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Two new lactones, pestalotiolactones A (1) and B (2), together with three known compounds (3–5) were
isolated from the axenic culture of the endophytic fungus Pestalotiopsis sp., obtained from fruits of
Drepanocarpus lunatus (Fabaceae). Co-culture of this fungus with Bacillus subtilis afforded two new
sesquiterpenoids pestabacillins A (6) and B (7) as well as eight known compounds (8–15). Their struc-
tures were elucidated by extensive analysis of the NMR and MS data as well as by comparison with lit-
erature data. All isolated compounds were evaluated for their cytotoxic and antimicrobial activities but
proved to be inactive.

� 2016 Elsevier Ltd. All rights reserved.
Introduction

Fungi and bacteria co-exist in many environments, such as in
the oral cavity, on cheese surface, in cyanolichens, on medical
devices, on mural paintings as well as in agricultural and forest
environments.1 The long evolutionary coexistence produced differ-
ent scenarios of fungal-bacterial interactions. For example, Penicil-
lium molds can produce b-lactam antibiotics (penicillin G) to
inhibit the growth of Staphylococcus species,2 while bacteria can
produce lipopeptides (surfactin) to impair the fungal cell mem-
branes.3 Auxofuran produced by Streptomyces sp. can promote
the extension of fungal mycelium.4 On cheese surfaces, the lactate
metabolism and alkaline production of the yeasts can create less
acidic environment for the growth of some bacteria, which are very
important for cheese ripening.5 The fungus Cryptococcus
neoformans can use the bacterial melanin precursor homogentisic
acid to synthesize melanin to protect itself from UV and other envi-
ronmental stress.6

In previous studies of our group, co-cultivation of fungi with
bacteria was shown to induce the accumulation of new secondary
fungal metabolites.7–9 This paper reports the isolation and struc-
ture elucidation of metabolites from the mangrove-derived fungus
Pestalotiopsis sp. in axenic culture and in co-culture with Bacillus
subtilis. Two new lactones (1–2) and three known compounds
(3–5) were isolated from the axenic culture of Pestalotiopsis sp.,
while two new sesquiterpenoids (6–7) and eight known com-
pounds (8–15) were obtained from co-cultures of Pestalotiopsis
sp. and B. subtilis (Fig. 1).
Results and discussion

Compound 1 was isolated as colorless oil. The molecular for-
mula C10H16O3 was determined on the basis of the HR-ESIMS data,
indicating three degrees of unsaturation. The 13C NMR spectrum
(Table 1) displayed ten signals including a carbonyl carbon at dC
181.6 (C-1), two oxygenated carbons at dC 79.5 (C-5) and 81.3 (C-
7), three aliphatic methine carbons at dC 51.2 (C-3), 45.1 (C-4)
and 36.1 (C-2), one aliphatic methylene carbon at dC 47.8 (C-6)
and three methyl carbons at dC 25.6 (C-10), 18.8 (C-8) and 8.3 (C-
9). The 1H NMR spectrum of 1 (Table 1) exhibited signals of four
methine groups at dH 4.96 (t, H-7), 2.97 (qd, H-2), 2.61 (ddd,
H-3) and 1.86 (dq, H-4), signals of a methylene at dH 2.15 (d,
H-6a) and 1.88 (dd, H-6b) as well as three methyls at dH 1.26 (d,
Me-8), 1.25 (s, Me-10) and 1.05 (s, Me-9). These data suggested a
bicyclic skeleton for 1. The COSY correlations between Me-9/H-4,
H-4/H-3, H-3/H-7 and H-7/H-6b along with key HMBC correlations
from Me-10 to C-4, C-5 and C-6 established a cyclopentane ring
with a hydroxy group at the C-5 position and two methyl groups
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Fig. 1. Structures of isolated compounds.

Table 1
1H (600 MHz) and 13C (150 MHz) NMR data of 1 and 2.

Position 1a 2b

dH (J in Hz) dC, type dH (J in Hz) dC, type

1 181.6, C 168.0, C
2 2.97, qd (7.6, 5.1) 36.1, CH 145.4, C
3 2.61, ddd (8.2, 7.8, 5.1) 51.2, CH 6.72, s 110.1, CH
4 1.86, dq (8.2, 7.0) 45.1, CH 145.5, C
5 79.5, C 121.8, C
6 2.15, d (15.3) 47.8, CH2 3.71, dd (9.6, 6.6) 48.9, CH

1.88, dd (15.3, 7.0)
7 4.96, ddd (7.8, 7.0) 81.3, CH 2.16, dq (9.6, 7.5) 48.0, CH
8 1.26, d (7.6) 18.8, CH3 79.1, C
9 1.05, d (7.0) 8.3, CH3 2.09, dd (13.7, 6.6) 50.8, CH2

