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F, C12 polyketides from the
co-cultivation of Phoma sp. YUD17001 and
Armillaria sp.†

Hong-Tao Li, Tao Liu, Ruining Yang, Fei Xie, Zhi Yang, Yabin Yang, Hao Zhou *
and Zhong-Tao Ding *

Six new C12 polyketides, phomretones A–F (1–6), were isolated from the co-culture of Armillaria sp. and the

endophytic fungus Phoma sp. YUD17001 associated with Gastrodia elata. Neither fungus produced these

compounds when cultured alone. The structures of 1–6 were established on the basis of comprehensive

spectroscopic analyses, while their absolute configurations were determined by the comparsion of

experimental and calculated ECD spectra. Compounds 2–4 are diastereoisomers of each other and

featured high levels of stereoisomerization and oxidation.
Introduction

Co-cultivation of microorganisms attracts substantial attention
from both chemists and biologists as the activation of silent
biosynthetic pathways can be utilized for the isolation and char-
acterization of structurally novel and biologically meaningful
molecules.1–4 Hitherto, co-culture systems have been developed
with various microorganisms, including bacterium–fungus,
bacterium–bacterium, bacterium–protist, archaea–fungus and
fungus–fungus co-cultures, involving both budding and
ounds 1–6 and verbenanone.
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(ESI) available: 1D and 2D NMR,
f phomretones A–F, along with other

8389
lamentous forms.2 Examples of the production of previously
unknown secondary metabolites by co-culture include the penix-
ylarins A–B,4 fusatricinones A–D,5 cytochathiazines,6 berkeley-
lactones,7 libertellenones,8 tetrapeptides,9 and the citrifelins.10

As part of our ongoing study of metabolites produced by
fungal co-cultures,11–13 we analyzed the co-culture of the endo-
phytic fungus Phoma sp. YUD17001 and the symbiotic fungus
Armillaria sp. associated with Gastrodia elata. This led to the
isolation of two phenolic, phexandiols A and B, and three
aliphatic ester derivatives, phomesters A–C.11 Further scale-up
fermentation followed by chemical investigation of the metab-
olites of this co-culture system yielded six new compounds,
phomretones A–F (1–6) (Fig. 1), which were a series of struc-
turally related C12 polyketides that differ in the geometry and
substitution pattern. Notably, LC-MS analysis conrmed these
metabolites were not detected in the culture broth of Phoma sp.
YUD17001 or Armillaria sp., but were only produced during co-
cultivation (Fig. S2 and S3, ESI†). Herein are reported the
isolation, structure elucidation, and bioactivity evaluation for
all of these compounds.
Results and discussion

Phomretone A (1) was obtained as a colorless solid. A molecular
formula of C12H20O5 was assigned by interpretation of HREIMS.
The IR spectrum showed absorption bands at 3340 and
1721 cm�1 indicating the presence of hydroxyl and carbonyl
groups. The 1D NMR data (Tables 1 and 2) of 1 revealed one
methyl group, four methylenes, six methines including ve
oxygenated, and one nonprotonated carbon. Interestingly, these
data were similar to those for a recently reported novel poly-
ketide, verbenanone, described by Chunshun Li et al.14 The
major difference was the C-1, C-3, C-5, C-7, and C-9 signals of
compound 1 were upeld (DdC �4.0, �2.0, �4.7, �8.7, and
This journal is © The Royal Society of Chemistry 2020
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Table 1 1H NMR data for compounds 1–6 (d in ppm, J values in Hz)a

No. 1 2 3 4 5 6

1
2 4.16, dd (12.4, 6.8) 2.30, m 2.42, m 2.44, overlap 2.40, m 2.49, d (18.0)

2.26, m 2.26, m 2.26, m 2.31, m
3 2.22, m 2.00, m 2.02, overlap 2.02, m 2.03, overlap 1.98, m

1.47, overlap 1.56, overlap 1.88, overlap 1.53, overlap 1.86, overlap 1.73, m
4 2.13, m 2.13, m 2.03, overlap 2.11, m 2.01, overlap 2.16, m

1.79, m 1.70, m 1.86, overlap 1.77, m 1.85, overlap 1.56, overlap
5 3.79, dt (10.8, 4.0) 3.79, m 4.32, m 3.23, m 4.34, br s 4.26, m
6 2.48, d (10.8) 2.48, m 2.80, m 2.46, overlap 2.52, br s
7 4.35, br s 4.36, br s 4.37, m 3.76, m 4.46, m 6.46, br s
8 3.14, dd (9.6, 2.4) 3.14, dd (9.6, 3.2) 3.32, m 3.08, overlap 1.51, m 3.92, m
9 3.54, m 3.53, m 3.49, m 3.10, overlap 3.72, m 3.26, m
10 1.79, overlap 1.79, m 1.70, m 1.80, m 1.40, overlap 1.82, m

