control
strain SyBE_Sc01250035. Compared with the Class II strains,
the accumulation of squalene in Class III strains was further
reduced along with decreased amounts of upstream sterols Al
and A2 as well as increased production of downstream sterols
B2, B3, and 7-DHC (Figure 4B), suggesting that ER-expressed
ERG1/11/24, but not LD-targeted ERG1/11/24, could pull the
metabolic flow from upstream squalene to the downstream
sterols. Since either ER-expressed or LD-targeted ERG1/11/24
could reduce squalene accumulation, we speculated that ERG1
might function well on both organelles, but ERG11/24 might be
more suitable in the ER than in LDs. As a result, even though
the amounts of total sterols were also lower than that of the
control strain, 7-DHC production of strains SyBE_Sc01250041
and SyBE_Sc01250043 increased by 10.5% (to 342.2 mg/L) and
16.4% (to 360.6 mg/L), respectively (Figure 4C), along with
enhanced 7-DHC ratios. The improved 7-DHC titer and ratio
of strain SyBE_Sc01250043 than SyBE_Sc01250041 was due
to another copy of LD-expressed ERG25/26/27. Although this
modification brought no positive effect in Class I strains, it
reduced the accumulation of the substrates A3 and A4, and
increased the production of Bl in both Class II and Class
III strains (Figure 4B). It was deduced that overexpressing
ERG25/26/27 in LDs converted more their precursors into
downstream intermediates, which could help increase 7-DHC
production in some strains like SyBE_Sc01250043. Strain
SyBE_Sc01250043 achieved the highest 7-DHC production at
shake-flask level as was known.

Further Reducing the Metabolites of the
Strain Modified by Compartmentalized

Reconstitution

According to our conclusions from a former part of the study,
ER-located ERG2/3 could lower some sterols downstream of
Bl. In order to further reduce the accumulation of sterol
metabolites, one copy of ER-expressed ERG2/3 was introduced
into strain SyBE_Sc01250043, generating SyBE_Sc01250045. In
strain SyBE_Sc01250045, 7-DHC had no significant change to
strain SyBE_Sc01250043 (Figure 5A). Amounts of B2 and B3, the
direct precursor of ERG2 and ERG3, both decreased dramatically
(Figure 5A), and other sterols’ amounts had little change with
strain SyBE_Sc01250043 (Supplementary Table 2). Therefore,
the total sterol amounts of strain SyBE_Sc01250045 decreased
(Figure 5B), and 7-DHC ratio increased, compared with those
of strain SyBE_Sc01250043 (Figure 5C). The growth curves of
all strains in this study were identical (Supplementary Figure 1).
Also, the real-time quantitative PCR (QPCR) test results showed
that transcription levels of most of the modified genes in
strain SyBE_Sc01250045 (except ERG1, ERG25, and DHCR24)
were increased compared with SyBE_Sc0125X]J06 (Figure 5D),
which is one of the reasons for enhanced 7-DHC production.
We speculated that the increased transcription levels of these
genes may be due to the raised copy number of these genes.

TABLE 1 | Saccharomyces cerevisiae strains used in this study.

Strain

Description Source

CEN.PK2-1D

SyBE_Sc0125 x 001

SyBE_Sc0125XJ06

SyBE_Sc01250034

SyBE_Sc01250035

SyBE_Sc01250036

SyBE_Sc01250037

SyBE_Sc01250038

SyBE_Sc01250039

SyBE_Sc01250040

SyBE_Sc01250041

SyBE_Sc01250042

SyBE_Sc01250043

SyBE_Sc01250044

SyBE_Sc01250045

SyBE_Sc0125P001

SyBE_Sc0125P002

SyBE_Sc0125P003

SyBE_Sc0125P004

MATa, URA3-52, TRP1-289, EUROSCARF
LEU2-3,112, HIS3A 1, MAL2-8C,

Suc2

CEN.PK2-1D,

LEU2:BieR-ERG19-Pap 1 10-ERGS,
ADET:tHMG1-Pap 1 10-IDI1_ADET,
HIS3:HIS3-ERG12- Pa1.10-ERGT0,
URAS:tHMG1- PaaL1.10-ERG13-URAS,
TRP1:AHMG1- Paa 1 10-ERG20-TPRT,
GAL1,7, 10:HphR AERG5

GAL7,10, 7-‘PGALT -GQ_DHCR24-Tcyc1
SyBE_Sc0125 x 001,

AERGE:Pap 1-DHCR24-Toyey - LEU2-
SyBE_SCO1 25><J06, HO.‘URAS-PGAU -
ERG3-Tra1t-PaaL7-ERG2-Teak 1t
SyBE_Sc0125 x 001,

ANERG6:Pga 1-AAMB-DHCR24-Teyct -
LEU2 HO:URA3-Pga 1-Oleosin-ERGS3-
Trea1t-PeaL7-AAMB-ERG2-Tpgk 1t
SyBE_Sc0125XJ06,

HO.’URAS-PGAU -Oleosin-ERG3-
Trea1t-PeaL7-AAMB-ERG2-Tpak 1t
SyBE_Sc0125 x 001,

AERGG.‘PGAU -AAMB-DHCR24-TCYC1 -
LEU2 HO:URA3-PgaL1-ERG3-Tra1t-
PeaL7-ERG2-Tpgk 1t
SyBE_Sc01250035, Deltal5: Paa,1-
ERG3-Trga1t-PaaL7-ERG2-Teak 1t
SyBE_Sc01250035, Delta22:
PeaL1-ERG25-GGGGS-ERG26-Trga 1t-
PeaL7-ERG27-Teak 1t
SyBE_Sc01250085,

Delta22:Pgp 1-ERG25-Oleosin-ERG26-
Trea1t-PeaL7-AAMB-ERG27-Tegk 1t
SyBE_Sc01250035, Delta22:Paa 1-
ERG1-GGGGS-ERGT1-Trgatt-Paar-
ERG24-Toak 1t

SyBE_Sc01250035, Delta22:Paa1-
ERG1-Oleosin-ERG 11 ’TFBAH'PGAL?'
AAMB-ERG24-Tpax 1t

SyBE_SC01 250040, Delta75:PGAL1 -
ERG1-GGGGS-ERG11-Traa1t-PaaLr-
ERG24-Tpax1t

SyBE_SCO1 250040, De/ta75:PGAL1 -
ERG1-Oleosin-ERG11 'TFBAH'PGAL?'
AAMB-ERG24-Tpgkit
SyBE_Sc01250043,
TauS.‘KANMX—PGAU -ERGS-TFBAﬁ-
PeaL7-ERG2-Tpgk 1t

CEN.PK2-1D, PRS425K-
PaaL1-Gg_DHCR24-RFP-Tren1,
PRS416- Paa, 1SEC61-GFP-Teaa:
CEN.PK2-1D, PRS425K-

PaL1 -AAMB-DHCR24-RFP-Traa1
PRS416- Pga, 1ERG7-GFP-Trgas
CEN.PK2-1D, PRS425K-
PoaL1-AAMB-ERG2-RFP-Teaat,
PRS416- Pgy 1ERG7-GFP-Trgas
CEN.PK2-1D, PRS425K-

PGAU -O/eOSiﬂ-ERG3-RFP-TFBA1 s
PRS416- Paa. 1ERG7-GFP-Trpar

Previous study

Previous study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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Besides, another reason for raised transcription levels may be
enzymes relocated to the LDs. To be noticed, in the former
study, when SyBE_Sc01250035 was introduced the same module
(ER-located ERG2/3), the overall metabolic flux reduced, while
only squalene increased in strain SyBE_Sc01250038. The reason
why introducing the same ER-expressed ERG2/3 in different
strains had a so different impact on metabolic flux still needs
to be explained. In the meanwhile, since we presumed that ER-
located ERG3 might have insufficient catalytic ability due to the
increased accumulation of B3 in strains SyBE_Sc01250034 and
SyBE_Sc01250037, other heterologous ERG3s should be screened
and introduced into the 7-DHC-producing strain. In addition, a
more delicate compartmentation test on those key modules like
ERG2/3 and ERG1/11/24 should be also conducted by targeting a
single ERG protein to one organelle at one time. Besides, we can
further rearrange the LD-located enzymes like ERG7 to ER in the
strains constructed in this study and investigate their effects on
the accumulation of 7-DHC and other sterol intermediates.

CONCLUSION

In this study, subcellular locations of post-squalene pathway
enzymes were rearranged in order to improve the unbalanced
metabolic flow and low product yield caused by the dual
organelle locations. All the ER-located enzymes of the post-
squalene pathway were grouped into four modules: ERG1/11/24,
ERG25/26/27, ERG2/3, and DHCR24. These modules were
overexpressed on ER or on LDs. We subsequently rearranged
the locations of enzymes downstream and upstream of Bl.
We conducted PCA experiments to classify the strains and
analyzed the metabolic flux of strains in each class. We
also obtain some strains in which 7-DHC production and 7-
DHC ratio both dramatically increased through rearranging the
post-squalene pathway enzymes. Eventually, targeting modules
ERG25/26/27 and ERG2/3 into LDs along with supplementing
another copy of ER-located ERG1/11/24 promoted 7-DHC
production from the initial 187.7-360.6 mg/L at shake-
flask level in strain SyBE_SC01250043, while the squalene
accumulation was dramatically reduced by 95.5% to 32.4 mg/L.
Although adding another copy of ER-located ERG2/3 into strain
SyBE_SC01250043 did not improve the 7-DHC titer, the 7-DHC
ratio further increased to 39% of the total sterols, which is 2.32-
fold of the initial ratio. This study achieves the highest shake-flask
level titer of 7-DHC as was known, which demonstrated that
compartmentalized reconstitution of the post-squalene pathway
was an efficient way to optimize metabolic flux in the 7-DHC
pathway and promote 7-DHC production and ratio.

MATERIALS AND METHODS

Strains, Media, and Cultivation

All E. coil and S. cerevisiae strains used in this work are
summarized in Table 1. All modified yeast strains were derived
from CEN.PK2-1D. E. coli DH50 was used for molecular cloning.
E. coli was grown in Luria broth (LB) medium containing 50 pg
ml~! of ampicillin or 50 jug ml~! of kanamycin for construction

of plasmids and strains. Solid synthetic complete (SC) medium
(0.67% yeast nitrogen base, amino acid supplements, and 2%
glucose) lacking the appropriate nutrient component were used
to select recombinational yeast strains. Shake-flask fermentation
was performed in modified YPD medium [2% peptone, 1% yeast
extract, 4% glucose, and 1% D-(+)-galactose] at 30°C.

For shake-flask fermentation, constructed strains were
cultured and purified on an SC plate. A single colony was
cultivated in 5 ml of YPD medium overnight at 30°C, and
the culture was transferred into 40 ml of modified YPD when
cells entered the mid-exponential phase. The initial glucose
concentration in YPD medium was 40 g/L and ODggo was 0.2.
D-galactose (10 g/L) was added into the media at the beginning
of fermentation for inducing GAL promoters of recombinational
strains. Shake-flask fermentation lasted for 100 h.

Construction of Plasmids and Strains

For constructing ERG2, ERG3, and DHCR24 relocalizing strains,
ERG?2 and ERG3 were fused with LD-targeting sequence AAM-
B and oleosin to their 3’-terminuses individually by OE-PCR
(Supplementary Figure 2). Modified genes AAM-B-ERG2 and
oleosin-ERG3 were cloned into expression cassettes containing
GAL7 or GALI promoter, which were built in our previous
study. The original genes ERG2 and ERG3 were also cloned into
the corresponding expression cassettes for control. Expression
cassettes containing the desired genes “TDH2t-GALIp-genel-
FBAIt” and “FBAIt-GAL7p-gene2-PGKIt” were then PCR
amplified with 20-bp overlap to plasmid PRS425K and flanking
specific restriction enzyme sites at one terminus, and the two
expression cassettes also had a 20-bp overlap at their adjacent
ends. The two resulting amplicons were assembled into linearized
vector PRS425K with SE Seamless Cloning and Assembly
Kit (Beijing Zoman Biotechnology). The recombinant modules
containing two gene expression cassettes were released from
plasmids by corresponding restriction enzymes cutting at the 5
and 3’ terminus of the whole modules as genomic integration
fragment (no. 1). Genomic sequences covering around 700 bp
upstream of the desired integration site, selection marker, and
terminator TDH2t (no selection marker if the integration was
in the CRISPR method, when ERG2 and ERG3 were integrated
in the YPRCAI5 locus) were amplified from S. cerevisiae
genome and joined by overlap PCR. The resulting amplicon
was ligated into a PEAZY-blunt vector, and the recombinant
plasmids were digested by restriction enzymes to yield the left
arm fragment of the homologous recombination (no. 2). The
right arm fragment (no. 3) was obtained in the same way
as terminator PGK1t and 700-bp downstream of the desired
integration locus. The three fragments above were transformed
using the LiAc/SS carrier DNA/PEG method. For integration of
ERG2/ERG3 in YPRCA 15 locus, the CRISPR method was used.
Two complementary primers from the target sequence YPRCA 15
were annealed and ligated into CRISPR plasmid (carrying
cas9 and incomplete gRNA), generating the complete guide
RNA. The resulting CRISPR plasmid was transformed with the
three recombination fragments above. The DHCR24 expression
module and the left/right arm fragments of homologous
recombination were obtained from our previous study and
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integrated into genome ERG6 locus in a similar way. For
constructing ERG1, ERG11, ERG24, ERG25, ERG26, and ERG27
overexpressing or relocalizing strains, the similar molecular
manipulation strategy was applied except two differences: (1)
According to Lin et al. (2017), oleosin sequence could relocalize
two proteins into the LDs simultaneously when proteins fused to
its 5'-and 3'-terminus. ERGI, oleosin, and ERG11 were amplified
and combined by OE-PCR (Supplementary Figure 1), the
resulting amplicons were recombined into the GALIp expression
cassette. In order to be consistent with the relocalization method,
ERGI and ERG11 used DNA linker GGGGS to became a fused
protein for their overexpression experiment. ERG25 and ERG26
overexpressing or relocalizing strains were also constructed in
the same way. (2) The right arm fragment of the homologous
recombination for ERG genes integrating upstream of Bl was
different. Expression cassette “FBA1t-GAL7p-gene-PGKIt” and
about 700 bp of overlap of downstream, the desired genomic
integration site was joined by OE-PCR as the right arm fragment
to reduce the number of recombination fragments to three.

Extraction and Analysis of Sterols
Sterol extraction was performed as previously described (Guo
et al, 2018). Yeast cells were harvested by centrifugation at
12,000 rpm for 2 min after fermentation process and boiled in
3 N HCI for 5 min to break the cell wall. Cells were pelleted
and washed by distilled water to remove the remaining HCL
After neutralizing by NaOH, saponification reaction of cells
was carried out in 3 M NaOH-methanol solution at 60°C for
4 h. n-Hexane and silica sand were added for sterol extraction
with vortex. The n-hexane phase was collected and dried by
a centrifugal vacuum evaporator. N-methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA) was used to derivatize the obtained
sterols (30°C for h) and samples were ready for GC-MS analysis.
Sterols were separated and analyzed by GCMS-QP2020
(SHIMADZU, Japan) using a DB-5 fused-silica capillary column
(30 m x 0.25 mm i.d., film thickness 0.25 wm, J&W Scientific,
CA). Mass spectra ranged at 50-800 m/z, and helium was used
as the carrier gas. Operating conditions were inlet temperature
260°C, initial temperature 70°C for 2 min then ramp 30°C/min
to 250°C then ramp 10°C/min to 280°C and held for 15 min.
Finally, the temperature increased to 290°C at 5°C/min and was
held for 5 min. Sterol standards (squalene, A1, A2, B3, B1, 7-
DHC, etc.) were purchased from Sigma-Aldrich (United States).

Principal Component Analysis

All visualizations of principal component analysis (Pearson,
2010) were performed in the R package FactoMineR
(Lé et al., 2008).

Protein Expression Level Analysis
Strains were cultured in SC-leu medium with 20 g/L of galactose
for 60 h. A plate reader (SpectraMAX M2, Molecular Devices)
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Three New Quinazoline-Containing
Indole Alkaloids From the
Marine-Derived Fungus Aspergillus
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Sha-Sha Liu', Li Yang?', Fan-Dong Kong?', Jia-Hui Zhao*, Li Yao*, Zhi-Guang Yuchi*,
Qing-Yun Ma?3, Qing-Yi Xie2, Li-Man Zhou?, Meng-Fei Guo?, Hao-Fu Dai*°*,
You-Xing Zhao?* and Du-Qiang Luo™
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By feeding tryptophan to the marine-derived fungus Aspergillus sp. HNMF114 from the
bivalve mollusk Sanguinolaria chinensis, 3 new quinazoline-containing indole alkaloids,
named aspertoryadins H-J (1-3), along with 16 known ones (4-19), were obtained. The
structures of the new compounds were elucidated by the analysis of spectroscopic data
combined with quantum chemical calculations of nuclear magnetic resonance (NMR)
chemical shifts and electron capture detector (ECD) spectra. Structurally, compound 3
represents the first example of this type of compound, bearing an amide group at C-3.
Compounds 10 and 16 showed potent a-glucosidase inhibitory activity with IC5q values
of 7.18 and 5.29 uM, and compounds 13 and 14 showed a clear activation effect on the
ryanodine receptor from Spodoptera frugiperda (sfRyR), which reduced the [Ca2t]gg by
37.1 and 36.2%, respectively.

Keywords: marine-derived fungus, Aspergillus sp., indole alkaloids, x-glucosidase inhibitory activity, ryanodine
receptor

INTRODUCTION

While plants and terrestrial microorganisms have been in the limelight of natural product research
for several decades, the marine environment is one of the current hotspots for the bio-prospection
of new bioactive molecules, and it is considered to be a new reservoir for drug discovery (Montaser
and Luesch, 2011). Marine microorganisms are some of the most prolific sources of structurally
novel and biologically active compounds (Bugni and Ireland, 2004; Shen et al., 2009; Arasu et al.,
2013; Manimegalai et al., 2013; Xiong et al., 2013).

Among the marine-derived fungi, the genus Aspergillus is a prolific source of bioactive
secondary metabolites (Blunt et al,, 2017). In our search for marine active natural products,
the fungus Aspergillus sp. HNMF114 was isolated and identified from a bivalve mollusk,
Sanguinolaria chinensis, collected in Haikou Bay, China. Our previous research (Kong et al., 2019)
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on the secondary metabolites of this fungus reported a series
of quinazoline-containing indole alkaloids. Biogenetically, these
compounds are all derived from tryptophan and anthranilic
acid, along with other amino acids. It has been reported that
feeding tryptophan is beneficial to the production of quinazoline-
containing indole alkaloids (Guo et al., 2020). Thus, in order
to tap the metabolic potential of this fungus, the continuous
chemical investigation on the fermentation broth of the fungus
Aspergillus sp. HNMF114 supplemented with L-tryptophan was
carried out, which led to the isolation of 3 new quinazoline-
containing indole alkaloids, aspertoryadins H-J (1-3), along
with 16 known ones, tryptoquivaline H (4) (Buttachon et al,,
2012), norquinadoline A (5) (Peng et al., 2013), epi-fiscalin D
(6) (Qian et al., 2018), epi-fiscalin A (7) (Buttachon et al., 2012),
deoxynortryptoquivaline (8) (Lin et al., 2013), scequinadolines
D (9) (Huang et al,, 2017), lapatin A (10) (Wu and Ma, 2013),
fiscalin A (11) (Buttachon et al, 2012), oxoglyantrypine (12)
(Peng et al., 2013), quinadoline B (13) (Koyama et al., 2008),
tryptoquivalines L (14) (Buttachon et al., 2012), quinadoline A
(15) (Koyama et al., 2008), scequinadolines E (16) (Huang et al,,
2017), scequinadoline G (17) (Huang et al.,, 2017), glyantrypine
(18) (Penn et al., 1992), and tryptoquivalines F (19) (Buttachon
et al,, 2012) (Figure 1). Interestingly, these compounds were all
different from those of our previous report (Kong et al., 2019).
Herein, the isolation, structure elucidation, and bioactivities of
these compounds are reported.

MATERIALS AND METHODS

General Experimental Procedure

Nuclear magnetic resonance (NMR) spectra were obtained on a
Bruker AV-600 spectrometer (Bruker, Bremen, Germany) with
tetramethylsilane (TMS) as an internal standard. HRESIMS data
were determined on a mass spectrometer API QSTAR Pulsar
(Bruker, Bremen, Germany). Optical rotations were achieved
on a JASCO P-1020 digital polarimeter and IR spectra were
recorded on a Shimadzu UV2550 spectrophotometer. UV spectra
were measured on a Beckman DU 640 spectrophotometer.
Electron capture detector (ECD) data were collected using
a JASCO J-715 spectropolarimeter. Silica gel (200-300 mesh,
Qingdao Marine Chemical Inc., Qingdao, China) and Sephadex
LH-20 (40-70 pm, Merck, Darmstadt, Germany) were used
for column chromatography. Semipreparative high-performance
liquid chromatography (HPLC) equipped with octadecyl silane
column (YMC-pack ODS-A, 10 x 250 mm, 5 pm, 4 mL/min).
Spots were visualized by heating silica gel plates sprayed with 10%
H,SO4 in EtOH.

Fungal Material
The fungal information of Aspergillus sp. HNMF114 has been
described in our previous report (Kong et al., 2019).

Fermentation, Extraction, and Isolation

The fungus was cultured was cultured for 30 days in
100 x 1,000 mL erlenmeyer flasks each containing 100 g of
rice, 100 mL H,O (33 g sea salt, and 2 g tryptophan per

liter of tap water) were autoclaved at 121°C for 25 min. The
fermented material was extracted three times with EtOAc (20 L
for each time) to give 230 g of crude extract. The extract was
extracted between petroleum ether and 90% methanol (1:1) to
remove the oil. The methanolic extract (119 g) was subjected
to a silica gel vacuum-liquid chromatographed (VLC) column,
eluting with a stepwise gradient of petroleum ether/EtOAc (10:1,
8:1, 6:1, 4:1, 2:1, 1:1, 1:2, v/v) to afford 10 fractions (Fr.1-
Fr.10). Fr.5 (3.0 g) was applied to octadecylsilane (ODS) silica
gel with a gradient elution of MeOH-H,0 (1:4, 1:3, 2:3, 1:1,
3:2, 4:1, 9:1, and 1:0) to get eight subfractions (Fr.5-1-Fr.5-8).
Fr. 5-3 (368 mg) was separated by ODS silica gel MeCN-H,0
(1:3, 2:3, 1:1, 3:2, 4:1, 9:1, and 1:0) to afford two subfractions.
Subfraction Fr.5-3-1 was applied to semipreparative HPLC (60%
MeOH-H;0; 4 mL/min) to give compounds 3 (fg = 5.8 min;
2.3 mg), 4 (tg = 7.3 min; 3.3 mg), and 6 (fg = 8.3 min;
6.1 mg). Fr.5-3-2 was applied to ODS silica gel with gradient
elution of MeCN-H,O (1:3 to 4:1) semipreparative HPLC (C 60%
MeOH-H;0; 4 mL/min) to obtain compounds 5 (fg = 8.2 min;
5.0 mg), 9 (tg = 10.4 min; 5.3 mg), and 10 (tg = 10.7 min;
3.4 mg). Fr. 5-5 (56.0 mg) was further chromatographed by
silica gel CC eluted with gradient Petroleum ether-EtOAc (10:1,
8:1, 6:1, 4:1, 2:1, 1:1, 1:2, v/v) to afford seven subfractions
(Fr.5-5-1-Fr.5-5-7). Fr.5-5-3 were purified by semipreparative
HPLC (55% MeOH-H,0; 4 mL/min) to yield compounds 11
(tr = 13.3 min; 1.8 mg), 12 (tg = 13.8 min; 3.4 mg), 14
(tr = 15.2 min; 4.7 mg), and 16 (fg = 17.8 min; 2.7 mg). Fr.6
(2.7 g) was applied to an open ODS column chromatography
eluted with stepwise gradient of MeOH-H,0 (1:5, 1:4, 1:3, 2:3,
1:1, 3:2, 4:1, 9:1, 1:0) to get nine subfractions (Fr.6-1 to Fr.6-
9). Fr.6-4 (158 mg) was further separated by Sephadex LH-20
column chromatography, followed by semipreparative HPLC
(50% MeCN-H,O; containing 0.1% TFA; 4 mL/min) to afford
compounds 2 (fg = 10.3 min; 1.9 mg), 8 (g = 17.8 min; 3.8 mg),
and 1 (tg = 27.7 min; 3.4 mg). Fr. 6-5 was subjected to an
ODS column chromatography by stepwise gradient elution of
MeOH-H,0 (1:5, 1:4, 1:3, 2:3, 1:1, 3:2, 4:1, 9:1, and 1:0) to get
nine subfraction (Fr.6-5-1 to Fr.6-5-9). The subfraction 6-5-4
(53.2 mg) was purified by semipreparative HPLC (45% MeCN-
H,0; 4 mL/min) to obtain compounds 7 (tg 8.8 min; 2.3 mg),
13 (tg 11.4 min; 37.7 mg), 15 (fg 15.2 min; 4.3 mg), 19 (fr
15.6 min; 2.8 mg). Compounds 17 (36.2 mg) and 18 (15.3 mg)
were combined and crystallized from the Fr.6-5-5 and Fr.6-5-
6, respectively.