2.03, dd (13.7, 6.6)
10 1.25, s 25.6, CH3 4.34, q (6.6) 75.2, CH
11 2.08, s 17.0, CH3

12 0.89, d (7.5) 10.8, CH3

13 1.30, s 29.6, CH3

a Recorded in CDCl3.
b Recorded in CD3OD.
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at C-4 and C-5 (Fig. 2). The presence of an additional five-mem-
bered lactone ring was confirmed by the COSY correlations
between H-3/H-2 and H-2/Me-8 in addition to key HMBC correla-
tions from H-7 and Me-8 to C-1. The relative configuration of 1was
determined by ROESY data. The NOE relationships between H-7/H-
6b, H-7/H-3, H-3/Me-8, H-3/H-4, H-4/Me-10, Me-10/H-6b sug-
gested that these protons were b-oriented, while the NOE correla-
tion between H-2 and Me-9 indicated their a-orientation (Fig. 2).
Thus, the structure of compound 1 was elucidated as shown, for
which the name pestalotiolactone A is proposed.

Pestalotiolactone B (2) possessed the molecular formula
C13H18O5 as determined by the HR-ESIMS data, with five degrees
of unsaturation. In the 13C NMR spectrum of 2 (Table 1), thirteen
signals including a carbonyl carbon at dC 168.0 (C-1), four olefinic
carbons at dC 145.5 (C-4), 145.4 (C-2), 121.8 (C-5) and 110.1 (C-
3), two oxygenated aliphatic carbons at dC 79.1 (C-8) and 75.2
(C-10), two aliphatic methine carbons at dC 48.9 (C-6) and 48.0
(C-7), one aliphatic methylene carbon at dC 50.8 (C-9) and three
methyl carbons at dC 29.6 (C-13), 17.0 (C-11) and 10.8 (C-12) were
observed. The 1H NMR spectrum of 2 (Table 1) showed one olefinic
proton at dH 6.72 (t, H-3), one proton attached to an oxygenated
carbon at dH 4.34 (q, H-10) and three methyls at dH 2.08 (s,
Me-11), 1.30 (s, Me-13) and 0.89 (d, Me-12). The COSY correlation
between H-9a (dH 2.09, dd)/H-10, H-9b (dH 2.03, dd)/H-10, H-10/
H-6 (dH 3.71, dd), H-6/H-7 (dH 2.16, dd) and H-7/Me-12, together
with the HMBC correlations from Me-13 to C-7, C-8 and C-9



Fig. 2. COSY, key HMBC and NOE correlations of compound 1.

Fig. 3. COSY and key HMBC correlations of compound 2.
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indicated the presence of a cyclopentane ring with a hydroxy group
at the C-8 position and two methyl groups at the C-7 and C-8 posi-
tions in 2 (Fig. 3). The partial structure from C-4 to C-6 was
deduced by the HMBC correlations from Me-11 to C-4, C-5 and
C-6 and from H-7 and H-10 to C-5. Combined with its molecular
formula, the HMBC correlations from H-3 to C-1, C-2 and C-4 con-
firmed a lactone substructure from C-1 to C-4 with a hydroxyl
group at C-2. The NOE correlation between H-3 and Me-11 was
in accordance with a Z-configurated C-4/C-5 double bond. The
Table 2
1H (600 MHz) and 13C (150 MHz) NMR data of 6 and 7 in CD3OD.

Position 6

dH (J in Hz) dC, type

1 2.34, q (10.0) 52.7, CH
2 1.87, m 28.3, CH

1.79, m
3 1.60, m 33.7, CH

1.49, m
4 2.07, m 37.0, CH

5 2.08, m 48.9, CH

6 2.16, ddd (12.0, 10.0, 2.5) 41.1, CH
7 1.56, m 31.5, CH

1.16, m
8 1.73, m 26.6, CH

1.39, m
9 1.84, m 49.0, CH

1.52, m
10 76.2, C

11 2.59, qd (7.0, 2.5) 43.3, CH
12 180.1, C
13 0.96, d (7.0) 8.8, CH
14 1.24, s 23.6, CH
15 0.90, d (7.0) 14.7, CH
NOE correlations between H-10/H-6, H-6/H-7 and H-7/Me-13 indi-
cated that these protons were oriented on the same face of the ring.

In addition to these new natural products, three known com-
pounds including pestalotiollide B (3),10 3b,5a,9a-trihydoxyer-
gosta-7,22-diene-6-one (4)11 and (E)-ferulic acid (5)12 were also
isolated from the axenic culture of the endophytic fungus Pestalo-
tiopsis sp.

When the fungus was co-cultivated with Bacillus subtilis, the
resulting HPLC chromatograms were remarkably different from
those of the axenic fungal culture. Ten compounds that were not
present in the extract of the axenic fungal culture were isolated,
including two new sesquiterpenoids pestabacillins A (6) and B (7).