1.37, overlap 1.37, overlap 1.32, overlap 1.37, overlap 1.29, overlap 1.42, overlap
11 1.57, overlap 1.59, overlap 1.51, m 1.56, overlap 1.39, overlap 1.60, overlap

1.36, overlap 1.36, overlap 1.31, overlap 1.36, overlap 1.32, overlap 1.42, overlap
12 0.93, t (7.2) 0.93, t (7.2) 0.91, t (7.2) 0.93, t (7.2) 0.90, t (6.8) 0.96, t (7.2)

a Measured at 400 MHz in methanol-d4.

Table 2 13C NMR data for compounds 1–6 (d in ppm)a

No. 1 2 3 4 5 6

1 208.4, C 210.1, C 212.4, C 210.1, C 212.7, C 201.3, C
2 75.7, CH 41.2, CH2 42.5, CH2 41.9, CH2 42.6, CH2 40.5, CH2

3 30.8, CH2 21.5, CH2 22.7, CH2 22.6, CH2 22.6, CH2 19.6, CH2

4 29.7, CH2 31.6, CH2 30.7, CH2 32.2, CH2 31.4, CH2 31.7, CH2

5 74.7, CH 74.5, CH 74.4, CH 79.9, CH 74.9, CH 76.9, CH
6 57.5, CH 59.5, CH 57.3, CH 62.1, CH 55.5, CH 141.8, C
7 66.9, CH 66.7, CH 67.6, CH 72.1, CH 64.3, CH 135.7, CH
8 73.2, CH 73.5, CH 69.7, CH 76.3, CH 36.1, CH2 68.7, CH
9 76.4, CH 76.4, CH 77.1, CH 80.8, CH 73.5, CH 79.7, CH
10 35.2, CH2 35.2, CH2 35.3, CH2 35.1, CH2 39.4, CH2 35.7, CH2

11 19.6, CH2 19.6, CH2 19.3, CH2 19.6, CH2 19.5, CH2 19.8, CH2

12 14.5, CH3 14.5, CH3 14.5, CH3 14.4, CH3 14.5, CH3 14.4, CH3

a Measured at 100 MHz in methanol-d4.

1 1
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�5.5, respectively) when compared with verbenanone, whereas
C-6 and C-8 of 1 were shied downeld (DdC +2.3 and +0.5).
Subsequently, following detailed inspection of the 1H–1H COSY
and HMBC data (Fig. 1) of 1, its planar structure was deter-
mined as being the same as that of verbenanone, suggesting
that 1 might be a stereoisomer of verbenanone.14 The relative
conguration of 1 was established based on the ROESY corre-
lations as indicated in Fig. 2. The ROESY spectrum showed
cross-peaks of H-2/H-6, H-5/H-6, H-5/H-9, H-6/H-7/H-8, and H-8/
H-9 indicating that H-5, H-6, and H-9 were on the same side and
assigned in the a-position, whereas 2-OH, 7-OH, and 8-OH were
b-oriented. The absolute conguration of 1 was elucidated by
comparing the quantum chemical calculations of the calculated
electronic circular dichroism (ECD) spectra at the B3LYP/6-
31G(d,p) level in methanol with the experimental one. The
calculated ECD curve of the (2S,5R,6R,7S,8S,9S)-enantiomer
showed the identical Cotton effects (CEs) as the experimental
ECD curve for 1 (Fig. 3A). Therefore, the absolute conguration
This journal is © The Royal Society of Chemistry 2020
of 1 was assigned as 2S, 5R, 6R, 7S, 8S, 9S, and 1 was identied
as the stereoisomer of verbenanone.14

Phomretones B (2), C (3), and D (4) were also isolated as
colorless solids. Their HRESIMS data established the identical
molecular formula of C12H20O4 ([M + Na]+ m/z 251.1251,
Fig. 2 Key H– H COSY and HMBC correlations of 1–6.