Aspertoryadin H (1): yellow powder solid; [@]25 D -131 (¢ 0.1,
MeOH); UV (MeOH) Apyax (log £): 200 (3.6), 229 (3.4), 279 (2.9,
and 308 (2.6) nm; ECD (MeOH) Ay (Ag): 197 (—5.78), 213
(14.45), 232 (—21.54), 330 (—0.17) nm; IR (KBr) Upax (cm™1):
3,345 (—OH), 2,961 (—CH), 2,925 (—CH), 1,684 (—C=0), 1,602
(=NH), 1,475(—C—N), and 1,031 (—C-C—); '"H NMR and"*C
NMR data, see Table 1; HRESIMS m/z [M — H] ™ 500.2310 (calcd
for C,3H39N50y4, 500.2303).

Aspertoryadin 1 (2): yellow powder solid; [a]25 D —144 (c
0.1, MeOH); UV (MeOH) pax (log €): 205 (3.6), 226 (3.4), 279
(2.8), and 309 (2.5) nm; ECD (MeOH) A jax (Ag): 200 (2.59), 210
(27.82), 231 (—22.02), 316 (—0.95) nm; IR (KBr) Upax (cm™1):
3,354 (—OH), 2,965 (—CH), 2,926 (—CH), 1,677(—C=0), 1,602
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N/
-///k\ Rz
7 Ry

(6]
4 R1=OH,R2=H,R3=CH3

14 R1 = OH, R2 = CHs, R3 = CH3
19 R1 =H,R2=H,R3=CH3

12 R=0
18 R=H

FIGURE 1 | The structures of compounds 1-19.

5 R1=CH3, R2=H

9 R1 = CH2CH3, R2 =H
15 R1 = CH3, R2 = CH3
16 R»] = CH(CH3)2, R2 =H

6 Ry =CH(CH3)y, Ry = OH, R3 = CH3
7 Ry =CH(CH3),, R, = H, R3 = CH3
11 Ry =H, Ry = CH(CH3), , R3 = CHs

13 17

(—NH), 1,475(-C-N), and 1,066 (—C-C-); 'H NMR and 3C
NMR data, see Table 1; HRESIMS m/z [M — H] ™ 473.1833 (calcd
for C26H25N4O5, 473.1830).

Aspertoryadin ] (3): yellow powder solid; [a]25 D +32 (c
0.1, MeOH); UV (MeOH) hpuax (log €): 206 (3.8), 228 (3.7),
276 (3.1), and 304 (3.9) nm; ECD (MeOH) A\ (Ag): 219
(—5.83), 230 (—47.81), 300 (—4.07), 320 (—2.66), 360 (—0.14); IR
(KBT) Uy (cm™1): 3,412 (—OH), 2,925 (—CH), 1,678 (—C=0),
1,474 (—C—N), and 1,027(—C-C-); 'H NMR and 3C NMR
data, see Table 1; HRESIMS m/z [M — H]~ 486.1421 (calcd for
Cy5HyoN506, 486.1419).

Computational Section
The initial conformational search was carried out in Confab
(O’Boyle et al., 2011) using the MMFF94 molecular mechanics

force field. Density functional theory calculations were
performed using the Gaussian 16 package (Frisch et al,
2019). These conformers were optimized at B3LYP/6-31G
(d) in the gas phase, and the conformers with a population
over 1% were kept. Then, these conformers were further
subjected to geometry optimizations at B3LYP/6-311G (d)
in the gas phase, and frequency analysis of all optimized
conformations was also performed at the same level of
theory to exclude the imaginary frequencies. NMR shielding
tensors were calculated with the gauge-independent atomic
orbital (GIAO) method at mPWIPW91/6-311G (d,p)
level with the IEFPCM solvent model in DMSO. The
shielding constants obtained were converted into chemical
shifts by referencing to TMS at 0 ppm (3cal = oTMS -
ocal), where the oTMS was the shielding constant of
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TABLE 1 | 'H (600 MHz) and "3C NMR (150 MHz) data of compounds 1-3.

1 (in DMSO-dg)

2 (in DMSO-dg) 3 (in DMSO-dg)

3¢ 8y (J in Hz) 3¢ 8y (Jin HZ) 3¢ 3y (Jin H2)
1 160.3 161.2 160.9
3 57.7 4.79 (1H, d, 1.8) 156.6 150.2
4 151.3
5 146.2 146.4
6 146.8 127.3 7.72 (1H,d, 7.8) 128.0 7.82 (1H, d, 9.0)
7 127.2 7.66 (1H, d, 8.4) 135.3 7.89 (1H, 1, 7.8) 136.1 7.97 (1H, 1, 9.0)
8 134.6 7.83 (1H, dd, 7.2, 8.4) 127.5 7.60 (1H, t, 7.8) 128.9 7.69 (1H, t, 9.0)
9 126.9 7.53 (1H, dd, 7.2, 8.4) 126.2 8.19(1H, d, 7.8) 126.9 8.27 (1H, d, 9.0)
10 126.3 8.15(1H, d, 8.4) 120.1 121.4
11 120.1 54.8 6.07 (1H, , 9.6) 56.8 5.73 (1H, dd, 10.2, 12.0)
12 160.4 30.8 2.75 (1H, dd, 9.6, 12.6) 27.0 3.31 (1H, dd, 10.2, 16.8)

3.33 (1H, overlap) 3.40 (1H, dd, 13.2, 16.8)
13 86.1 84.4
14 52.7 5.35 (1H, dd, 3.6, 7.8) 85.1 5.44 (1H,d, 7.2) 81.5 6.09 (1H, s)
15 37.6 2.80 (1H, dd, 3.6, 14.4)
2.67 (1H, dd, 7.8, 14.4)
16 28.3 2.98 (1H, m) 59.5 3.61 (1H, m) 64.6
17 19.0 1.16 (8H, d, 7.2) 177.2 172.9
18 15.4 0.91(3H,d, 7.2
19 74.9 140.9 138.8
20 83.0 5.01 (1H,d, 7.2) 1171 7.45(1H,d, 7.8) 116.8 7.56 (1H, d, 9.0)
21 131.5 7.55 (1H, 1d, 1.2, 7.8) 132.2 7.61(1H, 1, 9.0)
22 69.9 3.47 (1H, dd, 4.2, 4.2) 126.0 7.838 (1H, td, 1.2, 7.8) 127.2 7.45 (1H, t, 9.0)
23 173.4 125.5 7.67 (1H,d, 7.8) 127.3 8.01 (1H, d, 9.0)
24 132.3 133.9
25 137.7
26 114.9 7.36 (1H, d, 7.8) 1711 171.5
27 129.6 7.33(1H, 1, 7.8) 80.2 4.35 (1H, dd, 4.8, 9.6) 163.5
28 124.8 713(1H,1,7.8) 32.6 214 (1H, m) 162.5 8.64 (1H, s)
29 124.9 7.43(1H,d, 7.8) 19.7 1.14 (3H, d, 6.0) 25.9 1.53 (8H, s)
30 138.3 19.2 0.83 (8H, d, 6.6) 27.0 1.70 (BH, s)
31 31.2 1.81 (1H, m) 17.6 1.36 (3H, d, 7.2)
32 18.6 0.74 (3H, d, 6.6)
33 17.5 0.76 (3H, d, 6.6)
2-NH 8.45 (1H, br s)
19-OH 5.66 (1H, s)
15-NH 4.01 (1H,dd, 7.2, 7.2)
21-NH 3.13 (1H, overlap)
27-OH 6.56 (1H, d, 4.8)
27-CONH, 8.36 (1H, brs)
8.66 (1H, brs)

TMS calculated at the same level. For each candidate, the
parameters a and b of the linear regression 3dcal = adexp
+ b; the correlation coefficient, R?; the mean absolute
error (MAE) defined as Xn |3cal - dexp| /m; the corrected
mean absolute error (CMAE), defined as Xn |[dcorr -
dexp|/n, where dcorr = (3cal - b)/a, were calculated. DP4+
probability analysis was performed using the calculated
NMR shielding tensors (Grimblat et al., 2015). The ECD
spectra were calculated by the TDDFT methodology at the
B3LYP/TZVP utilizing IEFPCM in methanol. ECD spectra

were simulated using SpecDis 1.71 (Bruhn et al, 2013) with
o =0.30eV.

a-Glucosidase Inhibition Assay

Yeast a-glucosidase (0.2 U/mL) in 0.1 M phosphate buffer (pH
6.8), was used as an enzyme source. The substrate solution
of p-nitrophenyl-a-D-glucopyranoside (PNPG, 2.5 mM), was
prepared in 0.1 M phosphate buffer (pH 6.8) solution. The
tested compounds were prepared at different concentrations
(250, 500, 1,000, 2,000, and 4,000 pg/mL) in DMSO. The tested
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compound solution (10 pL) was pre-incubated with 100 pL a-
glucosidase solution for 15 min. After pre-incubation, 45 wL of
the substrate was added and further incubated for another 15 min
at room temperature. The absorbance of each well was measured
in Microplate Reader (Thermo Fisher Scientific, United States)
reader at 405 nm. All experiments were carried out in triplicate
(Dan et al., 2019).

Homology Modeling of «-Glucosidase

Since there is no structural information of a-glucosidase, we
model the homology of it by modeler 9.20 (Webb and Sali,
2016). The amino acid sequence of a-glucosidase AL12 from
Baker’s yeast was retrieved from UniProt protein knowledgebase
(accession number P53341). The crystal structure of isomaltase
(PDBID:3A4A), with 75% sequence identity with the target
sequence as the template for homology modeling, was selected
after a search in the Protein Data Bank (PDB) at National Center
or Biotechnology and Information (NCBI) using BLAST. The
constructed model was validated by Procheck, ERRATE, and
verify3D programs (Laskowski et al., 1993; Eisenberg et al., 1997).

Molecular Docking

The 3D structures of the active compounds 10 and 16 were
constructed and minimized by MM2 force field using Chemofhice
14.0 software. All hydrogen atoms and gasteiger charges were
added to modeled receptor by AutoDock Tools. Docking was

performed centered at the active pocket of the a-glucosidase
with Autodock vina software (Trott and Olson, 2010). The poses
were ranked by their binding affinities and the lowest one was
selected as the predicted protein-ligand complexes. The results
were presented by Pymol'.

Time-Lapse [Ca?t]gr Measurements

The biological activity of compounds against the insect ryanodine
receptor (RyR) was tested using HEK cells stably expressing
RyR from Spodoptera frugiperda (stRyR) or RyR1 from rabbit
(rRyR1), and R-CEPIAler, an engineered endoplasmic reticulum
(ER)-targeting fluorescent protein used to measure ER luminal
Ca?t concentration ([Ca?t]gr) (Suzuki et al, 2014). Cells
were cultured in Dulbecco’s modified Eagle medium containing
10% fetal bovine serum, 15 mg/mL blasticidin, 100 mg/mL
hygromycin, and 400 mg/mL G418 first in Petri dishes, and later
seeded into 96-well plates at a density of 10* cells/well. After
seeding for 24 h, 2 mg/mL doxycycline was added to induce the
expression of RyR. After 48 h of induction, the medium was
replaced by HEPES-buffered Krebs solution, and [Ca?T ]z was
measured using FlexStation 3 fluorometer (Molecular Devices)
by monitoring the fluorescence signal changes. The R-CEPIAer
signal, which is excited at 560 nm and emitted at 610 nm, was
captured every 10s for 300s. The compounds for screening were

'https://pymol.org

FIGURE 3 | Key ROESY correlations (double arrows) of compounds 1-3.
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added 100s after the recording started. The ratio of the average
fluorescence for the last 100s (F) and first 100s (F0), F/F0, was
used to report the fluorescence change caused by the compounds.
All experiments were carried out in triplicate and repeated twice.

RESULTS AND DISCUSSION

Structure Elucidation

Compound 1 was obtained as yellow powder solid, and its
molecular formula was determined to be CygH31N504 on the
basis of HRESIMS, indicating 16 degrees of unsaturation. The
IH NMR spectrum (Table 1) showed the obvious resonances for
eight aromatic protons attributed to two disubstituted benzene
rings and four methyl protons. Its *C, DEPT, and HSQC NMR
data (Table 1) revealed a total of 28 carbons, including four
methyls, one methylene, 14 methines (six sp> and eight olefinic),
and nine quaternary carbons (including three carbonyl groups
and five olefinic). A detailed comparison of the NMR data of
1 with those of epi-fiscalin C (Buttachon et al., 2012) indicated
that they shared the same skeleton with the only difference
being the presence of an isopropyl at C-22 in 1 instead of two
methyls in epi-fiscalin C. The key 'H-'H COSY cross-peaks
of H-22/H-31/H-32 (H-33) and the HMBC correlations from
H3-32 and H3-33 to C-31 and C-22 confirmed the assignment
of the isopropyl at C-22. Thus, the planar structure of 1 was
established as shown in Figure 2. The relative configuration of the

quinazoline and 5/5/6 tri-cyclic rings (Figure 3) were determined
by the rotating frame overhauser effect spectroscopy (ROESY)
spectrum, in which the correlations of H-20 with H-15a 3y
2.67) and H-31 revealed that H-20, H-31, and CH,-15 were on
the same face of the 5/5/6 tri-cyclic ring system. The ROESY
correlation between H-3 and H-15b indicated that H-3 and C-
15 should be placed on the same face of the quinazoline ring.
Due to the flexibility of the single bonds C14-C15 and C15-C19,
the relative configuration of 1 could not be clearly determined by
ROESY spectrum. Therefore, a theoretical NMR calculation with
DP4+ analysis was applied to clarify the relative configuration of
1. The chemical shifts of two isomers (3S,14R,19S5,20R,22S5)-1 and
(3R,14S5,198,20R,225)-1, were predicted using the GIAO method.
DP4+ probability analysis showed that (3S,14R,195,20R,225)-1
was the most likely candidate structure, with a 100% DP4+
(all data). As for the absolute configuration of 1, the ECD
spectrum of (3S,14R,195,20R,22S)-1 was calculated, the result of
which matched well with an experimental curve (Figure 4A),
establishing the absolute configuration of 1 as presented
in Figure 1.

Compound 2 was isolated as yellow powder solid and had
the molecular formula CycH»sN4O5 as established by HRESIMS
data with 16 degrees of unsaturation. Its 13C (Table 1), DEPT,
and HSQC NMR spectra revealed a total of 26 carbons including
13 aromatic carbons (eight protonated), one sp> methylene,
three carbonyl carbons, five sp> methine, three methyls, and one
oxygenated sp3 quaternary carbon. The above data were similar
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to those of aspertoryadin A (Kong et al., 2019), indicating that
they had a similar skeleton. The obvious structural difference
between them is that a hydrogen on N-15 in 2 replaced the
methyl sulfonyl group in aspertoryadin A. In addition, there are
two methyls at C-16 in aspertoryadin A, but one methyl in 2.
The above deduction was supported by the contiguous COSY
cross-peaks (Figure 2) of H-14/NH-15/H-16/H-31 and the key
HMBC correlations (Figure 2) from H3-31 and H-14 to C-16
and C-17. The relative configuration of 2 was established by
ROESY spectrum. The ROESY cross-peaks (Figure 3) of H-11/H-
14/H-12a and H-14/H3-31 led to the assignment of the relative
configurations for the stereocenters C-13, C-14, C-11, and C-
16. The stereocenter C-27 was far away from other stereocenters
and no ROE correlation was available for the assignment of
its relative configuration. Thus, the chemical shifts of two
isomers (11S,13S,14R,165,27S)-2 and (11S,13S,14R,16S,27R)-2,
were calculated and the former showed 100% DP4+ (all data)
probability, enable assignment of 275* configuration for 2. The
absolute configuration of 2 was confirmed as 11S,13S,14R,16S,27S
by comparison of its experimental ECD spectrum with the
calculated ECD curves of 2 (Figure 4B).

Compound 3, a yellow powder solid, was assigned the
molecular formula Cy5H1N506 by its HRESIMS, requiring
18 degrees of unsaturation. The *C NMR and DEPT spectra
displayed five carbonyl carbons (including an aldehyde carbon
and four amide or ester carbonyls), 13 aromatic carbons (eight
protonated), one sp®> methylene, two sp® methines, and two
sp> quaternary carbons (one oxygenated). These data were also
indicative of a quinazoline-containing indole alkaloid skeleton
as that of 2. A direct comparison of the NMR data of 3 with
those of 2 revealed that the differences between them are the
presence of an additional aldehyde group and one additional
methyl group at the N-15 and C-16 in 3, respectively, as well as
the attachment of an amide moiety in 3 instead of an isobutyl
unit at C-3 as in 2. The additional groups were supported by
the HMBC correlations (Figure 2) from H-28 (8y 8.64) to C-
14 (3¢ 81.5) and from H3-29 and H3-30 to C-16, and C-17.
The ROESY cross-peaks of H-12a/H-14/H-11 and H-23/H-12b
indicated that 3 possessed the same relative configurations at C-
11, C-13, and C-14 as aspertoryadin A (Figure 3). The absolute
configuration was determined to be 118, 13S, and 14R by ECD
calculation (Figure 4C).

o-Glucosidase Inhibition Assay

All of the compounds isolated were evaluated for a-glucosidase
inhibitory activity (Apostolidis et al., 2007). Compounds 10 and
16 exhibited potent a-glucosidase inhibitory activities with the
ICsp values of 7.18 and 5.29 uM, respectively (Acarbose as a
positive control, ICsp: 213.0 u M).

Molecular Docking

The intermolecular interaction and potential binding sites
between compounds 10, 16, and a-glucosidase were investigated
via molecular docking simulations. The docking simulation
results (Figure 5) demonstrated that compound 10 could interact
with a-glucosidase by forming one hydrogen bond and m-
7 interactions with residues PHE 157 (Figure 5B). While

compound 16 could generate one hydrogen bond with residues
GLU 340 and also form -7 interactions with residues PHE 157
in a-glucosidase (Figure 5C).

Biological Activity Against RyR

Ryanodine receptor, an intracellular calcium channel located on
ER membrane, is a well-known insecticide target. The top-selling
diamide insecticides, such as flubendiamide, chlorantraniliprole,
and cyanotraniliprole, all target insect RyRs. The insecticidal
activities of all compounds were tested against RyRs from
an agricultural pest, S. frugiperda, using time-lapse [Ca®T]gp
measurements. At 100 pM concentration, compounds 13 and
14, showed a clear activation effect against sfRyR, which reduced
the [Ca®t]gr by 37.1 and 36.2%, respectively (Figure 6A).
While their effect in intracellular Ca2 release is similar to
that of the positive control chlo, the release rate is much
slower (Figure 6B) suggesting different binding sites and
different mechanisms of action on the sfRyR. Compounds
1, 2, and 3 also showed some weak activation effects on
sfRyR (Figure 6A). The species selectivity of 13 and 14 was
further characterized by comparing their activity against rabbit
RyR1 (rRyR1). Interestingly, both compounds showed no clear
activation activity on rRyR1, suggesting that they can selectively
act on insect RyRs and have good potential to be developed into
insecticidal molecules (Figure 6C).

CONCLUSION

In summary, 19 quinazoline-containing indole alkaloids (1-19),
including 3 new ones, were isolated from the marine-derived
fungus Aspergillus sp. HNMF114 by supplemented L-tryptophan
to its fermentation broth. Among them, compounds 10 and 16
showed a-glucosidase inhibitory activity, that significant activity
with potential for further development. Compounds 1, 2, and
3 showed weak activities against sfRyR, and 13 and 14 showed
moderate activities against sfRyR. Compounds 13 and 14 also
have no clear activation activity on rRyR1, which means 13 and
14 could selectively act on insect RyRs and have good potential
for the development of insecticidal drugs.
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Three newly isolated fungal species, namely, Cerrena unicolor Han 849, Lenzites
betulina Han 851, and Schizophyllum commune Han 881, isolated from their native
habitats in Wulingshan National Nature Reserve of Hebei Province of northern China,
were screened for laccase production with single or mixed lignocellulosic wastes.
C. unicolor Han 849 was found to express the highest levels of laccase with single
or mixed lignocellulosic wastes compared with L. betulina Han 851 and S. commune
Han 881. The highest laccase activity from the mixed fungal culture of C. unicolor Han
849 and S. commune Han 881 or L. betulina Han 851 on Firmiana platanifolia was
1,373.12 + 55.93 and 1,144.85 + 34.97 U/L, respectively, higher than that from other
tested conditions. L. betulina Han 851 or S. commune Han 881 mixed with other
species was also helpful for accelerating laccase secretion due to reach maximum
enzyme activity quickly. The treatment of mixing different species, including the mixture
of two or three species, was obviously conducive to the improvement of laccase activity
on Firmiana platanifolia. These results revealed that the fungal co-culture and the mixed
lignocellulosic wastes contribute to the improvement of laccase activities and enhance
laccase activities within a short period. These findings would be helpful for providing a
new method for rapid production of low-cost laccase and for optimization of integrated
industrial laccase production.

Keywords: laccase activity, co-culture, single lignocellulosic waste, mixed lignocellulosic wastes, submerged
fermentation

INTRODUCTION

The rapid development of agriculture and forestry is conducive to economic development and
environmental protection. Meanwhile, it also brings some environmental problems, and the most
important is agricultural and forestry residues. Also, if agricultural and forestry waste is burned,
it will cause even more serious air pollution. Agricultural and forestry waste is an important kind
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of lignocellulosic biomass. Lignocellulosic biomass, versatile and
most abundant natural renewable resources, have attracted more
attention and considerable interest due to their abilities to convert
into green second-generation energy fuels and valued industrial
chemicals via the various bio-treatment process of lignocellulosic
biomass (Haldar et al., 2016; Pinar et al., 2017; An et al., 2020b;
Gaikwad and Meshram, 2020). Using various lignocellulosic
wastes, such as corncob, cottonseed hull, bamboos, coftee shell,
and tree leaves, to produce enzymes (especially laccase) had been
widely investigated in recent years due to the low-cost and vast
amounts of lignocellulosic wastes (Lizardi-Jimenez et al., 2019;
Thamvithayakorn et al., 2019; Wang et al., 2019; Agrawal and
Verma, 2020; Atilano-Camino et al., 2020; Pinheiro et al., 2020;
Xu et al., 2020).
Laccase (EC 1.10.3.2, p-benzenediol: oxygen oxidoreductase)
belongs to a family of copper oxidases and widely distributes in
various higher plants, fungi, bacteria, and some insects (Zhang
et al., 2020). Due to the ability of laccase to oxidize a wide range
of phenolic and non-phenolic compounds, laccase can be used in
the various biotechnological process, including materials science,
bioremediation, biofuels, fiber modified, nanobiotechnology,
biosensor, food chemistry, paper and pulp industry, and
biodegradation (Yang et al., 2017; Becker and Wittmann, 2019;
Bilal et al., 2019; Singh and Arya, 2019; Unuofin et al., 2019a;
Wang et al,, 2019; Zerva et al., 2019; An et al., 2020a). White-
rot fungi, belonging to basidiomycetes, are well known for their
essential role in degrading lignocellulose in their native habitats
due to their ability to secrete various extracellular ligninolytic
enzymes (Thamvithayakorn et al., 2019). Among ligninolytic
enzymes, laccase is the oldest and important enzyme that could
degrade lignin. Meanwhile, white-rot fungi are considered the
famous laccase producer, and almost all species among them have
the capacity for secreting laccase to some extent (Agrawal et al.,
2018; An et al., 2019; Huang et al., 2019; Lira-Perez et al., 2020).
Due to its wide application in numerous fields of
biotechnology, more and more researchers have shown
great interest in all aspects of laccase (Ma and Ruan, 2015;
Wang et al., 2015; An et al,, 2016a, 2018; Rodriguez et al., 2019;
Zhang et al., 2020). Meanwhile, large amounts of laccase with
low cost were required for the widespread use of laccase in the
various biotechnological process (Osma et al., 2011; An et al.,
2018; Zerva et al, 2019; Zhang et al.,, 2020). To enhance the
laccase production and reduce the cost of producing laccase,
optimization of fermentation condition, fermentation method,
and developing new productivity strains are very effective
methods. Optimization of fermentation condition was mainly
included the following categories: (1) category, concentration,
and proportion of carbon and nitrogen sources (Kannaiyan et al.,
2012; Birhanli and Yesilada, 2013; Zhou et al., 2014; Han et al,,
2017, 2020b; Palazzolo et al., 2019; Thamvithayakorn et al., 2019;
Unuofin et al., 2019b); (2) metal ions, such as copper ion, ferrous
ion, manganese ion, silver ion, zinc ion, and magnesium ion (Hu
etal.,, 2014; Yang et al., 2016; Zhuo et al., 2017; Xu et al., 2018; An
etal., 2020a); (3) temperature and pH (Hu et al., 2014; Kaira et al.,
2015; Mazlan and Abu Hanifah, 2017; Saoudi et al., 2017; Bettin
et al,, 2019); and (4) secondary metabolites, e.g., ferulic acid and
veratrol (Janusz et al., 2015; Yang et al., 2016). The fermentation

method was divided into solid-state fermentation, submerged
fermentation, and unconventional solid-state fermentation
combined with agitated submerged fermentation (An et al,
2016b). The advantage of solid-state fermentation is that it is
closer to the natural environment of fungi and more energy-
efficient, such as using less water. The advantage of submerged
fermentation is that it is more manageable and durable, and
industrial applications were more preferred to submerged
fermentation. Different species or different strains belonging to
the same species affected the laccase activity significantly (Janusz
et al, 2015; An et al., 2020a). Thus, developing new strains with
the capacity of producing laccase is very meaningful work.