Compound 6 was isolated as white amorphous powder. Its
molecular formula C15H26O3 was evident from the HRESIMS data.
The 1H NMR spectrum (Table 2) indicated the presence of three
methyls at dH 1.24 (s, Me-14), 0.96 (d, Me-13) and 0.90 (d, Me-
15) while the 13C NMR spectrum exhibited fifteen signals including
a carbonyl at dC 180.1 (C-12), an oxygenated quaternary carbon at
dC 76.2 (C-10), five methines, five methylenes and three methyls at
dC 29.6 (C-13), 17.0 (C-11) and 10.8 (C-12). The COSY correlations
between Me-15/H-4 (dH 2.07, m), H-4/H2-3, H2-3/H2-2, H2-2/H-1
(dH 2.34, q) and H-1/H-5 (dH 2.08, m) as well as the HMBC correla-
7

dH (J in Hz) dC, type

176.6, C
2 2.28, dd (14.9. 6.7) 42.2, CH2

2.14, ddd (14.9. 7.4, 1.7)
2 1.91, m 31.8, CH

1.51, m 37.1, CH2

1.32, m
1.81, m 28.6, CH2

1.48, m
1.96, m 52.2, CH

2 169.2, C

2 5.81, s 125.0, CH

2 201.9, C

2.45, d (17.4) 47.9, CH2

1.99, d (17.4)
36.9, C

1.08, s 27.2, CH3

3 1.02, s 28.8, CH3

3 2.03, s 24.5, CH3

3 0.98, d (6.7) 19.7, CH3



Fig. 4. COSY, key HMBC and NOE correlations of compound 6.

Fig. 6. COSY and key HMBC correlations of compound 7.
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tions from Me-15 to C-3 (dC 33.7), C-4 (dC 37.0) and C-5 (dC 48.9)
revealed the presence of a cyclopentane ring with a methyl sub-
stituent attached to C-4 in compound 6 (Fig. 4). An additional
seven-membered ring fused at the C-1 and C-5 positions was con-
firmed by the COSY correlations between H-5/H-6/H2-7/H2-8/H2-9
and the HMBC correlation from Me-14 to C-1 (dC 52.7), C-9 (dC
49.0) and C-10. Furthermore, the COSY correlations between H-6
(dH 2.16, ddd)/H-11 (dH 2.59, qd) and H-11/Me-13 and the HMBC
correlations from H-11 and Me-13 to C-12 indicated a 1-car-
boxyethyl group to be attached at the C-6 position. Thus, the planar
structure of 6 was elucidated as shown, bearing a zierane-type
sesquiterpene skeleton. In the ROESY spectrum of 6, H-1 showed
correlations to H-2a (dH 1.87) and H-9b (dH 1.52), while Me-14
exhibited correlations to H-2b (dH 1.79) and H-9a (dH 1.84), sug-
gesting a trans orientation of H-1 and Me-14. Assuming H-1 was
oriented on the a-face of the ring, Me-14 was accordingly b-ori-
ented (Fig. 4). The NOE correlations between Me-14/H-6, Me-14/
Me-15, H-6/Me-15 and H-1/H-5 indicated b-orientation of H-6
and Me-15 while H-4 and H-5 were a-oriented. In addition, the
configuration at C-11 was deduced from the NOE correlations from
H-11 to H-6 and Me-15 as well as fromMe-13 to H-4 and H-5. Fur-
thermore, the relative configuration of 6 was confirmed by X-ray
diffraction (Fig. 5).

Compound 7 was isolated as a colorless oil. The molecular for-
mula was determined to be C15H24O3 based on the HR-ESIMS spec-
trum. The 1H NMR spectrum of 7 (Table 2) showed an olefinic
Fig. 5. Molecular structure of 6 from single-crystal X-ray diffractometry.
proton at dH 5.81 (s, H-8) and four methyl groups at dH 2.03 (s,
Me-14), 1.08 (s, Me-12), 1.02 (s, Me-13) and 0.98 (d, Me-15),
respectively. The HMBC correlations from Me-12 and Me-13 to
C-6 (dC 52.2), C-10 (dC 47.9) and C-11 (dC 36.9), from H-8 and H2-
10 (dH 2.45 and 1.99) to C-9 (dC 201.9) and from Me-14 to C-6, C-
7 (dC 169.2) and C-8 (dC 125.0) established a cyclohexenone sub-
structure with one methyl group at C-7 and two methyls at C-11
(Fig. 6). In addition, a 3-methyl-4-carboxybutyl side chain at the
C-6 position was deduced from the COSY correlations between
H-6/H2-5, H2-5/H2-4, H2-4/H-3, H-3/H2-2 and H-3/Me-15 as well
as from the HMBC correlations from H2-2 to C-1 (dC 176.6). Thus,
the planar structure of 7 was elucidated as shown. Due to the con-
formational flexibility of the side-chain, the relative configuration
of the two chiral centers at C-3 and C-6 remained unsolved.