RSC Adv., 2020, 10, 18384–18389 | 18385
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Fig. 3 Conformations and key ROESY correlations of 1–6.
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251.1254, and 251.1253, respectively). Comparison of the 13C
NMR data (Table 2) of 2–4 suggested that three compounds
possess similar carbon chemical shis. Markedly, notable
differences were observed for resonances attributable to the B
ring with chiral carbon signals, which could be inuenced by
the different spatial congurations of C-5, C-6, C-7, C-8, and C-9
Fig. 4 Experimental and calculated ECD spectra of compounds 1–6 (A–

18386 | RSC Adv., 2020, 10, 18384–18389
(Fig. 5). Furthermore, their 1H and 13C NMR data (Tables 1 and
2) showed considerable resemblance to that of 1. The main
difference between compounds 2–4 and 1 was the lack of an
oxygenated methine signal (dH 4.16, dC 75.7), suggesting the
absence of a hydroxyl group at C-2 in 2–4. This was ascertained
with the DEPT and 2D NMR experiments (ESI†). The key 1H–1H
COSY and HMBC correlations observed for 2–4 (Fig. 2) showed
that the three compounds share identical constitution atomic
arrangement, being stereoisomers of each other. This was
further supported by comparison of the ROESY data (Fig. 3) of
2–4. For 2, the key ROESY correlations of H-6/H-7/H-8 and H-8/
H-9 supported their b-orientation. In contrast, H-5 was assigned
to a-orientation. For compound 3, the b-orientations of H-5, H-
6, H-7, H-8, and H-9 was inferred through ROESY correlations of
H-5/H-6/H-7/H-8/H-9. Moreover, the relative conguration of 4
was determined as shown (Fig. 3). The ROESY correlation of H-
5/H-6 suggested that H-5 and H-6 are a-oriented. The b-orien-
tations assigned to H-7 and H-9 were supported by the ROESY
cross-peaks of H-7/H-9. To verify the above structural assign-
ment and to determine the absolute congurations of 2–4, the
ECD calculation was performed, together with comparison of
the CEs in the calculated and experimental curves (Fig. 4B–D).
On the basis of the above, the absolute congurations of
compounds 2–4 were deduced to be (5S,6R,7S,8S,9S),
(5S,6S,7R,8R,9R), and (5R,6R,7R,8S,9R), respectively.

Phomretone E (5) exhibited a molecular formula of
C12H20O3, which was one oxygen atom mass unit less than that
of 2. Its 1D NMR spectroscopic data (Tables 1 and 2) were highly
similar to those of 2, except that an oxygenated methine (dH
3.16, dC 73.5) was absent and a methylene signal at C-8 (dH 1.51,
dC 36.1) was present in 5. Combined with the molecular mass
information, 5 was identied to be a deoxy analogue of 2.
F).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Comparison of 13C NMR spectra of compounds 2–4 from dC 0 to 100 ppm; 2–4 possess similar carbon chemical shifts; the major
deviations among 2–4 are the chiral carbon signals C-5, C-6, C-7, C-8, and C-9, respectively.
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Further analyses of NMR data, including COSY, HMBC, and
ROESY experiments (Fig. 2 and 3), yielded the planar structure
and relative conguration of 5. Additionally, the calculated ECD
curve for the (5S,6S,7S,9R)-enantiomer (Fig. 4E) coincided well
with the experimental data of 5. Accordingly, the structure of 5
was dened as shown in Fig. 1.

Phomretone F (6) was puried as a colorless solid, and its
molecular formula was determined as C12H18O3 on the basis of
HRESIMS data, corresponding to four degrees of unsaturation.
Its 1D NMR data (Tables 1 and 2) resembled those of 3, with the
exception of the presence of an additional trisubstituted double
bond [dH 6.46 (1H, br s, H-7); dC 141.8 (C-6), 135.7 (C-7)] and the
absence of one hydroxyl group in 6. Further analysis of the
HMBC correlations from H-5 (dH 4.26) and H-7 (dH 6.46) to C-6
(dC 141.8), and from H-7 (dH 6.46) to C-9 (dC 79.7) indicated the
location of the double bond between C-6 and C-7. The ROESY
experiment (Fig. 3) showed correlations between H-5 and H-9 as
well as between H-8 and H-9, which revealed the H-5, H-8, and
H-9 all to be in a b-orientation relative conguration. As shown
in Fig. 4F, the calculated ECD spectrum for (5S,8R,9R)-6
matched well with the experimental ECD spectrum, which
elucidated the absolute conguration of 6 as 5S, 8R, 9R.