Previous studies had indicated the capacity of secreting laccase
by Cerrena unicolor (Mazur et al., 2015; Songulashvili et al., 2015;
Wang et al., 2017; Zhang et al.,, 2018). However, the ability to
secrete laccase from Lenzites betulinus and Schizophyllum sp.
had not been reported. Co-culture of fungi has been studied in
recent years and has a good effect on secreting laccase, whereas
almost all studies investigated the white-rot fungi combined
with mycete or yeasts to produce laccase (Rodriguez et al,
2019; Lira-Perez et al, 2020; Zhang et al., 2020). The effect
of using two or three white-rot fungi combined with each
other to produce laccase was rarely investigated (Kuhar et al.,
2015; Vibha and Negi, 2018). Most studies had used only one
lignocellulosic material to explore the effect on laccase secreted
by fungi, and very few had considered using a mixture of two
lignocellulosic materials to explore the effect on laccase secretion
by fungi (Lallawmsanga, Leo et al., 2019; Thamvithayakorn
et al,, 2019; Unuofin et al., 2019b; Gaikwad and Meshram, 2020;
Xu et al., 2020). However, evaluation of laccase activities from
C. unicolor, Lenzites betulinus, and Schizophyllum sp. had not
been investigated till now, not only the effects of co-culture
of these species but also the effects of mixed lignocellulosic
wastes on their enzyme production. Under the circumstances, the
laccase production capacity of three newly isolated fungal species
with single or mixed lignocellulosic wastes was analyzed in the
present work. Also, the effect of co-culture of these species on
laccase activity was investigated at the same time. The results
were contributed to provide new methods to improve laccase
production and obtain low-cost laccase.

MATERIALS AND METHODS

Culture of Microorganisms

Three fungal species, C. unicolor Han 849, Lenzites betulina Han
851, and Schizophyllum sp. Han 881, were newly isolated from
their native habitats in Wulingshan National Nature Reserve
of Hebei Province of northern China. These species were
isolated and purified on complete yeast medium (CYM), and the
pure cultures of these species were preserved on malt extract
agar medium at 4°C in the College of Life Science, Langfang
Normal University.

Collection of Lignocellulosic Wastes
Lignocellulosic wastes, Pinus tabuliformis and Firmiana
platanifolia, were obtained from Chengde city (Hebei province,
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China). All these lignocellulosic wastes were air-dried and milled
to a particle size of between 20 and 60 mesh.

Microbial Culture and Inoculum

Preparation

To activate the used three strains, all microorganisms were
incubated on CYM for 7 days at 26°C. Then, five inoculants holed
by a perforator with a diameter of 5 mm from corresponding
Petri plates were placed in 250-ml flasks containing 100 ml of
CYM without agar. All flasks were cultured in an oscillating
culture shaker with a speed of 150 rpm at 26°C. After 7 days, the
mycelium pellets in the Erlenmeyer flask were homogenized by
modular homogenizer HFJ-10 (Tianjin HengAo Technology Co.,
Ltd.) at 5,000 rpm for 2 min. Also, the homogenized liquid was
used as an inoculum.

Time Course of Laccase Activity

Erlenmeyer flasks (250 ml) containing 2-g single lignocellulosic
waste or mixed with two kinds of lignocellulosic wastes were
soaked with 100 ml of solution (1.5-g monopotassium phosphate
dissolved into 1 L of deionized water) and autoclaved at 121°C
for 30 min. All flasks were sterilized at 121°C for 30 min. After
autoclaving, each Erlenmeyer flasks was added to the 3 ml of
homogenized inoculum according to the list in Table 1. Then,
all flasks were transferred to a rotary shaker (26°C, 150 rpm) for
various fermentation times.

Preparation of Crude Enzyme

To obtain the crude enzyme solution, the liquid in the

filtered through a filter paper. The obtained filtrate was
centrifuged at 4°C with a speed of 12,000 rpm for 20 min,
and the supernatant was used for the determination of
laccase activity.

Assay of Laccase Activity

Laccase activity ~was assayed using 2,2'-azinobis-[3-
ethyltiazoline-6-sulfonate] ~as substrate and monitored
by an iMark™ microplate absorbance reader (Bio-Rad,

Hercules, CA, United States). The details of the reaction
mixture involving the amount of each component and
the process of determining laccase at 415 nm were
referred to in the method of Han et al. (2020b). One
unit of laccase activity was defined as the amount of
enzyme required to oxidize 1 pmol of 2,2'-azinobis-[3-
ethyltiazoline-6-sulfonate] per minute (eq5 = 3.16 x 10*
M~lem™1).

Data Analysis

Results in this study were the mean values of triplicate
experiments. Two-way analysis of variance followed by
the Tukey post-hoc test was applied to examine the effects
of lignocellulosic wastes and species on laccase activities
according to An et al. (2020a,b), and the analysis of
statistical tests was performed by SPSS software version
22.0 (PROC GLM, IBM SPSS software version 22.0, Armonk,
NY, United States). All colorful figures were generated by
Origin 2016 software (OriginLab Corporation, Northampton,

Erlenmeyer flask at different fermentation times was MA, United States).
TABLE 1 | Description of each component of the experimental group.
Species Lignocellulosic wastes Solution (ml) Homogenized inoculum
Cerrena unicolor Han 849 Pinus tabuliformis 2 g 100 3ml
Firmiana platanifolia 2 g 100 3ml
Pinus tabuliformis 1 g and Firmiana platanifolia 1 g 100 3ml
Lenzites betulina Han 851 Pinus tabuliformis 2 g 100 3ml
Firmiana platanifolia 2 g 100 3ml
Pinus tabuliformis 1 g and Firmiana platanifolia 1 g 100 3ml
Schizophyllum sp. Han 881 Pinus tabuliformis 2 g 100 3ml
Firmiana platanifolia 2 g 100 3ml
Pinus tabuliformis 1 g and Firmiana platanifolia 1 g 100 3ml
C. unicolor Han 849 and L. betulina Han 851 Pinus tabuliformis 2 g 100 1.5 ml of Han 849 and 1.5 ml of Han 851
Firmiana platanifolia 2 g 100 1.5 ml of Han 849 and 1.5 ml of Han 851
Pinus tabuliformis 1 g and Firmiana platanifolia 1 g 100 1.5 ml of Han 849 and 1.5 ml of Han 851
C. unicolor Han 849 and Schizophyllum sp. Pinus tabuliformis 2 g 100 1.5 ml of Han 849 and 1.5 ml of Han 881
Han 881
Firmiana platanifolia 2 g 100 1.5 ml of Han 849 and 1.5 ml of Han 881
Pinus tabuliformis 1 g and Firmiana platanifolia 1 g 100 1.5 ml of Han 849 and 1.5 ml of Han 881
L. betulina Han 851 and Schizophyllum sp. Pinus tabuliformis 2 g 100 1.5 ml of Han 851 and 1.5 ml of Han 881
Han 881
Firmiana platanifolia 2 g 100 1.5 ml of Han 851 and 1.5 ml of Han 881
Pinus tabuliformis 1 g and Firmiana platanifolia 1 g 100 1.5 ml of Han 851 and 1.5 ml of Han 881
C. unicolor Han 849, L. betulina Han 851 and Pinus tabuliformis 2 g 100 1.0 ml of Han 849, 1.0 ml of Han 851 and 1.0 ml of
Schizophyllum sp. Han 881 Han 881
Firmiana platanifolia 2 g 100 1.0 ml of Han 849, 1.0 ml of Han 851 and 1.0 ml of
Han 881
Pinus tabuliformis 1 g and Firmiana platanifolia 1 g 100 1.0 m of Han 849, 1.0 ml of Han 851 and 1.0 ml of Han
881
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Identification of the Fungus

Schizophyllum sp. Han 881

Mycelia of Schizophyllum sp. Han 881 used for DNA extraction
was grown on CYM medium for 7 days. An appropriate
amount of mycelium was scraped by a sterile surgical blade,
transferred into the EP tube, and ground by a TGrinder
OSE-Y30 Tissue Homogenizer (Tiangen Biotech Co., Ltd,,
Beijing, China). The genomic DNA of Schizophyllum sp. Han
881 was extracted by cetyltrimethylammonium bromide rapid
plant genome extraction kit-DN14 (Aidlab Biotechnologies Co.,
Ltd., Beijing, China) according to the instructions with some
modifications (Han et al., 2016, 2020a). The primer pairs and
PCR reaction schedule for amplifying the internally transcribed
spacer regions of ribosomal DNA of Han 881 were referred
to the method of Han et al. (2021b). The PCR products were
sequenced with the same primer pairs and measured at Beijing
Genomics Institute (Beijing, China). The sequence was analyzed
and submitted to GenBank. Phylogenetic analysis followed Han
et al. (2016). Maximum parsimony analysis was performed in
PAUP* version 4.0b10 (Swofford, 2002). All characters were
equally weighted, and gaps were treated as missing data. Trees
were inferred using the heuristic search option with TBR branch
swapping and 1,000 random sequence additions. Max trees were
set to 5,000, branches of zero length were collapsed, and all
parsimonious trees were saved. Clade robustness was assessed
using a bootstrap analysis with 1,000 replicates (Felsenstein,
1985). Branches that received bootstrap values for MP greater
than or equal to 75% were considered as significantly supported.
Phylogenetic trees were visualized using Treeview (Page, 1996).

RESULTS

Molecular Biological Results of Fungus

Schizophyllum sp. Han 881

The GenBank number of its sequence for Han 881 was MW
767989. The fungus Schizophyllum sp. Han 881 was grouped with
samples of Schizophyllum commune downloaded from GenBank
in the internally transcribed spacer phylogenetic tree (Figure 1)
and then was identified as S. commune.

Statistical Analysis Results

As shown in Table 2, the effect of species on laccase activity was
significant (P < 0.001) during the whole process of submerged
fermentation. Lignocellulosic wastes affected the laccase activity
throughout the submerged fermentation phase (P < 0.001).
Furthermore, the interaction of species and lignocellulosic wastes
on laccase activity was significant in the whole fermentation stage
(P < 0.001).

Evaluation of Laccase Activity From
Single or Mixed Fungal Species on Pinus

tabuliformis

In terms of the value of laccase activity on the first day, laccase
activity values from C. unicolor Han 849, L. betulina Han 851,
S. commune Han 881, a mixture of Han 849 and Han 881, a

mixture of Han 851 and Han 881, a mixture of Han 849 and
Han 851, and a mixture of Han 849, Han 851, and Han 881 were
42.29 £ 3.83, 0, 0, 48.52 & 3.78, 14.47 £ 1.31, 24.01 £ 0.46,
and 9.54 £ 0.46 U/L, respectively (Supplementary Tables 1-
7). Based on this, a mixture of Han 849 and Han 881 was
helpful to enhance the laccase activity. Laccase activity from
C. unicolor Han 849 was 223.53 £ 21.06 U/L on the 2nd day,
higher than others (Table 3). The first appearance time of laccase
activity from L. betulina Han 851 was on the fourth day, and a
corresponding value of laccase activity was only 8.54 & 0.70 U/L
(Supplementary Table 2). The laccase activity from S. commune
Han 881 was only detected on the third day, which was only
1.51 £ 0.00 U/L (Supplementary Table 3). Maximum laccase
activity from C. unicolor Han 849 was 223.53 £ 21.06 U/L on
day 2, which was higher than that from L. betulina Han 851
(36.57 + 3.39 U/L, day 6), S. commune Han 881 (1.51 £ 0.00
U/L, day 3), a mixture of Han 849 and Han 881 (219.41 £ 11.63
U/L, day 7), a mixture of Han 851 and Han 881 (96.04 & 3.93
U/L, day 4), a mixture of Han 849 and Han 851 (60.38 + 2.93
U/L, day 4), and a mixture of Han 849, Han 851, and Han 881
(44.71 £ 1.36 U/L, day 2), nearly 6.11, 148. 03—, 1. 02—, 2.
33—, 3. 70—, and 5.00-fold, respectively (Table 3). The enzyme
production trend of C. unicolor Han 849, S. commune Han
881, a mixture of Han 851 and Han 881, a mixture of Han
849 and Han 851 (60.38 + 2.93 U/L, day 4), and a mixture
of Han 849, Han 851, and Han 881 (44.71 £+ 1.36 U/L, day
2) was similar, and the maximum laccase activity appeared in
the early fermentation stage (day < 4). However, the trend of
producing laccase from C. unicolor Han 849 and a mixture of
Han 849, Han 851, and Han 881 was similar, and corresponding
maximum laccase activity appeared in the intermediate stage of
fermentation (day > 6) (Figure 2). Compared with the single
L. betulina Han 851 or S. commune Han 881, L. betulina Han
851 or S. commune Han 881 mixed with other species, e.g., a
mixture of Han 849 and Han 881, a mixture of Han 851 and
Han 881, a mixture of Han 849 and Han 851, and a mixture
of Han 849, Han 851, and Han 881, were helpful for improving
laccase activity based on the value of maximum laccase activity
(Figure 2). Also, the time of maximum laccase activity from
L. betulina Han 851 or S. commune Han 881 mixed with other
species was earlier than that from single L. betulina Han 851 or
S. commune Han 881 (Figure 2). Meanwhile, L. betulina Han 851
or S. commune Han 881 mixed with other species was also helpful
for accelerating laccase secretion due to the first time laccase was
detected (Figure 2).

Evaluation of Laccase Activity From
Single or Mixed Fungal Species on

Firmiana platanifolia

Laccase activity values from C. unicolor Han 849, L. betulina Han
851, S. commune Han 881, a mixture of Han 849 and Han 881,
a mixture of Han 851 and Han 881, a mixture of Han 849 and
Han 851, and a mixture of Han 849, Han 851, and Han 881
were 20.90 + 1.94, 2.01 £ 0.17, 0, 206.95 + 12.14, 15.47 £ 0.97,
88.71 £ 6.19, and 9.34 % 0.52 U/L, respectively, on the first day
(Supplementary Tables 1-7). Obviously, laccase activity values
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FIGURE 1 | Maximum parsimony strict consensus tree illustrating the phylogeny of Schizophyllum commune and related species based on internally transcribed
spacer sequence data. Branches are labeled with parsimony bootstrap proportions high than 50%.
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from a mixture of Han 849 and Han 881 were nearly 9. 90—,
102. 96—, 13. 38—, 2. 33—, and 22.16-fold higher than that from
C. unicolor Han 849, L. betulina Han 851, a mixture of Han 851
and Han 881, a mixture of Han 849 and Han 851, and a mixture
of Han 849, Han 851, and Han 881, respectively. Maximum
laccase activity values from a mixture of Han 849 and Han 881
(1,373.12 £ 55.93 U/L, day 6), which was higher than that from
C. unicolor Han 849 (552.34 + 49.14 U/L, day 3), L. betulina 851
(309.72 £ 12.53 U/L, day 7), S. commune Han 881 (5.22 £ 0.35
U/L, day 7), a mixture of Han 851 and Han 881 (549.83 £ 12.42
U/L, day 5), a mixture of Han 849 and Han 851 (1144.85 % 34.97

U/L, day 10), and a mixture of Han 849, Han 851, and Han 881
(774.96 £ 13.79 U/L, day 10), nearly 2. 49—, 4. 43—, 263. 05—,
2. 50—, 1. 20—, and 1.77—fold, respectively (Table 3). Based on
this, it was obvious that the treatment of mixing different species,
whether the mixture of two or three species, was conducive to
the improvement of laccase activity. Meanwhile, the treatment of
mixing different species was helpful for occurring the continuous,
higher, and stable laccase activity throughout the fermentation
stage (Figure 3). Another, the capacity of secreting laccase by
C. unicolor Han 849 was superior to L. betulina Han 851 and
S. commune Han 881.
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TABLE 2 | Two-way ANOVA of variance to examine the effects of species,
lignocellulosic wastes, and the interactions of species and lignocellulosic wastes
on laccase activity.

Incubation Species Lignocellulosic  Species x lignocellulosic
Period (d) wastes wastes

1 680.059*** 606.774*** B577.374***
2 1463.494* 2439.607*** 733.093***
3 1677.145"* 2447 .436"* 364.129***
4 2883.911*** 4248.612*** 734.370"*
5 1339.770" 3504.977** 352.862***
6 1737.832*** 3543.392*** 387.125"*
7 668.056*** 2097.517** 181.140**
8 866.986"** 3181.248*** 299.093***
9 1010.451** 3565.245*** 486.254***
10 1152.112*** 4664.800*** 740.748"*

df=6, 2, 12; P < 0.001.

Evaluation of Laccase Activity From

Single or Mixed Fungal Species on a
Mixture by Pinus tabuliformis and

Firmiana platanifolia

Laccase activity values from C. unicolor Han 849, L. betulina Han
851, S. commune Han 881, a mixture of Han 849 and Han 881,
a mixture of Han 851 and Han 881, a mixture of Han 849 and
Han 851, and a mixture of Han 849, Han 851, and Han 881
were 5.32 £ 0.17, 15.67 £ 0.52, 0.00, 1.51 & 0.00, 82.38 £ 4.44,

0.00, and 3.72 % 0.35 U/L on the first day (Supplementary
Tables 1-7). Maximum laccase activity from C. unicolor Han 849
(876.23 £ 20.82 U/L, day 4), which was higher than that from
L. betulina Han 851 (136.23 £ 3.67 U/L, day 4), S. commune
Han 881 (3.32 £ 0.30 U/L, day 8), a mixture of Han 849 and
Han 881 (785.61 £ 37.51 U/L, day 6), a mixture of Han 851
and Han 881 (183.34 £ 13.13 U/L, day 7), a mixture of Han
849 and Han 851 (390.30 & 12.89 U/L, day 8), and a mixture
of Han 849, Han 851, and Han 881 (274.46 + 16.10 U/L, day
6), nearly 6. 43—, 263. 92—, 1. 12—, 4. 78—, 2. 25—, and 3.19-
fold, respectively (Table 3). The enzyme production trend of
C. unicolor Han 849 and L. betulina Han 851 was similar, and
the maximum laccase activity appeared in the early fermentation
stage (day < 4). In contrast, the trend of producing laccase
from S. commune Han 881, a mixture of Han 849 and Han
881, a mixture of Han 851 and Han 881, a mixture of Han 849
and Han 851, and a mixture of Han 849, Han 851, and Han
881 was similar, and corresponding maximum laccase activity
appeared in the intermediate stage of fermentation (day > 6)
(Figure 4). Compared with the single L. betulina Han 851,
L. betulina Han 851 mixed with other species, e.g., a mixture
of Han 851 and Han 881, a mixture of Han 849 and Han 851,
and a mixture of Han 849, Han 851, and Han 881, were helpful
for improving laccase activity based on the value of maximum
laccase activity (Figure 4). However, the time of maximum
laccase activity from L. betulina Han 851 mixed with other species
was later than that from the condition of single L. betulina Han
851 (Figure 4).

TABLE 3 | Maximum laccase production, Lignocellulosic wastes, and time of Cerrena unicolor Han 849, Lenzites betulina Han 851, and Schizophyllum

commune Han 881.

Maximum laccase production (U/L) Lignocellulosic wastes Fungi species Time (day)
223.53 + 21.06 Pinus tabuliformis Han 849 2
552.34 £+ 49.14 Firmiana platanifolia Han 849 3
876.23 £ 20.82 Pinus tabuliformis and Firmiana platanifolia Han 849 4

36.57 + 3.39 Pinus tabuliformis Han 851 6
309.72 +£ 12.53 Firmiana platanifolia Han 851 7
136.23 + 3.67 Pinus tabuliformis and Firmiana platanifolia Han 851 4

1.561 £ 0.00 Pinus tabuliformis Han 881 3
522+ 0.35 Firmiana platanifolia Han 881 7
3.32 £ 0.30 Pinus tabuliformis and Firmiana platanifolia Han 881 8
219.41 £11.63 Pinus tabuliformis Han 849 and Han 881 7
1,373.12 + 55.93 Firmiana platanifolia Han 849 and Han 881 6
785.61 £+ 37.51 Pinus tabuliformis and Firmiana platanifolia Han 849 and Han 881 6

96.04 £+ 3.93 Pinus tabuliformis Han 851 and Han 881 4
549.83 + 12.42 Firmiana platanifolia Han 851 and Han 881 5
183.34 £ 13.13 Pinus tabuliformis and Firmiana platanifolia Han 851 and Han 881 7

60.38 + 2.93 Pinus tabuliformis Han 849 and Han 851 4

1,144.85 + 34.97 Firmiana platanifolia Han 849 and Han 851 10
390.30 + 12.89 Pinus tabuliformis and Firmiana platanifolia Han 849 and Han 851 8

4471 +1.36 Pinus tabuliformis Han 849, Han 851 and Han 881 2
77496 +13.79 Firmiana platanifolia Han 849, Han 851 and Han 881 10
274.46 £ 16.10 Pinus tabuliformis and Firmiana platanifolia Han 849, Han 851 and Han 881 6

Data are presented as mean + standard deviation for triplicates and are expressed as U/L.
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FIGURE 2 | Laccase activity from single or mixed fungal species on Pinus
tabuliformis in submerged fermentation.
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FIGURE 3 | Laccase activity from single or mixed fungal species on Firmiana
platanifolia in submerged fermentation.

Comparative of Laccase Activity From
Single or Mixed Fungal Species on

Different Lignocellulosic Wastes

Maximum laccase activity values from C. unicolor Han 849 on
P. tabuliformis, F. platanifolia, and a mixture of P. tabuliformis
and F. platanifolia were 223.53 £ 21.06, 552.34 =+ 49.14,
and 876.23 £ 20.82 U/L, respectively (Table 3). Obviously,
the presence of mixed lignocellulosic wastes was a benefit for
promoting the secretion of laccase by C. unicolor Han 849.
Furthermore, a continuous and stable laccase activity from
C. unicolor Han 849 could be achieved on F. platanifolia, and
a mixture of P. tabuliformis and F. platanifolia (Figures 3, 4).
Apart from C. unicolor Han 849, maximum laccase activity
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FIGURE 4 | Laccase activity from single or mixed fungal species on Pinus
tabuliformis and Firmiana platanifolia in submerged fermentation.

from other conditions on F. platanifolia was higher than
that from P. tabuliformis or a mixture of P. tabuliformis and
F. platanifolia. Maximum laccase activity from L. betulina Han
851 on F. platanifolia was 309.72 £+ 12.53 U/L, nearly 8.47—
and 2.27-fold higher than that on P. tabuliformis and a mixture
of P. tabuliformis and F. platanifolia, respectively (Figures 2-4).
Maximum laccase activity from the mixed fungal culture of Han
849 and Han 881 on F. platanifolia was 1,373.12 £ 55.93 U/L,
nearly 6.26— and 1.75-fold higher than that on P. tabuliformis
and a mixture of P. tabuliformis and F. platanifolia, respectively.
Maximum laccase activity from the mixed fungal culture of Han
851 and Han 881 on F. platanifolia was 549.83 + 12.42 U/L,
nearly 5.73— and 3.00—fold higher than that on P. tabuliformis
and a mixture of P. tabuliformis and F. platanifolia, respectively
(Figures 2—-4). Maximum laccase activity from the mixed fungal
culture of Han 849 and Han 851 on F. platanifolia was
1,144.85 & 34.97 U/L, nearly 18.96— and 2.93-fold higher than
that on P. tabuliformis and a mixture of P. tabuliformis and
F. platanifolia, respectively. Maximum laccase activity from the
mixed fungal culture of Han 849, Han 851, and Han 881 on
F. platanifolia was 774.96 £ 13.79 U/L, nearly 17.33— and
2.82-fold higher than that on P. tabuliformis and a mixture of
P. tabuliformis and F. platanifolia, respectively (Figures 2-4). So,
the mixed fungal culture of Han 849 with Han 851 or Han 881
on F. platanifolia was conducted to improving laccase activity
compared with other conditions. Meanwhile, the laccase activity
of either single species or mixed species on P. tabuliformis was
lower than that on F. platanifolia or a mixture by P. tabuliformis
and F. platanifolia.