The additional known compounds were identified as 3-methyl-
2b,3,4a-pentanetriol (8),13 3-methyl-2b,3,4b-pentanetriol (9),14 o-
succinylbenzoic acid (10),15 anthranilic acid (11),16 N-acetylan-
thranilic acid (12),17 N-acetyl-3-hydroxyanthranilic acid (13),18

adenine (14),19 and adenosine (15).20

During the co-cultivation experiment with B. subtilis, the fungus
Pestalotiopsis sp. survived but showed a severe growth retardation
compared with the axenic fungal control. It took the fungus close
to 100 days to cover the surface of the solid rice medium com-
pletely, while for the axenic fungal control this time was only
28 days, indicating the severe stress for the fungus during the co-
cultivation experiment. When Pestalotiopsis sp. was co-cultured
with Streptomyces lividans,21 no such retardation of fungal had
been observed suggesting that presence of B. subtilis causes a seri-
ous stress for the fungus when present in the same culture vessel.
One reason for this might by the production of known fungicidal
compounds such as iturins22 by B. subtilis even though no attempt
was made in this study to detect these metabolites in the culture
flasks.



Fig. 7. HPLC chromatograms of the EtOAc extracts from co-culture experiments detected at 235 nm: axenic control of Pestalotiopsis sp. (pink), axenic control of B. subtilis
(brown), co-culture of Pestalotiopsis sp. with B. subtilis (blue) (*peak disappeared after VLC).
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The extract resulting from co-cultivation of Pestalotiopsis sp.
with B. subtilis differed completely from that of axenic fungal con-
trol, but also from that of axenically grown B. subtilis as shown by
HPLC analysis (Fig. 7). Peak A turned out to be a mixture of the two
diastereoisomers 3-methyl-2b,3,4a-pentanetriol (8) and 3-methyl-
2b,3,4b-pentanetriol (9) with a ratio of 3:1. Since compound 9 was
previously reported from the mangrove-derived bacterium Bacillus
sp.,14 the producer of 8 and 9 in the co-culture experiment con-
ducted in this study is likewise suggested to be B. subtilis. o-Suc-
cinylbenzoic acid (10), which is a well-known intermediate
during the biosynthesis of vitamin K2 in several gram positive bac-
teria including B. subtilis,15 is likewise proposed to be produced by
B. subtilis. The same is suggested for the anthranilic acid derivatives
(11–13) since anthranilic acid (11) was repeatedly obtained from
co-cultures of different fungi with the same bacterial strain B. sub-
tilis as employed in this study.7,8 Adenine (14) and adenosine (15)
are ubiquituous metabolites, hence no suggestion with regard to
the possible producer can be made. Compound 6 is a novel zier-
ane-type sesquiterpene derivative, whose analogues are only
known from plants,23 while compound 7 is a derivative of abscisic
acid, which is a plant hormone that has also frequently been iso-
lated from endophytic fungi.24 Thus compounds 6 and 7 are sug-
gested to be produced by the fungus Pestalotiopsis sp.

All isolated new compounds (1, 2, 6 and 7) were tested for their
cytotoxicity against the L5178Y mouse lymphoma cell line.
However, none of them showed activity at a dose of 10 lg/mL. In
addition, the four new compounds (1, 2, 6 and 7) were evaluated
for their antibacterial activities against Mycobacterium tuberculosis,
Staphylococcus aureus (ATCC25923), S. aureus (ATCC700699),
Enterococcus faecalis (ATCC29212), E. faecalis (ATCC51299), E. fae-
cium (ATCC35667), E. faecium (ATCC700221) and Acinetobacter
baumannii (ATCCBAA1605). Only compound 6 showed very weak
inhibitory effect against M. tuberculosis (MIC > 50 lM). Since the
fungus grew very slowly during co-cultivation, compounds 6–15
were tested for the antifungal activity against Pestalotiopsis sp. by
agar diffusion test. However, no inhibition was observed when
tested at a dose of 50 lg.

In summary, compounds 1 and 2 are bicyclic lactones isolated
from the EtOAc extract of the axenically grown fungus Pestalotiop-
sis sp. and they share the same 1,2-dimethylcyclopentane subunit.
Since 1 is a monoterpenoid and 2 contained three additional car-
bons compared to 1, the latter compound is suggested to be formed
through condensation of phosphoenolpyruvate (PEP) and a
monoterpene moiety. Compounds 6 and 7 are sesquiterpenoids
that were obtained from the co-culture of Pestalotiopsis sp. and B.
subtilis. Both are suggested to be produced by the fungus as a con-
sequence of the presence of the bacterium that caused a severe
retardation of the fungal growth.
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