All isolated compounds (1–6) were tested in cytotoxicity, anti-
acetylcholinesterase, and anti-PTP1B enzyme assays, but none
showed signicant inhibitory activities (details see ESI†).
Conclusions

In summary, there was no evidence of the production of the
phomretones A–F by either fungus when grown as axenic
cultures, which may be a result of the co-culture of Phoma sp.
YUD17001 with Armillaria sp. Consequently, the present study
may serve as a further example of the successful application of
co-culture approaches for expanding the metabolic prole of
microorganisms. Furthermore, the study will provide an
opportunity to deepen the understanding of the interactions
This journal is © The Royal Society of Chemistry 2020
among the fungal community associated with G. elata habitats
and their relationship with the host plant.

Experimental section
General experimental procedures

Optical rotation, UV, and IR data were obtained using JASCO P-
1020 polarimeter, Shimadzu UV2401PC, and Bruker Tensor-27
with KBr pellets, respectively. CD spectra were recorded on an
Applied Photophysics digital circular dichroism chiroptical
spectrometer (Surrey, UK). 1D and 2D NMR spectra were
recorded in methanol-d4 using tetramethylsilane as internal
standard on a Bruker DRX-400 MHz spectrometer (Bruker Co.,
Karlsruhe, Germany). HRESIMS was performed using an Agilent
G3250AA Q-TOF MS (Agilent, Santa Clara, CA, USA). Preparative
HPLC was performed on an Agilent 1260 series equipped with
a DAD detector and a Zorbax SB-C18 (250 � 9.4 mm, 5 mm)
semipreparative column. Silica gel (200–300 mesh), Sephadex™
LH-20 gel (Uppsala, Sweden), and RP-C18 silica gel (150–200
mesh, Merck) were used for column chromatography (CC).
Fractions were monitored by TLC (GF254, Qingdao Haiyang
Chemical Co. Ltd), with spots were detected by spraying with
10% H2SO4 in ethanol, followed by heating.

Fungal material

Identication of two fungi (Phoma sp. YUD17001 and Armillaria
sp.) was based on sequence data analysis of the internal tran-
scribed spacer (ITS) regions of the 18S rRNA (GenBank acces-
sion numbers MH665638 and MK079569, respectively). More
details about the experimental procedures are provided in work
described previously.11

Co-culture conditions

Scale-up liquid co-cultures of Phoma sp. YUD17001 and Armil-
laria sp. were performed according to the previously reported
method.11
RSC Adv., 2020, 10, 18384–18389 | 18387
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Extraction and isolation

The whole co-cultures (50 L) were separated from the mycelium
by vacuum ltration and partitioned with ethyl acetate (EtOAc)
three times. The extract was evaporated under reduced pres-
sure, yielding 11.0 g of brown extract. The extract was subjected
to silica gel CC with a CHCl3–MeOH gradient system (100 : 0,
50 : 1, 30 : 1, 10 : 1, 1 : 1, and 0 : 100 v/v) to yield six fractions
(A–F). Fraction B was further submitted to Sephadex LH-20 gel
CC (CHCl3–MeOH, 1 : 1 v/v), and was pooled according to TLC
analysis data to afford four combined subfractions (B1–B4).
Elution of B1 with petroleum ether (PE)–EtOAc (9 : 1 and 3 : 1 v/
v) afforded 5 (6.4 mg). Fraction B3 was divided into three
portions (B3.1–B3.3) by silica gel CC (PE–EtOAc, 20 : 1–5 : 1 v/v)
to obtain further fractions. Fraction B3.2 was fractionated by
RP-C18 CC (MeOH–H2O, 1 : 4–3 : 2 v/v) to yield 2 (9.0 mg), 3 (7.8
mg), and 4 (2.0 mg). Compound 6 (tR ¼ 26 min, 2.5 mg) was
isolated by fractionation of B4 using semipreparative HPLC
(MeOH–H2O, 7 : 3 v/v). Fraction C was further fragmented by
RP-C18 CC (MeOH–H2O, 1 : 9–1 : 0 v/v) to yield ve subfractions
(C1–C5). Purication of C2 over Sephadex LH-20 (MeOH) gave 1
(3.2 mg).

Phomretone A (1). Colorless solid; [a]23D +8.4 (c 0.32, MeOH);
UV (MeOH) lmax (log 3) 228 (0.29), 267 (0.24) nm; IR (KBr) nmax

3340, 2956, 2870, 1721, 1358, 1252 cm�1; 1H and 13C NMR data
see Tables 1 and 2; HRESIMS m/z 267.1208 [M + Na]+ (calcd for
C12H20O5Na, 267.1203).