DISCUSSION

Recent works have shown the ability of lignocellulosic biomass
stimulating laccase production by basidiomycetes (Birhanli
and Yesilada, 2013; Zhou et al, 2014; Han et al, 2017;
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Palazzolo et al., 2019; Thamvithayakorn et al, 2019; Unuofin
et al., 2019b; Han et al., 2020b, 2021a). Also, the selection
of appropriate residues for fungus growth and target enzyme
synthesis plays an important role in the development of efficient
biotechnology (Elisashvili et al., 2008). Elisashvili et al. (2008)
reported that laccase activity values from Pleurotus ostreatus IBB
8, P. ostreatus 2175, Pleurotus tuberregium IBB 624, Lentinus
edodes IBB 123, L. edodes IBB 363, and L. edodes IBB 369 on
tree leaves or wheat straw via solid-state fermentation were
7 4+ 0.7 U/flask or 7 &+ 0.8 U/flask, 15 & 1.4 or 12 &+ 1.2
U/flask, 20 £ 1.8 or 10 £ 1.0 U/flask, 57 & 4.7 or 20 + 1.5
U/flask, 52 £ 4.9 or 55 & 5.1 U/flask, and 7 £ 0.7 or 38 & 4.0
U/flask, respectively. The highest laccase activity values were
386 U/L for Trametes trogii incubated in a medium containing
pulverized apricot seed shell and 1,216 U/L for Trametes
versicolor grown in a medium containing pulverized bulrush
in submerged fermentation (Birhanli and Yesilada, 2013). The
highest laccase from Pseudolagarobasidium sp. PP17-33 was
5.841 U/g using the oil palm decanter cake as materials for
optimization of the production of enzymes through Plackett-
Burman design (Thamvithayakorn et al, 2019). The optimal
conditions for laccase production from T. versicolor were found at
35°Cand 5 g/L of wheat bran as substrate, reaching approximately
200 U/ml on 11 days in submerged fermentation (Atilano-
Camino et al.,, 2020). An et al. (2020b) reported that laccase
production from P. ostreatus and Flammulina velutipes strains
grown on cottonseed hull was better than that on corncob or
poplar wood, and laccase production from P. ostreatus CCEF 89
grown on cottonseed hull, corncob, and poplar sawdust ranged
from 61.38 £ 4.09 to 748.24 £ 9.53 U/L, 26.12 £ 2.28 to
699.12 + 44.91 U/L, and 3.32 £ 0.30 to 509.75 £ 15.43 U/L,
respectively. So, previous studies were mainly focused on the
effect of single lignocellulosic biomass on laccase activity. Of
course, some studies focused on the effect of different kinds of
lignocellulosic biomass on laccase production secreted by fungi.
However, no studies have been conducted on fermentation of
laccase by using single coniferous trees, or broadleaf trees, or
by mixing coniferous and broadleaf trees. Also, the effects of
P. tabuliformis belonging to coniferous trees and F. platanifolia
belonging to broadleaf trees on laccase activity secreted by three
newly isolated species were investigated, and the effect of the
mixture of P. tabuliformis and F. platanifolia on laccase activity
was also studied. The results showed that the presence of a
mixture by P. tabuliformis and F. platanifolia was a benefit for
promoting the laccase activity by C. unicolor Han 849. Apart
from C. unicolor Han 849, the effect of F. platanifolia was more
contributed to tested fungi secreting laccase than the effect of
P. tabuliformis.

Previous studies had indicated that different species or
different strains belonging to the same species are an important
factor affecting laccase activity (Lamia et al., 2017; Huang et al.,
2019; An et al., 2020a,b; Han et al., 2020b). In other words, the
biosynthetic potential of Basidiomycetes was highly dependent
on the species of fungi (Han et al, 2021a). An et al. (2020b)
reported that the capacity of secreting laccase of P. ostreatus
strains was superior to F. velutipes strains due to the maximum
laccase production on cottonseed hull, corncob, and poplar wood.

A previous study indicated that maximum laccase activity of
P. ostreatus CY 568 and CCEF 99 on poplar sawdust appeared
on the fifth day and the nineth day (Han et al., 2020b). In this
study, the capacity of secreting laccase from C. unicolor Han 849
was stronger than L. betulinus Han 851 and S. commune Han 881.

For the higher yield of ligninolytic enzymes, the cocultivation
of Phanerochaete chrysosporium and P. ostreatus was investigated
(Verma and Madamwar, 2002). Maximum laccase activity
from the mixed fungal culture of Trametes hirsuta and
Phanerochaete sp. was found to be 78.25 U/g with wheat
bran:pulse husk:mustard peel (WB:PH:MP) in 2:2:1 ratio
as substrate at pH 5.0 temperature 30°C and incubation
time of 7 days (Vibha and Negi, 2018). Kuhar et al
(2015) reported that cocultivation of Ganoderma lucidum
and T. versicolor was performed and showed remarkable
enhancement of laccase activity. Similarly, L. betulina Han
851 or S. commune Han 881 mixed with other species was
also helpful for accelerating laccase secretion in this study.
Furthermore, it was obvious that the treatment of mixing
different species, whether the mixture of two or three species,
was conducive to the improvement of laccase activity on
F. platanifolia.

CONCLUSION

The effects of single or mixed lignocellulosic wastes and single or
mixed fungal cultures were investigated in the present study. The
presence of a mixture of P. tabuliformis and F. platanifolia was
a benefit for promoting the laccase activity by C. unicolor Han
849. Apart from C. unicolor Han 849, the effect of F. platanifolia
was more contributed to tested fungi secreting laccase than the
effect of P. tabuliformis. The capacity of secreting laccase by
C. unicolor Han 849 that was superior to L. betulina Han 851 and
S. commune Han 881. L. betulina Han 851 or S. commune Han 881
mixed with other species was also helpful for accelerating laccase
secretion. The treatment of mixing different species, including
the mixture of two or three species, was obviously conducive to
the improvement of laccase activity on F. platanifolia.
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pPRS episomal plasmids are widely used in Saccharomyces cerevisiae, owing to their
easy genetic manipulations and high plasmid copy numbers (PCNs). Nevertheless, their
broader application is hampered by the instability of the pRS plasmids. In this studly,
we designed an episomal plasmid based on the endogenous 2 plasmid with both
improved stability and increased PCN, naming it p2uM, a 2p-modified plasmid. In the
p2M plasmid, an insertion site between the REPT promoter and RAFT promoter was
identified, where the replication (ori) of Escherichia coli and a selection marker gene of
S. cerevisiae were inserted. As a proof of concept, the tyrosol biosynthetic pathway
was constructed in the p2uM plasmid and in a pRS plasmid (pRS423). As a result, the
p2M plasmid presented lower plasmid loss rate than that of pRS423. Furthermore,
higher tyrosol titers were achieved in S. cerevisiae harboring p2M plasmid carrying the
tyrosol pathway-related genes. Our study provided an improved genetic manipulation
tool in S. cerevisiae for metabolic engineering applications, which may be widely applied
for valuable product biosynthesis in yeast.

Keywords: 2). plasmid, plasmid stability, tyrosol, pRS423, Saccharomyces cerevisiae

INTRODUCTION

Yeast, especially Saccharomyces cerevisiae (S. cerevisiae), has been developed as a host organism
for the heterologous production of high-value compounds (Luo et al., 2015; Suastegui and Shao,
2016; Gao et al., 2017; Cao M. et al., 2020; Cao X. et al., 2020; Liu H. et al., 2020; Liu Q. et al.,
2020; Ren et al., 2020), free fatty acid (Zhang et al., 2019), soluble cytosolic proteins (Boulet et al.,
2017; Gonzilez et al., 2018; Huang et al., 2018; Zhang et al., 2019), and biofuels (Zhang et al., 2021).
Many genetic manipulations of S. cerevisiae rely on the utilization of plasmids (Romanos et al.,
1992). There are three commonly used plasmids: (1) yeast-integrating plasmid (YIp) lacks the yeast
replication initiation site and can only be stabilized when integrated into the yeast chromosome
(Jensen et al., 2014). However, YIp brings only one copy of target sequences to the chromosome.
(2) Yeast centromere plasmid (YCp) contains an autonomously replicating sequence (ARS) and a
yeast centromere (CEN) (Chlebowicz-Sledziewska and Sledziewski, 1985; Lee et al., 2016), which
has high mitotic stability but low copy number. (3) Yeast episomal plasmid (YEp) harbors a 2
plasmid replication origin and a partitioning locus (STB or REP3) (Murray and Cesareni, 1986),
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which has high copy numbers but low stability (Hohnholz et al.,
2017). In summary, plasmids with stable expression usually
cannot provide high copy number, while plasmids with high copy
number will be easily lost after long-term fermentation in the
nutrient medium. Therefore, a stable plasmid system with high
copy number is urgently needed.

Yeast endogenous 2 plasmid is a cryptic nuclear plasmid
(Stevens and Moustacchi, 1971; Petes and Williamson, 1975),
which confers no phenotype beyond the ability to maintain itself
a high copy number at 60-330 copies per cell with the help of
FLP-mediated recombination (Gerbaud et al., 1979; Murray and
Cesareni, 1986; Reider Apel et al., 2017). The 2. plasmid is a
circular DNA plasmid with a size of 6,318 bp and a circumference
of about 2 wm (Hartley and Donelson, 1980).

In the 2 plasmid, there is an ~600-bp DNA sequence
essential for the faithful partitioning of the 2p plasmid
along with the trans-acting ORFs REPI and REP2 (Kikuchi,
1983), named STB (Murray and Cesareni, 1986). In the
absence of STB, the 2u-based plasmids are rapidly lost due
to extreme mother bias during mitosis. In addition, the
2 plasmid codes for four proteins (REP1, REP2, RAFI,
and FLP) that are vital for its own survival. REP1 and
REP2 are the primary factors responsible for the 2 plasmid
stability (Jayaram et al, 1983). RAF1 interacts with both
REP1 and REP2 independently and blocks their interaction,
thus reducing the cellular concentration of the REP1-REP2
complex that acts as a repressor of REPI, FLP, and RAFI
genes. This blockage resulted in reduced plasmid stability and
increased plasmid copy number (PCN). Both the deletion
and overexpression of RAFI have a similar effect on the
plasmid stability and copy number, resulting in an increased
PCN and decreased plasmid stability (Rizvi et al.,, 2018). FLP
is a conservative site-specific recombinase (Sadowski, 1995).
The flip of one half of the 2 plasmid with respect to the
other is predominantly FLP dependent (Gerbaud et al., 1979;
Broach and Hicks, 1980). The FLP-mediated recombination is
also believed to be responsible for the interconversion of the
plasmid replication between the theta and the rolling circle
modes of replication.

Many researchers took advantage of the high PCN and stable
inheritance of the 2|1 plasmid to directly transform 2 plasmid
as an expression tool. Ludwig et al. selected the HPAI restriction
site of STB as the insertion site (Ludwig and Bruschi, 1991),
but the loss of STB led to a high loss rate of the plasmid
(Murray and Szostak, 1983; McQuaid et al., 2019). Misumi et al.
(2018) inserted the yeast promoter, terminator, and nutritional
deficiency marker gene leu2 between RAFI and STB and called
this plasmid YHp. The application of YHp was restricted in [cir’]
strains (Misumi et al., 2018). Zeng et al. (2021) chose two sites as
the targets for insertion of heterogeneous DNA fragment: one is
at the downstream of the RAFI, while the other is at the end of
REP2. The derivative plasmids generated by inserting the same
target gene at these two sites have lower plasmid loss rates and
better expression level than the conventional 2p-based plasmid
pRS425 (Zeng et al.,, 2021). To our knowledge, no commonly
used methods have been developed in laboratory strains with the
wild-type (WT) 2 plasmid (Supplementary Figure 1A).

Based on these previous studies described above (Hartley and
Donelson, 1980; Jayaram et al., 1983; Rizvi et al., 2018; McQuaid
et al., 2019), we identified a new insertion site between the REPI
promoter and RAFI promoter (Supplementary Figure 1B).
The pBR322ori, KanMX selection marker gene, and three
endonuclease sites Xhol/Pmel/Notl were inserted in this site.
The 2j1-modified plasmid was named p2puM. In plasmid stability
measurement, the p2uM plasmid system was more stable than
the pRS423 plasmid system. To test the application of p2uM
in the biosynthesis of natural products, the tyrosol [a phenethyl
alcohol derivative that has antioxidant and anti-inflammatory
effects (Choe et al., 2012)] pathway-related genes were introduced
into p2M. The results confirmed that the stability and property
of the p2uM were better than those of the pRS423M plasmid.
Our study provided an improved genetic manipulation tool in
S. cerevisiae for metabolic engineering applications, and it may be
widely applied in valuable natural product biosynthesis in yeast.

DESIGN AND CONSTRUCTION OF
ENDOGENOUS 2.-BASED PLASMIDS
IN VITRO

In order to construct a stable endogenous 2p-based plasmid
and apply it for DNA expression and pathway construction,
the proper insertion site should be selected to insert essential
elements and heterogeneous DNA fragments. Besides the known
genes and sequences, there are still uncharacterized transcripts
transcribed from the 21 plasmid (Rizvi et al., 2017). It was found
that the promoters of RAFI and REPI on the endogenous 2
plasmid were adjacent and there was no other element between
them by analyzing the elements related to stability. Thus, this site
was selected as the insertion site (Supplementary Figure 1A). To
edit the endogenous 2. plasmid for a better genetic manipulation
tool, the origin replication of Escherichia coli, combined with
G418 resistance marker, was chosen to be inserted to construct
p2uM (Supplementary Figure 1B).

To characterize the property of the p2uM plasmid, plasmid
pRS423 with G418 resistance was chosen as a control to generate
plasmid pRS423M (Supplementary Figure 1C). Plasmid pRS423
is also commonly used in yeast among the YEp pRS42 series
plasmids due to its relatively high stability and copy number
(Christianson et al., 1992).

Tyrosol is mainly extracted from olive oil, wine, and plant
tissues. It has proven to be an effective cellular antioxidant
and is widely used in food and medicine industries (Benedetto
et al, 2007; Karkovi¢ Markovi¢ et al, 2019). Taking into
account the impact of the size of inserted fragment on the
p2M plasmid, we constructed three modules of different sizes
using genes of the tyrosol biosynthetic pathway (Supplementary
Figure 1D). The small module (mutation module, 3.8 kb) of
ARO4K22L and ARO79M1S could efficiently relieve feedback
inhibition and increase the production of tyrosol in S. cerevisiae
(Liu H. et al, 2020), which was introduced to generate
plasmid p2uM-ARO4K?2°L_ARO761S (p2puM-small-module).
The rewiring module containing pentose phosphate pathway
genes TKLI1 and RKII could tune the flux of the precursor
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pathway (Walfridsson et al., 1996; Kondo et al., 2004; Bera
et al,, 2011). The adjustment module that contains ARO2 and
AROI0 could adjust the shikimate pathway and L-tyrosine
branch by catalyzing the conversion of chorismate from EPSP
and the decarboxylation of 4-HPP to 4-HPPA (Liu H. et al,
2020), respectively. The medium module (9.8 kb) composed
of the rewiring module and the adjustment module was
overexpressed by p2uM plasmid, resulting in plasmid p2puM-
TKL1-RKI1-ARO10-ARO2 (p2pM-medium-module). Finally,
the medium module was introduced into plasmid p2p-small-
module, resulting in plasmid p2uM-TKLI1-RKII1-ARO10-ARO2-
ARO4F?L_ARO7GM™1S (p2jM-large-module, the size of the
large module was 13.6 kb). Then, these three modules were also
inserted into the multiple cloning sites of plasmid pRS423M to
generate pRS423M-small-module, pRS423M-medium-module,
and pRS423M-large-module, collectively called pRS423M-based
plasmids (Supplementary Figure 1F). The structures of the three
modules are shown in Supplementary Figure 2.

DETERMINATION OF PLASMID
STABILITY

Since the yeast endogenous 2 plasmid showed high stability and
copy number, we assumed that our p2juM plasmid could be more
stable than the pRS423M plasmid. To test this hypothesis, the
influences of the size of the inserted fragment on the stability
of the p2uM plasmid were explored via measuring the plasmid
loss rate. As shown in Supplementary Tables 1, 2, the stabilities
of the p2puM-based plasmids were significantly higher than
those of the pRS423M-based plasmids. First, plasmid p2uM and
pRS423M were transformed to S. cerevisiae strain CEN.PK2-1C,
respectively. Then, the plasmid loss rates of the 10th, 20th, 40th,
and 50th generation strains were tested in YPD without G418
and in YPD + G418 medium (Figures 1A,B). When the size of
the inserted fragment was 0, the plasmid loss rates of plasmid
p2uM in non-selective medium were 36.3 £ 6.0% for the 10th
generation, 62.4 & 3.3% for the 20th generation, 72.5 &= 7.9% for
the 40th generation, and 85.7 £ 1.4% for the 50th generation,
lower than those of the pRS423M plasmid (90.4 + 2.9, 98.8 £ 0.9,
99.3 £ 0.2, and 99.9 &+ 0.2%). Plasmid loss rates of p2uM in
selective medium were 5.7 + 1.3, 7.2 £ 0.7, 12.4 £+ 0.8, and
27.1 & 1.4% for each generation, which were much lower than
those of pRS423M (17.8 £ 1.1, 314 £+ 1.8, 748 £ 0.9, and
85.1 £2.2%).

Furthermore, three p2pM-based plasmids of the experimental
group and three pRS423M-based plasmids of the control group
mentioned above were transformed to strain CEN.PK2-1C,
respectively. The results showed that the stabilities of p2uM-
based plasmids were higher than those of pRS423M-based
plasmids both in non-selective medium and selective medium
(Figures 1A,B). For non-selective medium, when the sizes of
the inserted fragments were 3,842 and 9,821 bp, the plasmid loss
rates of p2pM-based plasmids were 54.3 + 8.5 and 71.4 & 5.6%
(the 10th generation), 87.9 £ 2.4 and 95.8 &+ 1.3% (the 20th
generation), 91.9 &+ 1.0 and 96.9 £ 0.8% (the 40th generation),
and 96.4 + 0.9 and 98.7 &= 0.3% (the 50th generation), while the

= 10th
= 20th
40th
3 soth

Plasmid loss rate %

4
7
G
7
7
7
7
4
7
7
G
g
7
G
/
o

[v]
<
T
o
I
[
A
pury
©

100

=3 10th
= 20th
40th
3 50th

75

50 7
B /

Ml

25 7 7 7
7 7 /
Al | (A 11 0
[RiainlZEMEINIZ 7, /)

Plasmid loss rate %

ASSSSSSSSSSSSSSSSSN

(o]

3 10th
3 20th
40th
=3 50th

Plasmid loss rate %

3 10th
= 20th
22 4oth
=3 50th

SSSSSSSSSSSSRRY

Plasmid loss rate %
N o ~
o b g o
0
-
=
3
—
—
S
—
—
S
nnansnn
SSSSSY
—
—
ASSSSSSY
2, ———

% )
ESSSSSSSSSY
e

K  —
——

FIGURE 1 | Plasmid loss rates of the p2uM-based plasmids with different
sizes of inserted fragments compared with that of pRS423M-based plasmids.
(A) Plasmid loss rates of the p2uM-based plasmids and the pRS423M-based
plasmids after cultivation in YPD medium. (B) Plasmid loss rates of the
p2uM-based plasmids and the pRS423M-based plasmids after cultivation in
YPD + G418 medium. (C) Plasmid loss rates of p2iuM-based plasmids and
pRS423M-based plasmids in YPD + G418 medium supplemented with G418
every 10 generations. (D) Plasmid loss rates of p2uM-based plasmids and
pRS423M-based plasmids in YPD + G418 medium supplemented with G418
at the 38th generation.

plasmid loss rates of pRS423M-based plasmids were 98.1 + 1.3
and 97.2 £ 1.1% for the 10th generation, and the plasmids were
all lost at the 20th generation (99.7 £ 0.4 and 100.0%). Until the
size of the inserted fragment increased to about 14 kb, the plasmid
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loss rate of the experimental group was 94.3 & 1.2% for the 10th
generation, but plasmids of the control group were almost all
lost. For cultures that were grown in selective medium, when
the fragment of 9,821 bp was introduced, 49.3 & 2.5% strains
lost their plasmid p2puM-medium-module, but almost all strains
lost the plasmid pRS423M-medium-module after fermentation
for 50 generations (94.9 £ 1.3%). All strains lost the plasmid
pRS423M-large-module at the 40th generation (98.6 + 1.2%);
however, the plasmid loss rate of the p2pM-large-module was
merely 57.0 & 1.9%. The amounts of plasmid loss in YPD + G418
medium were less than those in YPD medium without G418.

As shown in Figure 1C, supplementing antibiotics to
YPD + G418 medium every 10 generations could maintain lower
plasmid loss rates. Plasmid loss rates of the 40th generation
were greatly decreased after G418 was supplemented at the 38th
generation (Figure 1D). The plasmid loss rates of the 40th
generation were lower than those of the 20th generation, and the
plasmid loss rates of p2p-derived plasmids were still much lower
than those of pRS423-derived plasmids.

PLASMID p2uM APPLIED IN TYROSOL
PRODUCTION

To demonstrate that p2)uM could be applied for the optimization
of natural product biosynthesis, the tyrosol biosynthetic pathway
was chosen as an example. The WT strain CEN.PK2-1C was
fermented in YPD medium. Engineered strains containing
individual p2uM-based plasmids and pRS423M-based plasmids
with different sizes of tyrosol biosynthesis-related modules were
simultaneously fermented in both non-selective medium and
selective medium.

As demonstrated in Figure 2A, after fermentation in
YPD medium, tyrosol productions of the WT strain were
45.11 % 0.85 mg/L at the 20th generation and 48.53 & 0.98 mg/L
at the 40th generation. In non-selective YPD medium, strain
CEN.PK2-1C with p2pM produced 39.39 £ 0.97 mg/L tyrosol
after 20 generations and 44.78 £ 0.64 mg/L tyrosol after 40
generations (Figure 2B), which were lower than those of the WT
strain. When the plasmid p2pM-small-module was transformed
into the strain CEN.PK2-1C, the tyrosol production was
47.79 % 0.64 mg/L at the 20th generation and 54.46 + 0.21 mg/L
at the 40th generation, 12.2% greater than that of the WT
strain and 9.7% greater than that of the strain with pRS423M-
small-module. The strain CEN.PK2-1C carrying plasmid p2puM-
medium-module accumulated 50.59 + 1.12 mg/L tyrosol after
40 generations of fermentation. In the strain CEN.PK2-1C with
p2puM-large-module, the tyrosol titer of 48.03 & 0.45 mg/L was
obtained, which was not as good as the WT strain but 7.3%
higher than that of CEN.PK2-1C carrying p2uM. CEN.PK2-1C
carrying plasmid pRS423M produced 35.99 & 0.35 mg/L tyrosol
at the 20th generation and 43.41 4 0.94 mg/L tyrosol at the 40th
generation, which were lower than those of the strain with p2uM
and the WT strain. Tyrosol productions in strain CEN.PK2-1C
with pRS423M-medium-module and pRS423M-large-module at
each generation were all much lower than those of the strains
carrying p2juM-based plasmids.

According to Figure 2C, after shake flask cultivation in
YPD + G418 medium, the strain harboring p2uM generated
tyrosol titer of 44.75 £+ 0.83 mg/L at the 20th generation. At
the 40th generation, tyrosol production was 49.05 £ 0.90 mg/L,
which was higher than that of the WT strain and CEN.PK2-1C
with p2uM fermented in non-selective medium; 71.11 £ 0.71
and 98.39 £ 0.41 mg/L tyrosol was produced in the strain
containing p2pM-small-module after fermentation for 20 and 40
generations, respectively, which were much higher than that of
CEN.PK2-1C with pRS423M-small-module (59.55 £ 0.16 mg/L).
Tyrosol productions accumulated in the strain with p2puM-
medium-module (47.71 £ 0.72 and 54.95 £ 0.50 mg/L) and
p2pM-large-module (46.44 £ 0.65 and 50.20 % 0.34 mg/L) after
fermentation for 20 and 40 generations in selective medium
were lower than those of the strain containing p2pM-small-
module, but they were higher than those of CEN.PK2-1C with
pRS423M-based plasmids. Strains carrying pRS423M produced
47.72 £ 0.18 mg/L tyrosol at the 40th generation, 2.8% lower
than that of the strain with p2uM and 1.7% lower than that
of the WT strain. The tyrosol yields of the strain containing
plasmids pRS423M-small-module (59.55 + 0.13 mg/L),
pRS423M-medium-module (44.65 &= 1.46 mg/L), and pRS423M-
large-module (25.64 £ 0.80 mg/L) at the 40th generation were
all lower than those of the strains of p2jLM-based plasmids with
modules of the same size.

All results showed that the tyrosol yields of the strains with
p2iM-based plasmids were higher than those of the strains
with pRS423M-based plasmids both in non-selective medium
and selective medium, which could be due to the instability
of plasmid pRS423.

DISCUSSION

In this study, an endogenous 2jL-based expression vector with
enhanced stability was developed in S. cerevisiae. The site between
the RAFI promoter and REPI promoter on this plasmid was
chosen as the insertion site for the gene of interest, which would
not affect the functional elements and stability of the plasmid.
The plasmid loss rates were calculated on the strains harboring
plasmids with inserted fragments of different sizes by culturing
in non-selective YPD medium and YPD medium with selective
pressure. After culturing without selective pressure for 40
generations, the loss rates of p2uM and pRS423M were about
73 and 100%, respectively. For plasmids containing modules
of about 4 kb, the plasmid loss rates of p2puM-small-module
and pRS423M-small-module in non-selective YPD medium
were about 90 and 100%, respectively. All strains lost their
plasmids by fermentation in YPD medium for 50 generations.
Culturing in YPD + G418 medium for 50 generations, plasmid
loss rate of p2uM was about 27% and that of pRS423M was
about 85%. Plasmid pRS423M-large-module was all lost after
40 generations of cultivation, while merely 57% of the plasmid
p2puM-large-module was lost. Continuous supplementation of
G418 in YPD + G418 medium could help maintain the stability of
plasmids, especially for p2uM-based plasmids. The plasmid loss
rate of p2puM-large-module after 40 generations of cultivation
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FIGURE 2 | Tyrosol production of strains containing a single plasmid with modules of different sizes after fermentation for 20 and 40 generations. (A) Tyrosol
production of the WT strain CEN.PK2-1C. (B) Tyrosol production of strains CEN.PK2-1C with p2iuM-based plasmids and CEN.PK2-1C with pRS423M-based
plasmids after fermentation in YPD medium. (C) Tyrosol production of strains CEN.PK2-1C with p2uM-based plasmids and CEN.PK2-1C with pRS423M-based
plasmids after fermentation in YPD medium with 200 pwg/ml G418.

was about 31%, which was much lower than that of pRS423M-
large-module (about 82%). Although the selection pressure was
conducive to the stable existence and inheritance of plasmids,
a large number of pRS423M-based plasmids were lost during
long-time fermentation. The results showed that the stabilities
of the p2puM-based plasmids were higher than those of the

pRS423M-based plasmids. It is estimated that an inserted
fragment of 10 kb is acceptable for p2uM when there is no
selection in the medium, and the inserted fragment of 14 kb
is acceptable for p2uM under condition with selection. Zeng
et al. (2021) moved the essential gene TPII from chromosome
to p2p plasmid. With auxotrophic complementation of TPII,
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the resulting plasmid pE2uRT could undergo cultivation of 90
generations without loss under non-selective conditions.

Tyrosol biosynthetic pathway was introduced to demonstrate
that the expression level of the p2uM-based plasmids was
superior to that of the controls. After 40 generations of
shake flask cultivation in YPD medium, the tyrosol yield
of strain CEN.PK2-1C carrying plasmid p2puM-small-module
was 54.46 £ 0.21 mg/L, about 9.7% higher than that of
CEN.PK2-1C with pRS423M-small-module (49.64 £ 0.71 mg/L).
The tyrosol titer of CEN.PK2-1C with p2uM-medium-module
was 82.0% higher than that of strains carrying pRS423M-
medium-module. The yield of tyrosol harvested from strains
with p2puM-large-module was about threefold higher than that
from strains with pRS423M-large-module. However, strains
containing large module accumulated less tyrosol than strains
containing small module and medium module, which was
probably due to the instability of p2uM containing large
module. Tyrosol production of the strain with p2puM-small-
module at the 40th generation was 98.39 + 0.41 mg/L
with selective pressure, which was 80.7% greater than the
strain with p2puM-small-module in non-selective medium and
65.2% higher than that of the strain with pRS423M-small-
module in selective medium. The tyrosol yields of the strain
containing plasmids pRS423M-medium-module and pRS423M-
large-module at the 40th generation were all lower than
those of the strains of p2uM-based plasmids with modules
of the same size.

Taking these results into account, in order to improve the
stability of endogenous 2ju-based expression vector in yeast,
an essential gene could be introduced into the plasmid while
knocking out the same essential gene in the genome to ensure
the existence of engineered endogenous 2| plasmid in yeast
(Zeng et al., 2021). In the future, researchers could apply the
CRISPR/Cas9 system to directly integrate metabolic pathways
into the endogenous 2p plasmid with an essential gene in vivo
(Dean-Johnson and Henry, 1989; Zheng et al, 1993; Wang
et al., 2020; Yang et al, 2021). In summary, our endogenous
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Plant diseases caused by phytopathogenic fungi can lead to huge losses in the
agricultural fields and therefore remain a continuous threat to the global food security.
Chemical-based fungicides contributed significantly in securing crop production.
However, indiscriminate application of fungicides has led to increased chemical
resistance and potential risks to human health and environment. Thus, there is an
urgent need for searching for new bioactive natural products and developing them
into new biopesticides. Fungal endophytes, microorganisms that reside in the fresh
tissues of living plants, are regarded as untapped sources of novel natural products for
exploitation in agriculture and/or medicine. Chemical examination of endophytic fungi
has yielded enormous antifungal natural products with potential use in the development
of biopesticides. This review summarizes a total of 132 antifungal metabolites isolated
from fungal endophytes in the past two decades. The emphasis is on the unique
chemical diversity of these metabolic products, together with their relevant antifungal
properties. Moreover, some “star molecules,” such as griseofulvin and trichothecene,
as well as their synthetic derivatives that possess high potential as candidates of new
natural fungicides, are also presented herein.

Keywords: fungal endophytes, secondary metabolites, chemical diversity, phytopathogenic fungi, antifungal
activities, biopesticides

INTRODUCTION

Plant diseases caused by phytopathogenic fungi are continuing to be a huge threat in the agricultural
fields. It is estimated that the global loss caused by plant diseases is more than 20% of the crop yield
in the major food and cash crops worldwide (Kim et al., 2004). Fungal pathogens were responsible
for the considerable postharvest losses of grain crops, fruits, and vegetables, which, in addition to
causing decay, can produce mycotoxins that are harmful to humans and animals (Bai et al., 2013;
Shi et al,, 2017). Therefore, effective and sustained control of these fungal pathogens has become an
urgent task. Chemical control has been widely adopted in crop production. During the past years, a
great variety of chemical fungicides (agrochemicals), such as thiophanate-methyl, carbendazim,
and imazalil, are designed and applied to control these diseases. It is indisputable that these
chemicals have resulted in substantial increases in productivity and contributed significantly in
agricultural industry. However, these most-applied chemical fungicides have been limited by many
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serious problems. Indiscriminate use of these fungicides has
led to the appearance of pathogens with multiple fungicide
resistances, which further complicated the management of the
diseases (Talibi et al., 2014). Furthermore, repeated and exclusive
use of fungicides is increasingly restricted owing to their
undesirable effects on non-target organisms (carcinogenicity,
high and acute residual toxicity) and potential risks to
environmental pollution (long degradation period) (Bai et al,
2013; Talibi et al., 2014). Thus, these synthetic chemical
fungicides are subject to registration and permission for use, and
are even no longer authorized in various countries.

Based on above questions, the challenge is to develop
new and eco-friendly alternatives for the safe control of
these pathogens, which pose low risk to human health and
environment. Nowadays, many promising biological approaches
were considered to be potential alternatives to synthetic
fungicides, including (i) use of biocontrol microorganisms, (ii)
application of naturally sourced metabolites, and (iii) induction
of natural resistance (Talibi et al., 2014). Among them, naturally
sourced secondary metabolites from microbes have attracted
great attention. Microorganisms are well known for their
ability to synthesize bioactive secondary metabolites, which
have provided abundant chemical entities for pharmaceuticals
and agrochemicals. Many natural antifungal fungicides, such
as kasugamycin, polyoxins, validamycin, and blasticidin-S, have
been obtained from microbial resources (Copping and Duke,
2007; Wang et al., 2016).

Fungal endophytes, microorganisms that asymptomatically
reside in the internal tissues of plants, have been widely
distributed in almost every plant and are rich in diversity (Jia
et al, 2016). Endophytic fungi have a close and complex
interaction with their hosts, which involve mutualism,
antagonism and rarely parasitism (Gouda et al, 2016).
These species are known to promote host growth and gain
essential nutrition. They also provide tolerance to plants
against various types of abiotic and/or biotic stresses. Most
importantly, they possess the ability to produce plenty of
structurally diverse and biologically active secondary metabolites
to protect their hosts from pathogenic microorganisms and
pests. In this sense, endophytic fungi are a treasure source
of searching for novel secondary metabolites with immense
potential agricultural applications. It has been reported that a
large number of metabolites with different chemical skeletons
have been deciphered from endophytic fungi, such as alkaloids,
terpenoids, steroids, peptides, benzopyranones, quinones, and
isocoumarins (Gouda et al., 2016). Chemically speaking, the
discovery of these metabolites provided impressive chemical
basis in the development of agrochemicals. Moreover, most
of them exhibited promising bioactivities, such as antifungal,
antibacterial, herbicidal, nematocidal, insecticidal, and other
agricultural activities.

Therefore, the topical subject of antifungal secondary
metabolites produced by fungal endophytes has been searched
and analyzed. The literature search was conducted using the
combined keywords “antifungal,” “secondary metabolites,” and
“endophytic fungus” in the databases such as Web of Science,
Google Scholar, and SciFinder Scholar, with a previously

reported search method (Zhang et al., 2020). As a result, a
total of 132 metabolites with anti-phytopathogenic activities
from fungal endophytes in the past two decades (covering
from 2000 to 2020) were included in this review. The
present compounds possess diverse chemical structures, which
were classified into alkaloids (including cytochalasins, indoles,
diketopiperazines, and other nitrogen-containing compounds),
terpenoids, polyketides (quinones, macrolides, benzopyrones
and unsaturated lactones), and other miscellaneous compounds
within a biogenetic context. Moreover, we also describe the
sources, the producing strains, target plant pathogenic fungi,
and their potential use as lead compounds in the development
of biopesticides.

CONFUSED ISSUES NEED TO BE
ADDRESSED

Prior to the beginning of this review, there are three issues
that need to be addressed. (i) The level of antifungal potency
should be standardized. As we can see from literatures, the
literatures are replete with uncalibrated potency descriptors,
including ‘mild, moderate, strong, pronounced, significant,
remarkable, and potent.” Apparently these descriptions confused
the readers that which level means strong and which should
be defined as weak. The unified standardization has not yet
formed since the definition of the level of bioactivity just
represents the individual judgment of the authors. However, in
this review, the antifungal potency was distinguished as ‘potent,
‘moderate; and ‘weak’ based on the comparison with positive
controls. We discretionarily define ‘potent’ as the antifungal
activity higher than that of the positive controls, ‘moderate’
as the bioactivity equal to that of the positive controls, and
‘weak’ as that of lower than positive controls (or inactive)
throughout this review. (ii) Quantitative comparisons of the
results of the bioactivity tests between different studies are
problematic. As the fungal pathogens used in bioassays may have
different provenance and viability/sensitivity with different assay
protocols, the comparisons should be qualified by consideration
of positive/negative controls, and even then should be best
limited within individual studies, rather than between different
studies. (iii) The selection of different positive controls may
lead to radically different results. Commercial fungicides were
generally chosen as positive controls. However, since they belong
to different chemical classes, they may present distinct potency
and mechanisms of action.

CHEMICAL DIVERSITY OF ANTIFUNGAL
SECONDARY METABOLITES FROM
ENDOPHYTIC FUNGI

Cytochalasin Alkaloids

The cytochalasin alkaloids are a class of structurally related
fungal metabolic products. To date, more than 300 cytochalasin
analogs have been isolated from many genera of ascomycetes and
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FIGURE 1 | Cytochalasin alkaloids characterized from endophytic fungi (1-14).
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basidiomycetes, including Aspergillus, Chaetomium, Penicillium,
Phomopsis, Phoma, Spicaria, Xylaria, and so on (Wei et al,
2017). Structurally, cytochalasins are characterized by a highly
substituted perhydroisoindol-1-one moiety which is fused with
a 9- to 15-membered macrocyclic ring. Many of cytochalasins
exhibit a wide range of biological activities, such as cytotoxic,
antimicrobial, and phytotoxic properties (Wei et al,, 2017;
Xu et al, 2017). 14 cytochalasins (Figure 1) isolated from
fungal endophytes were reported to possess moderate to potent
antifungal activity. Cytochalasin D (1) was produced by various
endophytic fungi Xylaria sp., which were isolated from leaves of
guarana plant (Elias et al., 2018). 1 showed fungistatic activity
against the phytopathogen Colletotrichum gloeosporioides, which
causes the anthracnose disease, with an MIC of 2.46 mM.
Commercial fungicides captan and difenoconazole were applied
as positive controls (MICs 16.63 and 0.02 mM, respectively)
(Elias et al., 2018). Bioassay-guided separation of Xylaria sp.
XC-16, an endophyte from Toona sinensis led to the discovery
of five agriculturally active cytochalasin alkaloids, including a
new compound cytochalasin Zyg (2) (Zhang Q. et al., 2014).
Compound 2 showed potent fungicidal effect (MIC = 12.5 pwM)
against the phytopathogen Gibberella saubinetti, which was better
than that of the positive control hymexazol (MIC = 25 pM)

(Zhang Q. et al., 2014). Chemical investigation of the biocontrol
potential endophytic fungus Aspergillus capensis CanS-34A in
Brassica napus has resulted in the isolation and identification
the antifungal metabolite rosellichalasin (3) (Qin et al., 2019). 3
inhibited the plant pathogenic fungi Botrytis cinerea, Monilinia
fructicola, Sclerotinia sclerotiorum, and S. trifoliorum with the
ECsq values of 36.8, 87.1, 5.3, and 41.1 wM, respectively. Thus,
S. sclerotiorum was the most sensitive target fungus (Qin et al.,
2019). A new chaetoglobosin, penochalasin K (4) possessing
a rare six-cyclic 6/5/6/5/6/13 fused ring system, was isolated
from the solid culture of the mangrove endophytic fungus
Penicillium chrysogenum V11 (Zhu et al., 2017b). Compound
4 displayed potent selective activities against C. gloeosporioides
and Rhizoctonia solani, with MIC values of 6.13 and 12.26 wM,
respectively, which were about ten-fold and two-fold better than
that of the positive control carbendazim (Zhu et al., 2017b).
Five metabolites, chaetoglobosins A (5), B (6), E (7), F (8), and
penochalasin G (9), were obtained from endophytic Chaetomium
globosum, isolating from the seeds of Panax notoginseng (Li et al.,
2016). Some of them exhibited remarkable inhibition against
phytopathogenic fungi causing root rot disease. For example,
chaetoglobosin E (7) and penochalasin G (9) indicated potent
inhibition against Epicoccum nigrum with the MICs < 2 pM
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FIGURE 2 | Other alkaloids characterized from endophytic fungi (15-35).
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(Lietal,2016). A new chaetoglobosin named penochalasin J
(10), as well as two known chaetoglobosins, chaetoglobosin
C (11) and armochaetoglobosin I (12), were isolated from
the mangrove endophytic fungus P. chrysogenum V11 (Huang
et al, 2016). Compound 10 showed more potent antifungal
activity against plant pathogen C. gloeosporioides with an MIC
value of 25.08 pwM, than the positive control carbendazim
(MIC = 65.38 uM). Simultaneously, compounds 11 and 12
remarkably inhibited R. solani, with MIC values of 23.66 and
12.11 uM, respectively (Huang et al., 2016). Chaetoglobosins
V (13) and G (14) were isolated from the culture of the
endophytic fungus C. globosum, associated with the leaves of
Ginkgo biloba tree (Xue et al., 2012). Compounds 13 and 14
exhibited potent antifungal activity against Alternaria solani, with
MICs of 47.3 wM, while 14 also possessed potent activity against
A. alternate, with an MIC of 47.3 pM (Xue et al., 2012). In total,
the above results indicated that cytochalasin alkaloids could be
used as fungicides or as leads of new fungicides to the related
phytopathogenic fungi.

Alkaloids

Except for the cytochalasins, alkaloids also include indoles,
diketopiperazines,  cyclopeptides, amides, and  other
N-containing compounds (Figure 2). Two prenylated tryptophan

analogs, a previously reported 14-hydroxyterezine D (15) and
a new terezine E (16), were isolated from an endophytic
Mucor sp. from the medicinal plant Centaurea stoebe (Abdou
et al., 2018). Both 15 and 16 exerted weak antifungal efficacy
against Aspergillus terreus, with MICs of 127.8 and 111.2 pM,
respectively (Abdou et al, 2018). Chemical investigation of
the endophytic fungus C. gloeosporioides from the leaves of
Michelia champaca resulted in the isolation of one new indole
alkaloid, 2-phenylethyl 1H-indol-3-yl-acetate (17) (Chapla et al,,
2014). 17 exhibited moderate activity against Cladosporium
cladosporioides and C. sphaerospermum at 5 pg, which was
comparable to that observed for the positive control nystatin
(Chapla et al., 2014). Three prenylated indole diketopiperazine
alkaloids, 12B-hydroxy-13a-methoxyverruculogen TR-2 (18),
fumitremorgin B (19), and verruculogen (20), were isolated from
Aspergillus fumigatus LN-4, an endophytic fungus isolated from
the stem bark of Melia azedarach (Li et al., 2012). Compounds
18-20 showed broad-spectrum anti-phytopathogenic activities
against eight fungi (B. cinerea, A. solani, A. alternata, C.
gloeosporioides, Fusarium solani, F. oxysporum f. sp. niveum, F.
oxysporum £. sp. vasinfectum, and G. saubinettii), with MIC values
of 13.7-100 wM, which were comparable to the positive controls
carbendazim and hymexazol (Li et al., 2012). Two quinolinones
3-O-methylviridicatin (21) and viridicatol (22), together with
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FIGURE 3 | Terpenoids characterized from endophytic fungi (36-49).
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a new isoquinolone alkaloid named 5-hydroxy-8-methoxy-
4-pheny lisoquinolin-1(2H)-one (23) were isolated from the
fermentation of an endophytic fungus Penicillium sp. R22 in
Nerium indicum (Ma et al., 2018). Compounds 21-23 exhibited
weak to moderate antifungal activities against Alternaria
brassicae, A. alternate, B. cinerea, and Valsa mali with MIC values
of 124.3, 123.3, and 116.8 puM, respectively (Ma et al., 2018).
A new fusaric acid derivative, atransfusarin (24), and (3R,6R)-
3-benzyl-6-isopropyl-4-methylmorpholine-2,5-dione (25) were
isolated from the culture of an endophyte Alternaria atrans MP-
7, associated with the medicinal plant Psidium guajava (Yang Z.
etal., 2019). Compound 25 exhibited potent antifungal activities
against A. solani, C. gloeosporioides, and Phyricularia grisea with
MICs of 6.25 WM, better than that of a broad-spectrum fungicide
carbendazim. In contrast, 24 only exerted weak activities against
B. cinerea and A. solani (MIC = 50 M) (Yang Z. et al,, 2019).
A new pyrrolidinone derivative, named nigrosporamide A (26),
was obtained from an endophytic fungus Nigrospora sphaerica
ZMTO05, which was isolated from Oxya chinensis Thunberg (Zhu
et al., 2017a). 26 exhibited higher antifungal activity against
C. gloeosporioides with an MIC value of 25.14 wM, than the
positive control triadimefon (MIC = 272.39 pM) (Zhu et al.,
2017a). It should be pointed out that the MIC of the positive
control triadimefon (272.39 wM) seems to be outside the error
measurements, probably because triadimefon is insensitive to
C. gloeosporioides. As we discussed above, other appropriate
positive controls should be rechose. From the culture extracts of

the endophytic fungus Phoma sp. isolated from the plant Salsola
oppositifolia, a new pyridione epoxide derivative, (+)-flavipucine
(27), was isolated and characterized (Loesgen et al, 2011).
This metabolite showed strong antifungal inhibition down to
7.81 ppm (Inhibitory concentration, 90% of growth inhibition)
against Phytophthora infestans and down to 31.3 ppm against
Septoria tritici (Loesgen et al., 2011). Two cyclic pentapeptides
28 and 29 were isolated from Cryptosporiopsis sp., an endophytic
fungus from Zanthoxylum leprieurii (Rutaceae) (Talontsi et al.,
2012). Compounds 28 and 29 exhibited motility inhibitory and
lytic activities against Plasmopara viticola zoospores, a grapevine
downy mildew pathogen, at 17.7-44.3 pM. Moreover, both of
them also displayed potent inhibitory effects against mycelial
growth of Pythium ultimum, Aphanomyces cochlioides, and
R. solani (Talontsi et al., 2012). A metabolite cercosporamide (30)
was isolated from the endophytic fungus Cadophora orchidicola
from Kalimeris indica (Wang et al, 2019). Antifungal assay
revealed that 30 had potent growth inhibition against five plant
pathogens, Pestalotia diospyri, B. cinerea, Fusarium oxysporum,
Sclerotium rolfsii, and Penicillum digitatum, with ECsg values of
16.0 x 1073, 1.8,2.8, 2.89, and 20.2 LM, respectively (Wang et al.,
2019). Two new solanapyrone analogs, solanapyrones N (31) and
O (32), and the known solanapyrone C (33), were isolated from
Nigrospora sp. YB-141, an endophytic fungus obtained from
Azadirachta indica (Wu et al., 2009). Compound 32 was regarded
as an inseparable mixture of (E)-32 and (Z)-32. Compound
31 showed moderate activity against Penicillium islandicum at
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equivalent concentration of 98.6 M compared with the positive
control nystatin (Wu et al., 2009). Bipolamide B (34), a new triene
fatty acid amide, was discovered from the endophytic fungus
Bipolaris sp. MU34 of Thai medicinal plants Gynura hispida
(Siriwach et al., 2014). Compound 34 showed weak to meoderate
broad-spectrum antifungal activities against C. cladosporioides,
C. cucumerinum, Saccharomyces cerevisiae, Aspergillus niger, and
Rhizopus oryzae, with MICs of 82.9, 165.8, 165.8, 331.6, and
331.6 wM, respectively (Siriwach et al., 2014). An endophytic
Xylaria sp. with broad antimicrobial activity was isolated from
Ginkgo biloba L. Bioactivity-guided fractionation led to the
identification of 7-amino-4-methylcoumarin (35) (Liu et al,
2008). Antimicrobial assay showed that 35 inhibited the growth
of the tested 13 pathogens including Penicillium expansum (MIC,
228.6 wM) and A. niger (142.8 wM) (Liu et al., 2008).