Phomretone B (2). Colorless solid; [a]23D +34.3 (c 0.24, MeOH);
UV (MeOH) lmax (log 3) 232 (0.50) nm; IR (KBr) nmax 3335, 2955,
2878, 1728, 1374, 1250 cm�1; 1H and 13C NMR data see Tables 1
and 2; HRESIMS m/z 251.1251 [M + Na]+ (calcd for C12H20O4Na,
251.1254).

Phomretone C (3). Colorless solid; [a]23D +39.8 (c 0.41, MeOH);
UV (MeOH) lmax (log 3) 231 (0.53) nm; IR (KBr) nmax 3335, 2953,
2878, 1726, 1374, 1253 cm�1; 1H and 13C NMR data see Tables 1
and 2; HRESIMS m/z 251.1254 [M + Na]+ (calcd for C12H20O4Na,
251.1254).

Phomretone D (4). Colorless solid; [a]23D +33.6 (c 0.22,
MeOH); UV (MeOH) lmax (log 3) 253 (0.63) nm; IR (KBr) nmax

3336, 2955, 2870, 1723, 1358, 1253 cm�1; 1H and 13C NMR data
see Tables 1 and 2; HRESIMS m/z 251.1253 [M + Na]+ (calcd for
C12H20O4Na, 251.1254).

Phomretone E (5). Colorless solid; [a]23D �14.8 (c 0.14,
MeOH); UV (MeOH) lmax (log 3) 245 (0.78) nm; IR (KBr) nmax

3334, 2956, 2870, 1723, 1358, 1254 cm�1; 1H and 13C NMR data
see Tables 1 and 2; HRESIMS m/z 235.1304 [M + Na]+ (calcd for
C12H20O3Na, 235.1305).

Phomretone F (6). Colorless solid; [a]23D +60.1 (c 0.11, MeOH);
UV (MeOH) lmax (log 3) 241 (2.14) nm; IR (KBr) nmax 3335, 2955,
2880, 1723, 1653, 1378, 1252 cm�1; 1H and 13C NMR data see
Tables 1 and 2; HRESIMS m/z 209.1183 [M � H]� (calcd for
C12H17O3, 209.1183).
TDDFT-ECD calculations

The conformational search for the molecule was carried out
using the MMFF94S force eld and CONFLEX soware.15 The
stable conformers with relative energy within a 5.0 kcal mol�1
18388 | RSC Adv., 2020, 10, 18384–18389
energy window were obtained. The conformers obtained were
further optimized with the soware package Gaussian 09.
Methanol was used as a solvent with the polarizable continuum
solvent model (PCM). Time dependent density functional
theory (TDDFT) at the B3LYP/6-311+G(d,p) level in the gas phase
was used for ECD calculations.16,17 Boltzmann statistics were
applied for the nal simulations of the ECD spectra. These steps
were performed with the soware SpecDis1.64.18

HPLC-MS analysis

LC-MS experiments were carried out by the detector of Agilent
G3250AA Q-TOFmass spectrometer with electrospray ionization
(ESI) source. The data were acquired in the scan mode at m/z
100–1000 in the positive ionization mode. Chromatography was
performed using a Zorbax Eclipse XDB-C18 column (150 � 2.1
mm, 5 mm) with a H2O (A)/MeCN (B) gradient at a ow rate of 0.5
mL min�1. The injection volume was set to 2 mL (concentration
of 0.5 mg mL�1). The solvent gradient time program was as
follows: initial 10% B, then linear increase to 40% at 25 min,
65% at 35 min, 85% at 45 min, 95% at 55 min, and hold for
5 min before returning to starting conditions.

Cytotoxicity assay

The in vitro cytotoxicity of compounds 1–6 was assessed by 3-
(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium (MTS) assay on ve human cancer cell
lines (HL-60, A-549, SMMC-7721, MCF-7, and SW480) per-
formed,19,20 and cisplatin was used as a positive control. The
cells were seeded onto 96-well plates at 2 � 104 cells per well
and aer 24 h the compounds were added in different
concentrations. Subsequently, MTS was added to the culture
medium and the absorbance at 490 nm was measured with
a microplate reader. The proliferation rate was calculated as the
ratio of absorbance to that of the control.

AChE inhibitory assay

Inhibitory activities of compounds 1–6 on AChE enzyme were
determined by using modied Ellman's method as described in
a previous study.12

PTP1B inhibitory bioassay

PTP1B activity was determined bymeasuring the rate of hydrolysis
of a surrogate substrate, p-nitrophenyl phosphate.21,22
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