Terpenoids

Terpenoids produced by fungi are one of the most numerous
and structurally diverse secondary metabolites with a wide array
of pharmacological properties (Figure 3). The coculture of
the phytopathogenic Nigrospora oryzae and endophytic Irpex
lacteus from the same host Dendrobium officinale afforded a
new tremulane sesquiterpene 5-demethyl conocenol C (36),
conocenol B (37), and a new squalene irpenigirin B (38) (Wu
et al,, 2019). The new compounds 36 and 38 were active against
C. gloeosporioides, with MICs of 31.7 and 13.4 pM, while 36

showed antifungal activity against Didymella glomerata with an
MIC of 3.9 uM (Wu et al,, 2019). It was also found that the
mutually antagonistic relationship between the phytopathogens
and endophytes can lead to the production of antibiotics,
which inhibit the growth of phytopathogens and hinder certain
phytotoxins (Wu et al., 2019). A new natural sesquiterpene
5-(hydroxymethyl)-2-(2',6,6'-trimethyltetrahydro-2H-pyran-

2-yl)phenol (39) was characterized from endophytes belonging
to the Lophodermium sp., which were isolated from the needles
of superior Pinus strobus (eastern white pine) trees (Sumarah
et al, 2011). 39 was antifungal against the rust Microbotryum
violaceum with an MIC of 2 uM (Sumarah et al., 2011).
Trichothecium roseum LZ93, an endophyte from medicinal
plant Maytenus hookeri, was found to antagonize various
phytopathogens in vitro. Chemical investigation of this fungal
strain afforded a trichothecene, trichothecin (40), with weak
to moderate inhibition on phytopathogenic fungi Typhula
incarnate (MIC, 150.6 wM), Gaeumannomyces graminis (MIC,
90.4 wM), Phytophthora infestans (MIC, 90.4 pM), A. solani
(MIC, 15.1 pM), and Phyricularia oryzae (MIC, 60.2 pwM)
(Zhang et al., 2010). A monosesquiterpene rhinomilisin B
(41), a new dimeric sesquiterpene divirensol H (42), and an
unprecedented trimeric sesquiterpene trivirensol A (43), were
purified from T. virens FY06, an endophyte derived from
Litchi chinensis Sonn (Hu et al, 2019). Compounds 41-43
exhibited moderate to potent activities on Penicillium italicum,
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FIGURE 5 | Polyketides characterized from endophytic fungi (continued) (74-105).
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F. oxysporum, F. graminearum, Colletotrichum musae, and
C. gloeosporioides. 41 showed potent inhibitory activity against
C. musae, with an MIC value of 37.4 uM, which was superior to
that of the positive control triadimefon (273.0 wM). Moreover,
42 was more active toward F. oxysporum, C. gloeosporioides,
C. musae, P. italicm, and F. graminearum, which were 8, 8,
3.2, 8, and 24 times as high as those of triadimefon (Hu et al.,
2019). Interestingly, as metabolites of the endophytic fungus
from L. chinensis, all the isolated sesquiterpenes presented
potent antifungal activities against C. gloeosporioides. The
phytopathogenic fungus C. gloeosporioides can cause anthracnose
in L. chinensis, indicating that the metabolites produced by
endophytes from its host may play a defensive role by inhibiting
invasive phytopathogens. Two tetranorlabdane diterpenoids,
botryosphaerin H (44) and 13,14,15,16-tetranorlabd-7-en-
19,6p:12,17-diolide (45), were isolated from the endophytic
fungus Botryosphaeria sp. P483 of the Chinese herbal medicine
Huperzia serrata (Chen et al, 2015). Compounds 44 and
45 showed strong antifungal activities against G. graminis,
F. moniliforme, F. solani, F. oxysporum and Pyricularia
oryzae at 100 pg/disk (Chen et al, 2015). Three diterpenes,
conidiogenones C (46), D (47), and G (48), were isolated from
an endophytic fungus Leptosphaeria sp. XL026 derived from the
leaves of Panax notoginseng (Chen et al., 2019). Compounds 46

and 48 showed moderate antifungal activity against Rhizoctonia
cerealis, as well as 47 against Verticillium dahlia, with an
MIC value of 41.4 uM (Chen et al., 2019). A nordammarane
triterpenoid helvolic acid (49) was obtained from Aspergillus
fumigatus, an endophytic fungus associated with Melia azedarach
(Li et al, 2012). 49 exhibited broad-spectrum and potent
antifungal activities against B. cinerea, A. solani, A. alternata,
C. gloeosporioides, F. solani, F. oxysporum, F. oxysporum, and
G. saubinettii, with MIC values of 11.0-88.1 uM (Li et al., 2012).

Polyketides

Polyketides are a large class of structurally diverse natural
products that exhibit a wide range of bioactivities. These
metabolites are generally biosynthesized by polyketide synthases,
and simultaneously, some of them possess hybrid chemotypes
derived from different biosynthetic pathways. In this review,
chromones, quinines, macrolides, benzopyrones, unsaturated
lactones, and phenols are all classified into polyketides
(Figures 4-6). The culture of the fungus Botryosphaeria
dothidea K]J-1, isolated from the stems of white cedar
(Melia azedarach L.), yielded a perylenequinone derivative
stemphyperylenol (50) (Xiao et al., 2014b). 50 displayed potent
antifungal activity against A. solani with an MIC of 1.57 pM,
compared to the commercially available fungicide carbendazim
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(Xiao et al., 2014b). Cultivation of the newly discovered fungal
strain Edenia gomezpompae, an endophyte obtained from
the leaves of Callicarpa acuminata (Verbenaceae), afforded
three new naphthoquinone spiroketals, preussomerins EG;
(51), EG, (52), and EG3 (53) (Macias-Rubalcava et al., 2008).
Spiroketals 51-53 displayed significant growth inhibition against
four economically important phytopathogens (Phythophtora
capsici, P. parasitica, F. oxysporum, and A. solani), with 1Csg
values ranging from 57.5 to 4474 uM (Macias-Rubalcava
et al., 2008). Fonsecinone A (54), a dimeric naphtha-y-pyrone,
was characterized from the culture of Aspergillus sp. KJ-9, an
endophytic fungus residing in the stem bark of Melia azedarach

(Xiao et al., 2014a). Compound 54 had marked inhibition of
G. saubinetti, Magnaporthe grisea, B. cinerea, and A. solani, with
MICs in the range of 6.25-50 wM, which were better than or
similar to that of hymexazol (MIC 50 wM) (Xiao et al., 2014a).
An anthraquinone, macrosporin (55), was isolated from the
mangrove endophytic fungus Phoma sp. L28 (Huang et al,
2017). 55 possessed broad-spectrum antifungal activities against
F. oxysporum, F. graminearum, C. musae, P. italic, R. solani,
and C. gloeosporioides, with MIC values ranging from 13.2 to
252.1 M. It should be pointed out that the inhibitory activity
of 55 against F. oxysporum (MIC = 13.2 pM) was higher than
that of the positive control carbendazim (MIC = 32.7 M)
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(Huang et al,, 2017). Then, from the same host plant (semi-
mangrove plant Myoporum bontioides), an endophytic fungus
Alternaria sp. R6 was isolated. A racemic new cyclopentenone
derivative, (£)-(48*,55%)-2,4,5-trihydroxy-3-methoxy-4-
methoxycarbonyl-5-methyl-2-cyclopenten-1-one (56), and a
new xanthone 4-chloro-1,5-dihydroxy-3-hydroxymethyl-6-
methoxycarbonyl-xanthen-9-one (57), were characterized from
this fungal strain (Wang et al, 2015). In comparison to the
positive control triadimefon (MIC 510.64 wM), compounds 56
and 57 exhibited inhibitory activities against F. graminearum
with MICs of 215.52 and 107.14 uM, respectively, while 57
also showed potent antifungal activity against C. musae with
an MIC of 214.29 pM (Wang et al., 2015). Cryptosporiopsis sp.,
an endophytic fungus from the medicinal plant Zanthoxylum
leprieurii, was the source of new polyketides, cryptosporiopsin
A (58), ponchonin D (59), hydroxypropan-2',3’-diol orsellinate
(60), and (-)-phyllostine (61) (Talontsi et al., 2012). Compounds
59-61 exhibited motility inhibitory and zoosporicidal activities
against P. viticola zoospores at 28.6-71.4 pM. Meanwhile, they
also displayed mycelial growth of P. ultimum, A. cochlioides,
and R. solani with MICs of 20-40 pg/disk (Talontsi et al,
2012). An endophytic fungus, Epicoccum sp. CAFTBO,
obtained from the cocoa tree Theobroma cacao was found to
produce three new unprecedented polyoxygenated polyketides,
epicolactone (62), epicoccolides A (63) and B (64) (Talontsi
et al, 2013). Compounds 62-64 significantly inhibited the
growth of three notorious crop-devastating phytopathogens
P. ultimum, A. cochlioides, and R. solani with MICs of 20-
80 pg/disk (Talontsi et al., 2013). Two chlorine-substituted
azaphilones, chaetomugilins A (65) and D (66), were isolated
from endophytic C. globosum of Panax notoginseng (Li et al.,
2016). Compounds 65 and 66 had moderate activity against
E. nigrum with the MIC values of 17.8 and 36.9 WM, respectively
(Li et al., 2016). Viburspiran (67), a structurally novel maleic
anhydride natural products with an additional ethylene bridge,
was isolated the fungal endophyte Cryptosporiopsis sp. from
Viburnum tinus (Saleem et al, 2011). 67 was active against
Microbotryum violaceum and B. cinerea, with inhibition radius
of 6 and 10 mm at 50 pg substance/filter disk (Saleem et al,,
2011). A new macrocyclic metabolite, chaetoglobosin X (68),
was isolated from an endophytic fungus C. globosum obtained
from the medicinal plant Curcuma wenyujin (Wang Y. et al,,
2012). 68 possessed reasonably potent fungistatic activities
on Exserohilum turcicum, F. oxysporum, and Curvularia
lunata with an MIC of 7.5 wM and showed moderate activity
against F. graminearum and F. moniliforme with an MIC of
15.1 puM (Wang Y. et al, 2012). Two benzopyran derivatives,
2-methyl-5-methoxy-benzopyran-4-one  (69) and (2'S)-2-
(propan-2’-ol)-5-hydroxy-benzopyran-4-one (70), were isolated
from the isolate of Curvularia sp., which was obtained from
the leaves of a native plant Ocotea corymbosa (Teles et al.,
2005). Compounds 69 and 70 exhibited moderate antifungal
activity against C. sphaerospermum and C. cladosporioides
with a detection limit of 10 pg (Teles et al,, 2005). Two new
chromones, phomochromones A and B (71 and 72), and one
new natural cyclopentenone derivative, phomotenone (73),
was obtained from Phomopsis sp., an endophyte isolated from

Cistus monspeliensis (Ahmed et al., 2011). Compounds 71-73
showed moderate antifungal properties toward Microbotryum
violaceum, with the radius of the inhibition zone of 8, 5, and
8 mm, respectively, at concentration of 50 pL of 1 mg/mL
(Ahmed et al., 2011).
5-carboxy-6-hydroxy-3-methyl-3,4-dihydroisocoumarin (74)
was produced from the endophyte Xylaria sp., associated with
leaves of Casearia sylvestris (Chapla et al., 2018). 74 exhibited
potent antifungal activities against two phytopathogenic fungi
C. cladosporioides and C. sphaerospermum at 10 pg (Chapla et al.,
2018). Bioassay-guided fractionation of the endophytic fungus
Phoma sp. ZJWCF006 in the Chinese medicinal plant Arisaema
erubescens afforded a new a-tetralone derivative, (3S5)-3,6,7-
trihydroxy-a-tetralone (75) (Wang L. W. et al., 2012). 75 showed
selective growth inhibition against F. oxysporium and R. solani
with ECso values of 2.1 and 0.3 mM, respectively, whereas
no obvious activity was observed against C. gloeosporioides
and Magnaporthe oryzae (Wang L. W. et al, 2012). Three
known isobenzofuranones including diaporthelactone (76),
7-hydroxy-4,6-dimethy-3H-isobenzofuran-1-one ~ (77), and
7-methoxy-4,6-dimethyl-3H-isobenzofuran-1-one  (78) were
obtained from the mangrove endophytic fungus Phomopsis sp.
A123 from the foliage of Kandelia candel (Zhang W. et al., 2014).
Compounds 76 and 77 displayed antifungal activity against
A. niger with MICs of 243 and 485 pwM, respectively, while 78
inhibited the growth of A. alternaria with an MIC of 500 pM
(Zhang W. et al,, 2014). Chemical and biological study on an
unidentified Ascomycete, an endophyte isolated from Meliotus
dentatus, led to the isolation of 5-methoxy-7-hydroxyphthalide
(79) and (3R,4R)-cis-4-hydroxymellein (80) (Hussain et al,
2009). Compounds 79 and 80 showed antifungal activity against
Microbotryum violaceum with the radius of zone of inhibition of
7 and 8 mm at a concentration of 50 pL of 1 mg/mL (Hussain
et al,, 2009). An antifungal strain Verticillium sp. from the
roots of Rehmannia glutinosa yielded 2,6-dihydroxy-2-methyl-
7-(prop-1E-enyl)-1-benzofuran-3(2H)-one (81) (You et al,
2009). 81 clearly inhibited biomass accumulation at a low
concentration of 44 WM on the pathogens Septoria sp. and
Fusarium sp. The growth of the producing strain Verticillium
sp. itself was also inhibited to some degree by 81 (You et al,
2009). Pestafolide A (82), a novel reduced spiro azaphilone
derivative, and pestaphthalides A (83) and B (84), two new
isobenzofuranones, were isolated from Pestalotiopsis foedan,
an endophyte from an unidentified tree (Ding et al., 2008). 82
displayed antifungal activity against A. fumigatus, affording
a zone inhibition of 10 mm at 100 pg/disk, whereas 83 and
84 showed activity against C. albicans and G. candidum, with
the zone inhibition of 13 and 11 mm, respectively (Ding
et al, 2008). Griseofulvin (85) was produced by Nigrospora
sp. LLGLMO003, an endophytic fungus of the medicinal plant
Moringa oleifera Lam (Zhao et al., 2012). In vitro antifungal assay
indicated that 85 displayed potent inhibition of the test eight
plant pathogenic fungi; of particular note was the antifungal
activity against B. cinerea and Colletotrichum orbiculare with
the EC5p of 0.6 and 1.4 wM, respectively (Zhao et al., 2012).
Four new metabolites, pestalotheols E-H (86-89), containing a
reduced tetrahydro-2H-furo[3,2-g]chromene unit, were isolated
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from a fungal endophyte, an unidentified Ascomycete from
the tree Arbutus unedo (Qin et al, 2011). Compounds 86-89
showed antifungal activity against Microbotryum violaceum,
with the radius of the inhibition zone of 6, 8, 6, and 7 mm,
respectively, at 50 pg of test substance/test filter disk (Qin et al.,
2011). Phytochemical studies of the active constituents of the
endophytic fungus Phomopsis sp. led to the isolation of two new
pyrenocine derivatives pyrenocine K (90) and M (91) (Hussain
et al., 2012a). Both compounds also showed antifungal activity
against M. violaceum in an agar diffusion assay, with inhibition
zone of 5 mm at a concentration of 0.05 mg (Hussain et al.,
2012a). A new fungal polyketide, koningiopisin C (92), was
characterized from the culture broth of the fungus Trichoderma
koningiopsis YIM PH 30002 from the medicinal plant Panax
notoginseng (Liu et al., 2016). 92 exhibited antifungal activity
against Plectosphaerella cucumerina with an MIC of 57.1 uM
(Liu et al,, 2016). The endophyte Drechslera sp. strain 678 was
isolated from the roots of an Australian native grass Neurachne
alopecuroidea, which demonstrated efficacy against several
plant pathogens (d’Errico et al,, 2020). Metabolomic analysis
revealed the presence of two major bioactive metabolites, an
alkynyl substituted epoxycyclohexenone derivative (5-hydroxy-
1-(3-oxo0-but-1-ynyl)-7-oxa-bicyclo[4.1.0]hept-3-en-2-one) (93)
and monocerin (94). 93 and 94 were active against B. cinerea
and S. sclerotiorum at 10 and 100 g (d’Errico et al., 2020).
A new epoxydon derivate epoxydine B (95), along with two
related metabolites, epoxydon (96) and (4R,5R,6S)-6-acetoxy-
4,5-dihydroxy-2-(hydroxymethyl)cyclohex-2-en-1-one 97),
were obtained from an endophytic fungus, Phoma sp., isolated
from the plant Salsola oppostifolia (Qin et al., 2010). Compounds
95-97 were biologically active exhibiting antifungal activity
against M. violaceum at a concentration of 0.05 mg (Qin
et al., 2010). A new a-pyrone (2H-pyran-2-one), ficipyrone A
(98), was isolated from solid cultures of the plant endophytic
fungus Pestalotiopsis fici from the tea plant Camellia sinensis
(Liu et al., 2013). 98 displayed weak antifungal activity against
Gibberella zeae, with an ICsp value of 15.9 M, compared
with the positive control ketoconazole (IC5p 6.02 wM) (Liu
et al., 2013). Structural elucidation of the metabolites produced
by the endophytic Phomopsis sp. revealed four new a-pyrone
derivatives, phomopsinones A-D (99-102) (Hussain et al., 2012b).
99 showed potent antifungal activity against B. cinerea (inhibition
zone of 17 mm), P. oryzae (25 mm), and Septoria tritici (20 mm),
while 102 was active against B. cinerea (10 mm) and S. tritici
(10 mm) (Hussain et al., 2012b). The fermentation of the
endophytic fungus Nigrospora sp. YB-141 isolated from A. indica
yielded two lactones, nigrosporalactone (103) and phomalactone
(104) (Wu et al.,, 2009). Compounds 103 and 104 were active
against B. cinerea with MIC values of 200.3 and 405.8 puM (Wu
et al., 2009). Preliminary screening for antimicrobial activity of
the endophytic fungi from Cinnamomum mollisimum yielded a
polyketide, 5-hydroxyramulosin (105), which was identified as
the major constituent of the bioactive fungal extracts (Santiago
et al., 2012). 105 inhibited the fungal pathogen A. niger with the
ICsg value of 7.9 wM (Santiago et al., 2012).

Five new polyoxygenated cyclohexenoids, phomopoxides
B (106), C (107), D (108), F (109), and G (110), were

isolated from an endophytic fungal strain Phomopsis sp. YE3250
from the medicinal plant Paeonia delavayi (Huang et al,
2018). Compounds 106-110 were active against five pathogenic
fungi (C. albicans, A. niger, P. oryzae, F. avenaceum, and
Hormodendrum compactum) with MICs of 46.5-372.1 uM
(Huang et al., 2018). Investigatation of the metabolites produced
by the endophytic Fusidium sp., isolated from the leaves of
Mentha arvensis, found two new bicyclic fusidilactones D (111)
and E (112) (Qin et al, 2009). Both compounds had only
moderate activity toward Microbotryum violaceum, with the
radius of the inhibition zone of 7 and 10 mm, respectively
(Qin et al, 2009). Through screening antifungal activity of
endophytic fungi and subsequent bioassay-guided fractionation,
sporothriolide (113) was isolated from the selected endophyte
Nodulisporium sp. A21 in Ginkgo biloba (Cao et al,, 2016). 113
was validated to be potently antifungal against the mycelia growth
of R. solani, S. sclerotiorum and inhibit conidium germination of
M. oryzae in vitro and in vivo (Cao et al., 2016). The screening
of fungal extracts of Lophodermium sp. isolated from P. strobus
resulted in the discovery of a new aliphatic polyketide, (2Z,4E)-
6(acetyloxy)-5-formyl-7-oxoocta-2,4-dienoate (114) (Sumarah
et al,, 2011). 114 was antifungal against M. violaceum with MIC
of 2 uM (Sumarah et al., 2011). Terrein (115) was isolated
from the endophytic fungus Aspergillus terreus JAS-2 associated
with medicinal plant Achyranthus aspera (Goutam et al., 2017).
In antifungal assay, 10 pg/pL concentration of 115 showed
inhibition of Bipolaris Sorokiniana (57.14%), A. flavus (52.5%),
and A. alternata (91.25%) as compared to control (Goutam
et al., 2017). Six new halogenated cyclopentenones, including
four chlorinated, bicolorins A (116), B (117), D (118), and E
(119), and two brominated bicolorins G (120) and H (121),
were isolated from the endophytic fungus Saccharicola bicolor
of Bergenia purpurascens (Zhao et al., 2020). Compounds 116-
121 possessed weak to moderate activity against five pathogenic
fungi-Uromyces viciae-fabae, Pythium dissimile, G. zeae, A. niger,
and S. sclerotiorum, with MICs of 26.8-380.9 WM. 117 and 118,
in particular, exhibited moderate activity against P. dissimile
with the MICs of 33.0 and 44.7 uM, respectively, compared
with the positive control cycloheximide (MIC 30.6 pM).
Additionally, 118 was proven to be potently antifungal against
S. sclerotiorum in vivo, indicating its potential as a candidate
of new natural fungicides (Zhao et al., 2020). A new dibenzo-
a-pyrone rhizopycnin D (122) and a known congener TMC-264
(123) were isolated from the endophytic fungus Rhizopycnis
vagum Nitaf22 obtained from Nicotiana tabacum (Lai et al,
2016). Both compounds inhibited the spore germination of
M. oryzae with 1Csy values of 33.9 and 34.1 WM, respectively
(Lai et al., 2016).

Miscellaneous Compounds

A new furan derivative named 3-(5-0x0-2,5-dihydrofuran-3-
yl) propanoic acid (124) was isolated from an endophytic
Aspergillus tubingensis of Decaisnea insignis (Figure 7; Yang
X. F. et al, 2019). 124 exhibited potent antifungal activity
against F. graminearum with MIC value of 102.6 pM (Yang X.
F. et al,, 2019). Piliformic acid (125), derived from octanoate
that originates from a fatty acid synthase, was obtained from
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endophytic fungi Xylaria sp., which were isolated from leaves
of guarana plant (Elias et al., 2018). 125 had antifungal activity
against C. gloeosporioides with an MIC of 2.92 uM (Elias et al,,
2018). The endophytic fungus Aspergillus sp. from Moringa
oleifera produced one phenolic acid, ferulic acid (126), which
showed a weak antifungal activity at 500 jLg/mL against A. niger
with an inhibition zone diameter of 2 mm (Abonyi et al., 2018).
Cordycepsidone A (127), a depsidone metabolite, was isolated
from Cordyceps dipterigena, an endophytic fungus from Desmotes
incomparabilis antagonistic to the phytopathogen Gibberella
fujikuroi (Varughese et al., 2012). 127 showed a moderate to
potent growth inhibitory activity against G. fujikuroi (MIC,
23.3 uM) and Pythium ultimum (MIC, 3.4 pM) (Varughese et al.,
2012). An endophyte Botryosphaeria rhodina was isolated from
the stems of the medicinal plant Bidens pilosa and was chosen for
further chemical study due to its potent antifungal effects (Abdou
etal, 2010). Bioactivity-guided fractionation of this strain yielded
two new depsidones, botryorhodine A (128) and B (129), which
were significantly active against A. terreus with MICs of 26.03 and
49.70 M (Abdou et al., 2010). A new tridepside, colletotric acid
(130), was characterized from C. gloeosporioides, an endophytic
fungus colonized inside the stem of Artemisia mongolica (Zou
et al., 2000). 130 inhibited the growth of the crop pathogenic
fungus Helminthosporium sativum with an MIC of 95.4 uM (Zou
et al., 2000). From an isolate of Aspergillus from a healthy plant
of oilseed rape (Brassica napus), two chlorinated diphenyl ethers,
penicillither (131) and methyl dichloroasterrate (132), were
characterized (Qin et al., 2019). Both of them inhibited four plant
pathogenic fungi (B. cinerea, M. fructicola, S. sclerotiorum, and
S. trifoliorum) with the ECss 0f 21.7-151.2 pM (Qin et al., 2019).

POTENTIAL USE IN THE DEVELOPMENT
OF BIOPESTICIDES

As mentioned above, biologically active and structurally diverse
fungal metabolites constitute a rich resource for drugs and
pesticides discovery. These recently discovered metabolites 1-
132, which possessed extensive chemical skeletons, exhibited
moderate to potent anti-phytopathogenic activities. Therefore,
some of them might have the potential use in the development
of new biopesticides. Especially, based on these potential
compounds, a series of novel derivatives with agricultural and
pharmaceutical importance were designed and synthesized.

Griseofulvin

Griseofulvin (85), a secondary metabolite possessing spirocyclic
benzofuran-3-one skeleton, was initially isolated from the fungus
Penicillium griseofulvum in 1939 by Oxford et al. (Petersen et al.,
2014). Then, this polyketide has also been found to be produced
by several Ascomycetes including Penicillium sp., Aspergillus
sp., and Xylaria sp. (Zhao et al., 2012). Griseofulvin has a rich
chemical diversity, and until now, more than 400 griseofulvin
analogs have been isolated and synthesized (Figure 8; Petersen
etal,, 2014). Griseofulvin was one of the first antifungal metabolic
products in filamentous fungi, offered in vitro fungistatic
effect against dermatomycoses. Recently, it has gained renewed

attention due to many reports of antifungal properties against
plant pathogenic fungi. Zhao et al. reported that griseofulvin,
produced by an endophyte Nigrospora sp., displayed clear growth
inhibition of the test eight plant pathogenic fungi (B. cinerea,
Colletotrichum orbiculare, F. oxysporum f.sp. cucumerinum, F.
oxysporum f.sp. melonis, Pestalotia diospyri, Pythium ultimum,
R. solani, and S. sclerotiorum) (Zhao et al., 2012). Among them,
it exhibited potent activity against B. cinerea and C. orbiculare
with the ECs values of 0.6 and 1.4 wM, respectively (Zhao et al.,
2012). It should be pointed out that, its dechlorinated derivative,
dechlorogriseofulvin, only showed weak activity, indicating that
the chlorine played a decisive role in the antifungal activity.
Tang et al. reported that griseofulvin isolated from Penicillium
brasilianum displayed strong inhibitory effect on the growth of
A. solani with an MIC of 3.13 uM (Tang et al, 2015). These
impressive activities make this compound suitable candidate for
biopesticide discovery and trigger the following synthesis studies,
including semisynthesis from griseofulvin and de novo synthesis.

Bai et al. designed and synthesized 22 griseofulvin derivatives
from commercially available griseofulvin (Bai et al, 2019).
In vitro antifungal assay indicated that griseofulvin and
its derivatives possessed remarkable activities against five
phytopathogenic fungi (Cytospora sp., C. gloeosporioides, B.
cinerea, A. solani, and F. solani) (Bai et al, 2019). Of
significance was that, compounds numbered 6a-6f were found
to have significant potential, which were superior to commercial
fungicides hymexazol and thiophanate-methyl. The three-
dimensional quantitative structure-activity relationship analysis
revealed that the modification of the 4’ position, for example,
the suitable bulky and electronegative acyl-substituted groups at
the 4’ position, can significantly improve the antifungal activity,
even up to 10-fold higher than inhibitory effect of the parent
compound griseofulvin (Bai et al., 2019). Kartsev et al. carried
out the synthetic studies of griseofulvin derivatives (Kartsev et al.,
2019). As a result, a total of 42 new griseofulvin derivatives
were designed and synthesized. These newly synthesized
griseofulvin derivatives exhibited potent antifungal activity
against A. niger, A. ochraceus, A. fumigatus, A. versicolor,
Penicillium funiculosum, P. ochrochloron, P. verucosum var.
cyclopium, Trichoderma viride. All compounds showed higher
activity than the commercial antifungal drugs ketoconazole (7-
42 times) and bifonazole (3-16 fold) (Kartsev et al.,, 2019).
Interestingly, the synthesized compounds were more active than
the parent compound griseofulvin (up to 4 times). Therefore, in
conclusion, griseofulvin especially its derivatives can be further
used for the development of new agricultural fungicides.

Trichothecene

Trichothecenes, a group of sesquiterpene-based fungal
metabolites with a common tricyclic 12,13-epoxytrichothec-9-
ene core, are found to be produced by various microorganisms
such as Fusarium sp., Myrothecium sp., Spicellum sp.,
Stachybotrys sp., Cephalosporium sp., Trichoderma sp.,
and Trichothecium sp. Based on the substitution pattern,
trichothecenes are classified into different families of nivalenols,
neosolaniols, isotrichodermins, calonectrins, trichothecins,
and trichobreols (Figure 9; Takahashi-Ando et al., 2020).
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FIGURE 9 | Representative antifungal trichothecene sesquiterpenes derivatives.

Trichothecenes are well-known as mycotoxins, causing
significant negative effects on agriculture and human health.
Initial study of trichothecenes was focused on the phytotoxicity
and mammalian intoxications, and later emphasis was on
exploring their complementary bioactivities. Some related
compounds exhibited potent antitumor effect and have been
used for clinical trials (Li et al., 2017). Meanwhile, trichothecenes
showed varied role in the field of agriculture and may act as
bio-control agents, strengthen the defense system of the plants
against pathogens (Kumari et al., 2016). Previous structure-
activity relationships study revealed that a slight modification of
trichothecenes could dramatically decrease the toxicity but still
retain its bioactivity (Li et al., 2017). In this case, there seems to
be a special significance to search for new trichothecenes with
agricultural applications.

Yamazaki et al. reported three new antifungal trichothecenes,
trichobreols A-C, from the Nal-containing fermentation of the
marine-derived Trichoderma cf. brevicompactum (Yamazaki
et al., 2020a). Then, from the same fungus, another two new
trichothecenes, trichobreols D and E, were obtained (Yamazaki
et al,, 2020b). Trichobreols showed good antifungal activity,

especially toward yeast-like pathogenic fungi. Moreover, five
semisynthetic derivatives were prepared from trichobreol A
to evaluate the structure-activity relationship of antifungal
trichothecenes. The results indicated that the substituents at
C-3 and C-4 positions were responsible for the potency of
antifungal activity (Yamazaki et al., 2020b). Li et al. reported
three new macrocyclic trichothecenes possessing rare 6’-ketal
moieties, roridoxins A-C, from the insect-associated fungus
Myrothecium roridum (Li et al., 2019). Roridoxins A and C were
found to possess potent antifungal activity against Alternaria
tenuissima, A. niger, Pyricularia grisea, and F. oxysporum (Li
et al., 2019). These findings suggested that trichothecenes are
also promising leads which are applicable for the development
of new agrochemicals.

CONCLUSION AND FUTURE
PERSPECTIVES

Fungal endophytes, which are ubiquitous in plants and symbiotic
with their hosts, are well-known for producing a variety of
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antimicrobial metabolites and enhancing plant resistance to
pathogens and pests. These bioactive metabolites play a defensive
role in protecting the host plants against pathogenic attacks.
Therefore, antibiotic metabolites from the endophytes have the
potential to be applied as agrochemicals to control pathogens.
This review summarizes the structural/biogenetic types of
132 antifungal metabolites isolated from fungal endophytes
in the past two decades. These present metabolites possess
diverse chemical structures. Based on their putative biogenetic

origin, they were classified into alkaloids (including 1-14 for
cytochalasins and 15-35 for other alkaloids), terpenoids (36-49),
polyketides (50-123), and other miscellaneous compounds (124-
132). It is worth mentioning that the structural classifications
based on biogenetic categories are somewhat arbitrary, as many
compounds are derived from mixed biosynthetic pathways.
Taking compounds 86-89 as an example, they are new members
of the chromenone-type of metabolites biogenetically derived
from isoprenoids and a polyketide. As shown in Figure 10,
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FIGURE 10 | Percentage distributions of antifungal metabolites based on their putative biogenetic origin.
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among the 132 active metabolites, approximately 56% were
polyketides. Molecules grouped as polyketides are significant in
natural products research due to their biosynthetic complexity
and high value in pharmaceutical and/or agrochemical industries.
This finding revealed that polyketides are the most potential
classes for the discovery of novel antifungal lead compounds.
It should be pointed out that we divided cytochalasins into an
individual group, since this kind of compounds constitutes 10.6%
of the metabolites reported, nearly as many as terpenoids (10.6%)
and other alkaloids (15.9%). Cytochalasins are a diverse group
of fungal polyketide synthase-non-ribosomal peptide synthetase
(PKS-NRPS) hybrid metabolites. This class of compounds are
worthy of particular attention and may be applied in the field
of bio-pesticides.

It is well-known that the endophytic fungi from terrestrial
plants are a treasure house of bioactive secondary metabolites.
Moreover, marine-derived endophytic fungi have also been
considered as a non-negligible resource to search for antifungal
lead compounds. In this review, compounds 4, 10-12, 55-57,

and 76-78 were isolated from marine mangrove-associated
endophytic fungi. The marine environment is quite different
from the terrestrial environment, which indicates that marine-
derived endophytic fungi may possess unique metabolic
pathways to produce interesting antifungal compounds with
novel structures. As for the producing strains, the fungal
genera Phomopsis, Aspergillus, Chaetomium, and Nigrospora
are predominant genera as producers of these antifungal
metabolites, with 17, 11, 10, and 10 compounds described,
respectively (Figure 11). As shown in Figure 11, these
metabolites are scattered across a variety of fungi belonging
to 29 various genera, including some rare species. Among
them, C. globosum is a creative species known for making a
large number of exclusive and structurally significant bioactive
chaetoglobosins. The antifungal activity of these metabolites
against the phytopathogenic fungi indicated that the endophytes
could protect their host plants by producing bioactive molecules,
which may be toxic or even lethal to phytopathogens and
highlighted the potential of endophytic fungi in producing
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valuable metabolites. Moreover, a chemical interaction between
the endophytes and the host plants, which produces metabolites
as chemical defense compounds, needs further investigation.

Most importantly, among the 132 antifungal metabolites
presented in this review, some of them not only possessed
intriguing chemical structures but also showed novel antifungal
activities comparable to those of widely used chemical
pesticides. These include cytochalasin alkaloids cytochalasin
Zys (2), penochalasin K (4), and penochalasin ] (10), indole
diketopiperazines 12p-hydroxy-13a-methoxyverruculogen
TR-2 (18), fumitremorgin B (19), and verruculogen (20),
N-containing  compounds  (3R,6R)-3-benzyl-6-isopropyl-4-
methylmorpholine-2,5-dione (25) and nigrosporamide A (26),
sesquiterpenes rhinomilisin B (41) and divirensol H (42),
quinones stemphyperylenol (50), fonsecinone A (54), and
macrosporin (55), cyclopentenones (45*,58*)-2,4,5-trihydroxy-
3-methoxy-4-methoxycarbonyl-5-methyl-2-cyclopenten-1-one
(56), bicolorin B (117), and D (118) (Figure 12). The above
mentioned compounds showed potent (or significant) antifungal
activities compared to those of positive controls (usually chemical
pesticides such as difenoconazole, hymexazol, carbendazim, and
triadimefon), which indicates that they could be used as potential
alternatives to traditional pesticides.

Overall, endophytes are considered to be a treasure house of
antifungal metabolites. This review summarizes 132 metabolites
with moderate to potent antifungal activities isolated from
fungal endophytes. We also list some “star molecules” such
as griseofulvin and its derivatives that possess high potential
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Banana Fusarium wilt disease caused by Fusarium oxyspoum f. sp. cubense (Foc)
seriously threatens the banana industry. Foc tropical race 4 (Foc TR4) can infect
almost all banana cultivars. Compared with traditional physical and chemical practices,
biocontrol strategy using beneficial microbes is considered as an environmentally
sound option to manage fungal disease. In this study, a strain, H3-2, isolated from
a non-infected banana orchard, exhibited high antifungal activity against Foc TR4.
According to its morphological, physiological, and biochemical characteristics, the strain
H3-2 was identified as Streptomyces sp. and convinced by the polymorphic phylogenic
analysis of 16S rRNA sequences. Extracts of the strain H3-2 suppressed the growth
and spore germination of Foc TR4 in vitro by destroying cell membrane integrity and
mycelial ultrastructure. Notably, the strain and its extracts showed broad-spectrum
antifungal activity against the selected seven fungal phytopathogens. Fourteen
chemical compounds in the extracts were identified by gas chromatography—-mass
spectrometer (GC-MS), primarily phenolic compounds. Additional pot inoculation
experiment demonstrated that the fermentation broth of the strain H3-2 promoted the
growth of banana seedlings by efficiently inhibiting the spread of banana Fusarium wilt
disease. This study demonstrated the potential application of the novel Streptomyces
sp. H3-2 for the management of banana Fusarium wilt.

Keywords: Streptomyces sp., banana fusarium wilt, antifungal mechanism, pot experiment, GC-MS, biocontrol

INTRODUCTION

Banana (Musa spp.) is one of the most important fruit crops among the worlds top 10 staple
foods in terms of production and trade (Dita et al., 2018; Xu et al., 2020). However, Fusarium
wilt disease, known as Panama disease, seriously causes a substantial loss in the banana industry
(Dale et al., 2017). Banana Fusarium wilt is a soil-borne fungal pathogen, which is caused by
Fusarium oxysporum f. sp. cubense (Foc). The Foc tropical race 4 (Foc TR4) strain can survive
for more than 30 years in soil and infects over 80% of banana cultivars (Zhang et al., 2019).
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Currently, physical and chemical methods are not effective
in controlling the spread of banana Fusarium wilt disease.
Additionally, chemical application can induce the development
of resistant strains and cause environmental pollution (Kanini
et al., 2013). Practical management, including the isolation of
infested areas, remotion of infected plants, and disinfection of
farm instruments, slows the spread of Foc to a certain extent
(Dale et al., 2017). Biological control using functional microbes is
considered to be an economically and environmentally friendly
method to manage fungal phytopathogens (Abbas et al., 2020).

Actinobacteria belonging to Gram-positive bacteria have a
great biosynthetic potential to produce large amounts of bioactive
secondary metabolites (Jose et al., 2021). Some metabolites with
novel structure and remarkable biological activity are widely
used in agriculture, industry, and medicine (Uyeda et al., 2001;
Kurniawati et al., 2016; Li et al., 2021a). Nearly 80% of antibiotics
are produced by actinomycetes, such as Streptomyces (Yun
et al., 2018). Many insecticides, bioherbicides, and antifungal
agents are also made from Streptomyces (Barka et al., 2016).
For example, ivermectin, a true success story in terms of
anthelmintics killing a variety of parasites and insects, is a
dehydro derivative of avermectin produced by Streptomyces
avermitilis (Omura and Crump, 2014, 2017). Mildiomycin, a
nucleoside fungicide isolated from the secondary metabolites
of Streptomyces rimofaciens, has potent bioactivity against
powdery mildews on cucumber or pumpkin (Feduchi et al,
1985; Huang et al, 2010; Zhao et al, 2016). Our previous
study also showed that extracts of Streptomyces sp. H4 had
strong inhibitory activity against Colletotrichum fragariae during
strawberry fruit storage stage (Li et al., 2021a). Streptomyces
sp. JBS5-6 also exhibits strong antifungal activity against Foc
TR4 (Jing et al.,, 2020). However, these functional microbes for
controlling plant diseases are limited by their different growth
conditions or poor activity in a complex environment (Saravanan
et al,, 2003). The isolation and screening of broad-spectrum
and highly eflicient antagonistic agents are still necessary
(Chen et al., 2018).

In this study, a novel strain H3-2 belonging to the genus
Streptomyces was isolated from the rhizosphere of banana
plantations, and its broad-spectrum antifungal activity was
discovered. The morphological, physiological, and biochemical
characteristics of Streptomyces sp. H3-2 were analyzed. The
effects of its extracts on mycelial growth, morphology, and cell
ultrastructure and the spore germination of Foc TR4 were also
detected. In addition, the biocontrol ability of Streptomyces sp.
H3-2 was further investigated in a pot experiment. The aim of
this study was to excavate important actinobacterium resources
to manage fungal phytopathogens. These findings will be helpful
in searching novel natural compounds with high antifungal
activities for the banana industry.

MATERIALS AND METHODS

Screening of Antifungal Actinomycetes
Actinomycetes were isolated from the rhizosphere of a banana
orchard, where no disease symptoms of banana Fusarium

wilt were recorded for more than 10 years in Lingao
County, Hainan Province, China (19°47'1”N and 105°51'17"E).
Isolated strains were preserved on ISP2 medium slants
at 4°C in the Key Laboratory of Biology and Genetic
Resources of Tropical Crops, Ministry of Agriculture, Institute
of Tropical Bioscience and Biotechnology, Chinese Academy
of Tropical Agricultural Sciences, Haikou, China. To screen
the actinomycetes with antifungal activity against Foc TR4,
a plate confrontation method on the potato dextrose agar
(PDA) medium was performed in vitro according to the
description of Li et al. (2021). The inhibition rates of
fungal radial growth were calculated using the formula:
Inhibition rates = [(A—B)/(A—0.5)] x 100, where A and B are
the mean colony diameters (cm) of phytopathogenic fungi in the
control and treatment groups, respectively.

Identification of Strain H3-2

A H3-2 strain was identified by combining morphological,
physiological, and biochemical characteristics (Qi et al,
2019). For molecular identification, the 16S rRNA gene
sequence was amplified by polymerase chain reaction
(PCR) using the prokaryotic universal primers (27F:
5-AGTT TGATCMTGGCTCAG-3' and 1492R: 5'-
GGTTACCTTGTTACGACTT-3') (Qi et al, 2019). The
thermocycling condition for PCR included denaturation at 95°C
for 3 min, followed by 32 cycles of denaturation at 94°C for
30 s, annealing at 55°C for 1 min, extension at 72°C for 2 min,
and final extension at 72°C for 10 min in the Veriti thermal
cycler (Applied Biosystems, Carlsbad, CA, United States). The
amplified product was analyzed in 1.2% (w/v) of agarose gel
electrophoresis and sequenced by Sangon Biotech Co., Ltd.
(Shanghai, China). To perform a phylogenetic analysis, the 16S
rRNA gene sequence was aligned against the NCBI GenBank
entries using the BLAST algorithm' and the EzBioCloud
database’ to obtain the homology sequences. The phylogenetic
tree was constructed using the neighbor-joining method of
MEGA version 7.0.

Isolation of Stain H3-2 Crude Extracts

The H3-2 strain was cultured on ISP2 solid medium for 7 days at
28°C. A single colony was selected and inoculated into a 250-ml
Erlenmeyer flask containing 100 ml of the ISP2 liquid medium at
200 rpm for 4 days at 28°C as a seed suspension. To obtain a mass
culture fermentation broth, 20 ml of the seed culture broth was
inoculated in 20 flasks (5 L) containing 1 L of sterilized soybean
liquid culture medium (SLM, 15 g of soybean powder, 20 g of
amylose, 5 g of yeast extracts, 2 g of bacterial peptone, 4 g of
NaCl, 4 g of CaCOj per liter of distilled water, pH adjusted to
7.2 with 2 mol/L NaOH), respectively. The flasks were cultured
at 200 rpm for 7 days at 28°C. The fermentation broth of the
7-day-old strain H3-2 was centrifuged at 8,000 x g for 15 min.
The supernatant was concentrated under vacuum at 36°C using
a rotary evaporator to obtain crude extracts (Jing et al., 2020).

"http://www.ncbi.nlm.nih.gov/BLAST
Zhttps://www.ezbiocloud.net/identify
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Purification of H3-2 Crude Extracts

After filtering with filter paper, crude extracts were eluted
using a linear gradient (1 L each) of methanol: deionized
water (50:50, 60:40, 70:30, 80:20, and 100:0) on a silica gel
column (8.0 inner diameter, 60 cm length) and divided into
five fractions. The five evaporated solutions were dissolved into
10% of dimethyl sulfoxide (DMSO) with a final concentration
of 20.0 mg/ml, respectively. Then, inhibitory efficiency against
Foc TR4 was carried out by a plate diffusion method according
to previous reports (Jing et al, 2020; Li et al, 2021b):
20 mg/ml of five crude extract solutions were transferred
to 60 ml of the autoclaved PDA medium at 50-55°C;
10% of DMSO was used as a control. A 5-mm-diameter
fungal disc of Foc TR4 was inoculated in the center of
plate. The inhibition rates of Foc TR4 were calculated at
28°C for 7 days as mentioned above. All experiments were
repeated in triplicates.

Effect of Strain H3-2 Extracts on Mycelial

Growth of Foc TR4

Growth inhibition of Foc TR4 was evaluated by mycelial growth
rate. Strain H3-2 extracts isolated with 100% of methanol
were added to the autoclaved PDA medium and diluted into
different concentrations of 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50,
100, and 200 pg/ml, respectively. The consistent concentration
of DMSO was used as a negative control in each group.
A 5-mm-diameter fungal disc of Foc TR4 was inoculated in
the center of plate. The growth diameter of Foc TR4 was
measured after 7 days at 28°C. Each treatment contained
three replicates. A least square method was used to establish
a linear regression equation, namely, a toxicity regression
equation (Vanewijk and Hoekstra, 1993). A half maximal effective
concentration (ECsg) value was calculated according to the
toxicity regression equation.

Effect of Strain H3-2 Extracts on Mycelial
Morphological Characteristics of Foc
TR4

The morphological characteristics of Foc TR4 mycelia treated
with H3-2 extracts were assessed by scanning electron
microscopy (SEM; TM4000Plus, Hitachi, Japan). The methods of
sample preparation and analysis were referred to the publication
with a slight modification (Wei et al., 2020). A 5-mm-diameter
disk of Foc TR4 was inoculated in the PDA plate containing
4 x ECsg of strain H3-2 extracts. A transverse section (1 cm?)
was cut from the mycelial edges. The corresponding position
was selected from the control plate containing an equal volume
of DMSO. The hyphal samples were fixed with 2.5% (v/v) of
glutaraldehyde at 4°C for 4 h and washed three times with
1.5 ml of phosphate-buffered saline (PBS, 0.1 mol/L) for 15 min.
Samples were dehydrated through a gradient ethanol (30, 50,
70,80, 90, 95, and 100%) for 15 min. After replacing ethanol with
isoamyl acetate, critical point drying was carried out with carbon
dioxide. Finally, the dried samples coated with thin gold were
observed under SEM.

Effect of Strain H3-2 Extracts on Mycelial

Cell Ultrastructure of Foc TR4

The ultrastructure of Foc TR4 cells treated with H3-2 extracts
was investigated by transmission electron microscopy (TEM,
HT7700; Hitachi, Ibaraki, Japan). The methods for collection,
fixation, and dehydration of samples were the same as described
above. The samples were embedded in the Epon812 resin and
then were aggregated at 35°C for 12 h, 45°C for 24 h, and
60°C for 48 h. Then, the embedded material was sliced into
70-nm slices by an ultramicrotome (EM UC6; Leica, Wetzlar,
Germany) at room temperature. Subsequently, these sections
were double-stained with uranyl acetate and lead citrate solution.
After natural drying, the ultrastructure of mycelial cells was
detected by TEM.

Effects of Strain H3-2 Extracts on Foc
TR4 Spore Germination

The germination rate of Foc TR4 spores was assayed as
reported previously with a minor modification (Li et al,
2021b). Briefly, 45 1 of spore suspension (1.0 x 10° CFU/ml)
was completely mixed with an equal volume of strain H3-2
extracts with different concentrations of 1 x ECsg, 2 x ECsg,
4 x ECsp, 8 x ECsp, and 16 x ECsg, respectively. The
mixture was added into concave slides and was incubated at
28°C for 12 h. The same concentration of DMSO or spore
suspension was used as the negative control. All experiments
were performed in triplicates. One hundred spores in each slide
were observed by an optical inverted microscope (MMI Cellcut
Plus; MMI, Glattbrugg, Switzerland). The inhibition efficiency
was evaluated using the percentage of spore germination
(Wei et al., 2020).

Assay of a Broad-Spectrum Antifungal
Activity of Strain H3-2 and Its Extracts

To test the broad-spectrum antifungal activity of the stain
H3-2 and its extracts, seven fungal phytopathogens, including
Foc TR4 (ATCC 76255), F. oxysporum f. sp. cucumerinum
(ATCC  204378), Fusarium graminearum (ATCCMYA-
4620),  Colletotrichum  gloeosporioides ~ (ATCCMYA-456),
Colletotrichum  gloeosporioides (ACCC 36351), Pyricularia
oryzae (ATCC 52352), Colletotrichum fragariae (ATCC 58718),
and Curvularia lunata (ATCC 12017), were selected from
the Key Laboratory of Biology and Genetic Resources
of Tropical Crops, Ministry of Agriculture, Institute of
Tropical Bioscience and Biotechnology, Chinese Academy
of Tropical Agricultural Sciences, Haikou, China. Strain H3-2
was inoculated at four symmetrical sites on the PDA plate.
After 24 h at 28°C, a 5-mm-diameter disc of phytopathogenic
fungi was added in the center of PDA plate. For further
detection of antifungal activity of strain H3-2 extracts,
each fungal phytopathogen was inoculated in the center
of an autoclaved PDA medium with 200 pg/ml of final
extract concentration. Antifungal activity was measured
using the mycelial growth method. All experiments were
repeated in triplicates.
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Chemical Constituent Analysis of Strain H3-2
Extracts

The chemical constituent of H3-2 extracts was analyzed by
a PerkinElmer 690 GC coupled to a PerkinElmer 8T Single
Quadrupole MS. The Elite-5MS capillary column (30 m length,
0.25 mm inner diameter, 0.25 pm film thickness) and helium
(1 ml min~!) were used as stationary phase and mobile phase,
respectively. The splitless mode was employed for injection with
injection quantity of 1 pl and injector temperature control of
250°C. The column temperature program was set as follows:
initial temperature kept at 60°C for 1 min, increased to 100°C
at a rate of 5°C min~! for 5 min, then increased to 250°C at a
rate of 10°C min~! for 35 min, programmed to 280°C at a rate of
10°C min~!, and finally kept isothermally at 280°C for 25 min.
The temperature of transfer line was 280°C, and the temperature
of ion source was 240°C. The mass spectrometer was operated in
electron ionization mode (70 eV) with a scan range of ions from
50 to 650 amu. Results of mass spectra were matched with the
standard spectrum library of the National Institute of Standards
and Technology (NIST).

Pot Inoculation Experiment of Banana
Seedlings

The control efficiency of the strain H3-2 fermentation broth on
banana Fusarium wilt disease was evaluated in a greenhouse
with an average temperature of 28°C and relative humidity of
70% from March to April in 2021. Foc TR4 overexpressing a
green fluorescent protein gene (GFP-Foc TR4) was provided
by the Institute of Environment and Plant Protection, China
Academy of Tropical Agricultural Sciences, Haikou, China.
Banana (“Brazilian,” Musa acuminata L. AAA genotype cv.
Cavendish) tissue culture seedlings with three to four true leaves
were transplanted from seedling bags (one seedling per bag) to a
plastic basin (8 cm x 8 cm) containing 1 kg of sterilized soil (Xu
et al., 2020). Three treatments were set up as follows: (1) H,O
(sterile deionized water, negative control); (2) Foc TR4 (positive
control, inoculated with GFP-Foc TR4); (3) H3-2 4+ Foc TR4
(1.0 x 107 CFU ml™! of strain H3-2 fermentation broth and
1.0 x 107 CFU ml~! of GFP-Foc TR4). One hundred milliliters of
mixture was added to the roots of banana seedlings as previously
described (Wang et al., 2012). Banana seedlings were treated
every 7 days. Each treatment contained 30 plants.

Assessment of Biocontrol Efficiency

After co-inoculation for 35 days, banana roots were collected
and sliced using manual operation as thin as possible.
The infection and colonization levels of GFP-Foc TR4 were
detected immediately using a laser scanning confocal microscope
(Olympus FV1000; Olympus, Tokyo, Japan). The excitation
spectrum of GFP was set at 488 nm, and autofluorescence of root
tissue was set 530 nm.

Plant height, chlorophyll contents of leaves, stem diameter,
leaf area, and total dry weight were also measured. A total of 21
plants were selected form each treatment to assess the biocontrol
efficiency. Disease symptoms were observed and recorded in each
plant. The disease symptoms were classed into five from 0 to 4

as described by Mak et al. (2004). According to the disease class,
the disease incidence (DI) was calculated as DI (%) = X(Value
of class x Number of disease plants in that class)/(4 x Total
number of assessed banana seedlings) x 100 according to the
previous description (Xu et al., 2020). Biocontrol efficiency (BE)
was measured according to the following formula: BE (%) = (DI
in Foc TR4 group — DI in H3-2 + Foc TR4 group)/DI in Foc TR4
group x 100.

Data Analysis

Statistical analysis was performed using the SPSS 22 software
(SPSS Inc., Chicago, IL, United States). The difference among
treatments was determined using one-way analysis of variance
(ANOVA). A Duncan’s multiple range test was applied to
determine a significant difference (p < 0.05).

RESULTS

Isolation of Strain H3-2

A total of 44 strains of actinomycetes were isolated from the
soil in the banana orchard. Among them, an actinomycete
marked with H3-2 was of particular interest because of its potent
antagonistic activity against Foc TR4. After dual culture with
strain H3-2 for 7 days at 28°C, mycelial diameter of Foc TR4
was 20.0 mm =+ 0.08 in comparison to 77.3 mm =+ 0.33 in
the control (Figure 1A). The inhibition percentage of mycelial
growth was 79.9%. Further test on antifungal activity of strain
H3-2 extracts showed that mycelial diameter was 29.7 mm =+ 0.05
and mycelial inhibition percentage was 69.9% in the treatment
group (Figure 1B). Therefore, strain H3-2 was selected for the
following study.

Characteristics and Identification of
Strain H3-2

Strain H3-2 grew well on seven different solid media at 28°C
for 7 days. The pink soluble pigment was produced on ISP7
medium but was not produced on other media (Supplementary
Table 1). The open spirals of spore-bearing mycelia with
the revolutions of 3-4 were observed by SEM (Figure 1C).
The physiological and biochemical characteristics showed that
strain H3-2 exhibited an ability of gelatin liquefaction, can
hydrolyze starch and cellulose, but cannot produce H,S, urease
and xylanase (Supplementary Table 2). It grew normally in
the media with pH ranging from 6 to 8 and NaCl content
less than 7%. Strain H3-2 could utilize all the tested carbon
sources and most of nitrogen sources such as phenylalanine,
ammonium sulfate, and potassium nitrate (Supplementary
Table 3). These characteristics are typical morphological,
physiological, and biochemical features of Streptomycete-like
organisms. To further confirm phylogenetic relationship between
H3-2 and Streptomyces spp., 16S rRNA sequence of H3-2 was
amplified by PCR and sequenced. The sequence exhibited 99.7%
similarity with Streptomyces samsunensis M1463(T)(EU077190)
by alignment against EzBioCloud database and Blast X
algorithm in GenBank. A phylogenetic tree constructed by
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FIGURE 1 | Isolation and identification of strain H3-2 with high antifungal activity against Foc TR4. (A) Strain H3-2 inhibiting mycelial growth of Foc TR4. (B) Strain
H3-2 extracts inhibiting mycelial growth of Foc TR4. (C) Morphological characteristics of aerial mycelia and spores of strain H3-2 using SEM. (D) Phylogenetic tree of
strain H3-2 based on 16S rRNA gene sequence analysis. The bootstrap values (%) at the branches were calculated from 1,000 replications.
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the neighbor-joining method showed that strain H3-2 and
S. samsunensis M1463(T)(EU077190) clustered into the same
group (Figure 1D). Thus, strain H3-2 was identified as
Streptomyces spp. combining the morphological, physiological,
and biochemical characteristics as well as the alignment result of
16S rRNA gene sequence.

Antagonistic Activity of Strain H3-2
Extracts Against Foc TR4

The crude extracts of strain H3-2 were further extracted
with different concentrations of methanol (50-100%, v/v) for
measurement of antagonistic activity against Foc TR4. The
antagonistic activity of extracts increased significantly along
with the increase of methanol concentrations (Figure 2). The
inhibition rate of 80% methanol extracts to Foc TR4 was 84.7%.
The antifungal activity of 100% methanol extracts was the
strongest, and the inhibition rate was 93.4%. Hence, the effect of
100% methanol extracts of strain H3-2 on mycelial growth was
selected for further investigations.

Strain H3-2 Extracts Inhibiting Mycelial
Growth of Foc TR4

Strain H3-2 extracts observably inhibited mycelial growth of
Foc TR4 after 7 days. The higher the concentration exhibited
the more apparent the inhibition ability (Figure 3A). Compared
with the growth diameter (8.27 cm =+ 0.06) of Foc TR4 in the
control plate, the mycelial growth diameter decreased markedly

to 2.48 cm =% 0.12 in the treatment group of 12.5-pg/ml extracts.
When the concentration of strain H3-2 extracts reached 200
pg/ml, the colony growth was significantly inhibited and the
inhibition rate reached 94.2% = 0.64 (Figure 3B). In the presence
of 25 mg/L extracts, the hyphae at the colony edges were short
and thick and did not produce branches (Figure 3C). The toxic
regression equation (y = 1.1412x + 3.9204, R? = 0.9922) was
further established and the ECsy value of strain H3-2 extracts
against Foc TR4 was 8.83 pg/ml, which was defined as 1 x ECsg
in a follow-up study.

Effects of Strain H3-2 Extracts on Mycelial
Morphological Characteristics of Foc TR4
The Foc TR4 mycelia collected from the edge of the inhibition
zone was different from that of the control by SEM. In the control
group, the surface of normal mycelia was smooth and the tops
were regular, mellow, and full (Figure 4A). Whereas, the mycelia
treated with H3-2 extracts were rough, irregular swelling and cell
wall collapsed. The mycelial tops had spherical, fusiform swelling
and webbed-foot-shaped branches (Figure 4B-D).

Effects of H3-2 Extracts on Mycelial Cell
Ultrastructure of Foc TR4

The mycelial cell ultrastructure of Foc TR4 was observed by
TEM after treatment with 50 pg/ml of strain H3-2 extracts.
In the control group, the cell wall and membrane were intact,
and the cytoplasm was regular and uniform (Figure 5A). After
treatment with strain H3-2 extracts, the cell wall and septum
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FIGURE 2 | Gradient methanol elution and antifungal activity assay of strain H3-2 extracts. Different lowercase letters represent a significant difference according to
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FIGURE 3 | Effects of strain H3-2 extracts on mycelial growth of Foc TR4. (A) Mycelial growth of Foc TR4 on PDA medium treated with different concentrations of
H3-2 extracts. (B) Quantitative analysis of Foc TR4 growth diameters. Different lowercase letters represent a significant difference according to the Duncan’s multiple
range test (o < 0.05). (C) Colonial edge profiles observed using a light microscope. Bar = 100 um.

were thickened and the cell membrane was partly disrupted
(Figure 5B). In addition, the increase of liposomes and electron
transparent particles was also observed (Figure 5C). The cell
nucleus swelled together with chromatin dissolving in the
treatment group (Figure 5D).

Strain H3-2 Extracts Inhibiting Foc TR4
Spore Germination

Strain H3-2 extracts effectively inhibited the spore germination
of Foc TR4. The inhibitory efficiency of spore germination
was enhanced along with the concentration increase of extracts
(Figure 6). Compared with the control group, the spore
germination rates of Foc TR4 were 74.8, 42.3, and 16.5% after
treatment with 1 x ECsg, 2 x ECsg, and 4 x ECsq extracts for
12 h, respectively. The germination rate of 0.5 x ECsp was not
significantly different from that of the control group, but the
length of the germ tube was shorter than that of the control group.
The spore germination was completely inhibited, and the length
of the germ tube significantly failed to develop at the treatment
group of 8 x ECs extracts.

Assay of a Broad-Spectrum Antifungal
Activity

The strain H3-2 and its extracts showed a broad-spectrum
activity against the selected seven phytopathogenic fungi with
inhibition rate in the range of 67.0-88.1% and 81.9-92.5%,
respectively (Figure 7). The maximal and minimal inhibition
activities of stain H3-2 were observed against C. fragariae and
F. graminearum, respectively. For strain H3-2 extracts, the
maximum inhibition activity of 92.5% was exhibited against
C. gloeosporioides, and the lowest inhibition activity was 81.9%
against F. graminearum.

Chemical Constituent Analysis of Strain
H3-2 Extracts by GC-MS

Active chemical constituents of strain H3-2 extracts were
analyzed by GC-MS. A total of 14 chemical constituents
were identified by alignment of the NIST library based on
retention time, molecular mass, match, and the molecular
formula (Table 1). The predicted chemical constituents
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FIGURE 4 | Mycelial morphology of Foc TR4 observed under SEM. (A) Mycelial characteristics of Foc TR4 in the absence of stain H3-2 extracts. (B-D) Mycelial
morphology of Foc TR4 treated with 25 pg/ml of strain H3-2 extracts. The arrows indicate damaged mycelia of Foc TR4 in the presence of strain H3-2 extracts.
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were listed in Supplementary Figure 1, including (1) 4,6-
dimethyldodecane, (2) Cyclohexane, octyl-, (3) Undecane,
3,7- dimethyl-, (4) Phenol, 2,4-bis(1,1-dimethylethyl)-, (5)
Benzene, 1,2,3-trimethoxy-5-(2-propenyl)-, (6) Hexadecane,
(7)  Cyclohexane,(4-methylpentyl)-, (8) 9-Heptadecanone,
(9) Benzeneprop anoic acid, 3,5-bis(1,1-dimethylethyl)-
4- hydroxy-,octadecyl ester, (10) Nonadecane, 2- methyl-,
(11) 2-methyloctaco sane, (12) Phenol, 2,2’-methylenebis|6-
(1,1-dimethylethyl)-4- methyl-, (13) Hexadecanoic acid,
2-hydroxy-1-(hydroxymethyl) ethyl ester, and (14) Octadecanoi
acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester. The peak area
represented a quantitative proportion of the predicted compound
in the total of extracts.

Strain H3-2 Fermentation Broth on
Biocontrol Efficiency of Banana

Fusarium Wilt

After co-inoculation for 35 days, chlorosis and wilting symptoms
appeared in old leaves in the Foc TR4 treatment group, while
the banana seedlings had no disease symptoms after treatment

with the strain H3-2 fermentation broth (Figure 8A). Compared
with the H,O and strain H3-2 groups, the growth of banana
seedlings was significantly inhibited by Foc TR4. Furthermore,
Foc TR4 spores extended from banana root vascular bundles to
corms, causing corm rot in the control group. In the strain H3-2
treatment group, no obvious infection occurred in banana corms,
and only a few spores of Foc TR4 invaded in the root epidermal
cells (Figure 8B). Moreover, the disease index dropped below 1%
and the biocontrol efficiency was 89.4% after treatment with H3-2
fermentation broth (Figure 8C).

Strain H3-2 Fermentation Broth

Promoted the Growth of Banana

Seedlings

The growth of banana seedlings was significantly promoted
after treatment with the fermentation broth of strain H3-2.
Compared with Foc TR4 and H3-2 + Foc TR4 groups, the
stem diameter, plant height, leaf area, chlorophyll content and
dry weight were increased by 27.6, 27.5, 59.6, 24.7, and 80.0%,
respectively (Figures 9A-E). Therefore, the fermentation broth
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FIGURE 5 | Mycelial cell ultrastructure of Foc TR4 observed under TEM. (A) Ultrastructure characteristics of Foc TR4. (B-D) Ultrastructure characteristics of Foc
TRA4 treated with 50 pg/ml of strain H3-2 extracts. The arrows indicate Foc TR4 ultrastructure damaged by strain H3-2 extracts. Bar = 2 pm.
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FIGURE 6 | Inhibition of strain H3-2 extracts on spore germination of Foc TR4. (A) Spore germination characteristics of Foc TR4 after treatment with 0.5x, 1x, 2x,
4x or 8x ECsq extracts. 10% of DMSO was used as a control. Bar = 20 wm. (B) The spore germination rate (%) of Foc TR4 after treatment with different dose
extracts. Different lowercase letters indicate a significant difference according to the Duncan’s multiple range test (p < 0.05).

of Streptomyces sp. H3-2 showed a growth-promoting role on  (Li et al., 2021b). Biological control is considered to be high
banana seedlings. efficiency, broad spectrum, and environment friendly (Chen
et al., 2018). Our previous study found that a banana orchard
had no disease symptoms of Fusarium wilt for more than
DISCUSSION 10 years, in which rhizosphere soil was found to contain
many functional microorganisms (Zhou et al., 2019). Especially,
Plant fungal diseases, especially Fusarium wilt, has seriously most of secondary metabolites of Streptomyces sp. had a
limited the sustainable development of the banana industry broad-spectrum antifungal activity in controlling plant diseases
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FIGURE 7 | A broad-spectrum antifungal activity of strain H3-2 (A) and its extracts (B) against the selected seven plant pathogenic fungi.

TABLE 1 | Chemical constituents in strain H3-2 extracts analyzed by GC-MS.

No. Predicted compounds Match Probability RT (min) Area (%) Chemical Activity References
(%) formula
1 4,6-dimethyldodecane 774 6.5 16.020 1.98 C14Hsg Antimicrobial, Geethalakshmi and
antioxidant Sarada, 2013

2 Cyclohexane, octyl- 879 47.5 19.873 1.63 C14Hos No activity reported

3 Undecane, 3,7-dimethyl- 770 7.2 20.436 0.7 C13Hosg No activity reported

4 Phenol, 2,4-bis(1,1-dimethylethyl)- 884 45.1 20.769 6.89 C14H220 Inhibitor Kim et al., 2017

5 Benzene, 1,2,3-trimethoxy-5-(2-propenyl)- 740 37.4 21.332 1.08 C1oH1603  Antibacterial Rossi et al., 2007

6 Hexadecane 843 17.7 22.093 0.73 C1gHas No activity reported

7 Cyclohexane,(4-methylpentyl)- 784 15.5 22.858 1.26 C1oHog No activity reported

8 9-Heptadecanone 801 79.1 25.213 0.94 C17H340 No activity reported

9 Benzeneprop anoic acid, 728 93.2 76.351 12.77 Cs5Hs203  Antimicrobial, Elsayed et al., 2020
3,5-bis(1,1-dimethylethyl)-4- Anticancer
hydroxy-,octadecyl ester

10 Nonadecane, 2-methyl- 802 13.2 27.635 4.67 CooHao Antibiofilm Adnan, 2015

11 2-methyloctaco sane 780 15.4 29.481 2.52 CogHeo No activity reported

12 Phenol, 2,2’-methylenebis[6-(1,1- 866 95.3 30.268 10.22 Co3H3202 Insecticidal Sun et al., 2007
dimethylethyl)-4-methyl-

18  Hexadecanoic acid, 786 55.9 31.434 4.79 C19H3804  Antioxidant, Ali et al., 2015
2-hydroxy-1-(hydroxymethyl)ethyl ester anti-inflammatory,

anthelmintic

14 Octadecanoi acid, 761 46.1 34.951 4.96 Co1H4204 No activity reported
2-hydroxy-1-(hydroxymethyl)ethyl ester
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FIGURE 8 | Effects of the strain H3-2 fermentation broth on the growth of banana seedlings and resistance to Foc TR4 in the control (Foc TR4) and the two
treatments. (A) Chlorotic leaves and growth of banana seedlings were detected 35 days after strain H3-2 treatment. Bars = 10 cm. (B) Infection characteristics of
Foc TR4 on corms and roots of banana seedlings. The arrows indicate infection sites of Foc TR4. Bars = 1 cm. (C) Statistical analysis of disease indexes of banana
seedlings 35 days after inoculation with Foc TR4. All experiments were repeated in triplicates. Different lowercase letters indicate a significant difference at the level of
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FIGURE 9 | Effect of the strain H3-2 fermentation broth on the growth of banana seedlings. Growth parameters including stem diameter (A), plant height (B), leaf
area (C), chlorophyll content (D), and dry weight (E) were measured. Different lowercase letters indicate a significant difference at the level of p < 0.05.

(Chen etal., 2018; Wei et al., 2020; Li et al., 2021b). In the present
study, an actinomycete, named as Streptomyces sp. strain H3-2,
was isolated from the banana rhizosphere soil. Strain H3-2 and its
secondary metabolites effectively inhibit the growth of Foc TR4
and the selected seven phytopathogenic fungi in vitro. The ECsq
value of strain H3-2 extracts against Foc TR4 was 8.83 pg/ml,
while ECsg values of Streptomyces sp. JBS5-6, Streptomyces sp.
H4, and Streptomyces sp. YYS-7 against Foc TR4 were 136.9, 32.6,
and 21.1 pg/ml, respectively (Jing et al., 2020; Wei et al., 2020; Li
etal,, 2021b). Notably, no inhibition activity was observed against
endophytic bacteria isolated from banana roots (Supplementary

Figure 2), suggesting that Streptomyces sp. strain H3-2 has the
great potential in controlling banana Fusarium wilt.
Accumulated evidence indicated Streptomyces sp. as a
biological agent against plant pathogenic fungi mainly because
it produced a large number of secondary metabolites with
antimicrobial activity (Chen et al., 2018; Yun et al., 2018; Jing
et al., 2020; Wei et al., 2020; Li et al., 2021b). Streptomyces is
also widely used in the medicine industry. More than half of
clinical antibiotic drugs and their precursors are produced by
Streptomyces (Emerson et al., 2012). We found that the inhibition
efficiency of extracts isolated using 100% concentration of

Frontiers in Microbiology | www.frontiersin.org

139

August 2021 | Volume 12 | Article 706647


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Zou et al.

Isolation and Identification of Streptomyces sp. H3-2

methanol was the strongest against Foc TR4 (Figure 2). A similar
result was demonstrated in our previous studies (Li et al., 2021b).
However, extracts of Streptomyces sp. JBS5-6 and Streptomyces sp.
SCA3-4isolated by ethyl acetate showed more effective antifungal
activity (Qietal., 2019; Jing et al., 2020). It suggested that different
kind of compounds were extracted using different solvents, and
molecular weights of bioactive metabolites were also distinct in
different Streptomyces isolates. In this study, inhibitory efficiency
was positively correlated with the extract concentration. Mycelial
growth was completely inhibited under treatment with more than
200 pg/ml of extracts (Figure 3A). It could be supported that
Foc TR4 spores could not germinate after treated with 8 x ECsg
of extracts. Similar results showed that spore germination of
F. oxysporum was inhibited by extracts of Streptomyces sp. WP-1
(Peng et al., 2020).

In addition, the colonial tops of Foc TR4 treated with strain
H3-2 extracts became swelling and the mycelia abnormally
branched. Similarly, abnormal morphology of F. oxysporum
fungal mycelia were observed after treatment with extracts
of Streptomyces sp. JBS5-6 (Jing et al, 2020). Extensive
degradation of the cell wall and membrane was also observed,
and some cellular contents gradually disappeared. This finding
supported the phenomenon of the increase of liposomes and
formation of transparent electronic density area. Antifungal
ability of Streptomyces may be involved in nutrient competition,
degradative enzyme biosynthesis, response of fungal defenses,
antibiosis, nitrous oxide production, and quorum quenching
(Cohen and Mazzola, 2006; Dan et al., 2010). However, the
underlying mechanisms of strain H3-2 against Foc TR4 require
further studies.

Using GC-MS, some important secondary metabolites of
antifungal activity of strain H3-2 were identified. Two phenolic
compounds, phenol,2,4-bis(1,1-dimethylethyl)- and phenol,2,2’-
methylenebis[6-(1,1-dimethylethyl)-4-methyl- were detected in
strain H3-2 extracts, which were reported as antimicrobial
agents due to its ability to remove free radicals (Pinta¢ et al.,
2019). Recently, phenolic compounds extracted from grape
leaves had an obvious inhibitory effect on oral microorganisms,
such as S. aureus, E. coli, and S. mutans (Moldovan et al.,
2020). In addition, the ester compounds were also detected in
our study. The highest level of benzeneprop anoic acid,3,5-
bis(1,1-dimethylethyl)-4- hydroxy-,octadecyl ester in the GC-MS
fractions showed antimicrobial and anticancer activity (Elsayed
et al, 2020). Hydrocarbon exhibited antagonistic ability on
various pathogens (Mothana et al., 2011). The alkane (4,6-
dimethyldodecane) and olefin (benzene,1,2,3- trimethoxy-5-(2-
propenyl)-) detected in the present study have been reported to
have antimicrobial activity (Rossi et al., 2007; Geethalakshmi and
Sarada, 2013). Some acid compounds also showed antimicrobial
activity (Himaman et al., 2016). Hexadecanoic acid,2- hydroxy-
1-(hydroxymethyl) ethyl ester extracted from medicinal plants
(Melia azedarach leaves) had antioxidant, anti-inflammatory, and
anthelmintic activities (Ali et al,, 2015). Thus, we speculated
that these compounds play a key role in the broad-spectrum
antifungal activity of Streptomyces sp. H3-2 (Figure 7).

The pot inoculation experiment demonstrated strong
biocontrol efficiency of Streptomyces sp. H3-2 on banana
Fusarium wilt disease. Notably, the fermentation broth of

Streptomyces sp. H3-2 also significantly promoted the growth
of banana seedlings including stem diameter, plant height, leaf
area, chlorophyll content, and dry weight in comparison to
the Foc TR4 treatment group. Similarly, Streptomyces sp. FS-4
not only significantly reduced banana Fusarium wilt, but also
promoted the growth of banana seedlings (Duan et al., 2020).
Rungin et al. (2012) reported that Streptomyces sp. GMKU 3100
stimulated the growth of rice and mungbean plants by producing
siderophores. Verma et al. (2011) screened three Streptomyces
sp. strains promoting plant growth and inhibiting the growth
of Alternaria alternata, a causal agent of early blight disease in
tomato plants. Although the application of Streptomyces in field
trials was limited due to the complex external environments,
antifungal activity of Streptomyces sp. H3-2 was confirmed in
both pot inoculation experiment and plate culture experiment.
Our previous study found that the inhibition activity stability
of Streptomyces extracts can be kept to some extent under
different treatments with temperature, pH, and ultraviolet (UV)
(Li et al., 2021a). In addition, Streptomyces sp. H3-2 isolated
from tropical and subtropical regions with high temperature and
strong UV has proven its ability to overcome the complex growth
environments, like other species and of Streptomyces. Hence,
antifungal activity of Streptomyces sp. H3-2 may be more stable
in agriculture application.

CONCLUSION

Streptomyces sp. H3-2 exhibits a strong antifungal activity against
Foc TR4 and its extracts and effectively inhibited the mycelial
growth and spore germination of Foc TR4. Mycelial cells of
Foc TR4 become deformed and ultrastructure disappeared after
treatment with strain H3-2 extracts. Strain H3-2 and its crude
extracts exhibited broad-spectrum antifungal activity against the
tested seven phytopathogenic fungi. Moreover, the fermentation
broth of strain H3-2 significantly improved plant resistance to
Foc TR4 infection and promoted the growth of banana seedlings.
Fourteen chemical constituents in strain H3-2 extracts were
identified with most of them having antimicrobial activity. Our
study demonstrated that Streptomyces sp. strain H3-2 has the
potential as a biocontrol agent for preventing banana plants from
the infection of Foc TR4.
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