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aloids produced by the mangrove
endophyte Penicillium brocae MA-231 using the
OSMAC approach†

Ling-Hong Meng, Xiao-Ming Li, Yang Liu, Gang-Ming Xu and Bin-Gui Wang *

The OSMAC (one strain-many compounds) protocol was used in this study to obtain various metabolites

from the mangrove-derived endophytic fungus Penicillium brocae MA-231. As a result, four new

thiodiketopiperazine alkaloids, penicibrocazines F–I (1–4), together with two new N-containing

p-hydroxyphenopyrrozin derivatives brocapyrrozins A and B (7 and 8) as well as six known alkaloids

(5, 6, and 9–12), were identified from the extract of the Czapek culture medium of the fungus. Their

structures and absolute configurations were determined through interpretation of their spectroscopic

data and by X-ray crystallographic analysis. Compounds 7 and 9 exhibited potent activity against human

pathogenic bacterium Staphylococcus aureus with MIC values of 0.125 and 0.5 mg mL�1, respectively.
Introduction

Microbial secondary metabolites are evidenced as a major
source of leading compounds for drug research.1–3 However,
mining of microbial genomes revealed the presence of
numerous silent metabolite gene clusters in a single microbe,
displaying underestimated metabolic potentials, which are not
always expressed under common laboratory culture condi-
tions.4 The “one strain-many compounds (OSMAC)” approach,
introduced by Zeeck and co-workers, has been successfully
applied to increase the chemical diversity and the yield of new
secondary metabolites from a single microbial strain, in which
the promising strain is cultured in a variety of media and/or
under different culture conditions.5 In our previous reports,
a series of epithiodioxopiperazines (ETPs) including brocazines
A–F6 and penicibrocazines A–E,7 have been obtained from the
PDB culture of the mangrove-derived endophytic fungus Peni-
cillium brocae MA-231. To dig the metabolic potential of this
fungus, Czapek medium culture was used during the fermen-
tation optimization and it seemed that the potentially silent
gene clusters were activated, which resulted in the identica-
tion of three new ETPs with a rare spirocyclic skeleton.8 Further
work on the remaining fractions of the fungus resulted in the
isolation of four new highly unsaturated thiodiketopiperazine
iology, Institute of Oceanology, Chinese

ne Biology and Biotechnology, Qingdao

d Technology, Nanhai Road 7, Qingdao

dio.ac.cn

ESI) available: 1D and 2D NMR (1–4, 7,
. X-ray crystallographic les (CIF) and
mpounds 1, 2, 7, and 8, respectively.
rystallographic data in CIF or other
081h

33
derivatives, namely, penicibrocazines F–I (1–4), along with two
new p-hydroxyphenopyrrozin derivatives brocapyrrozins A and B
(7 and 8), as well as six known alkaloid analogues including epi-
coccin A (5),9 phomazine A (6),10 4-hydroxy-3-phenyl-1H-pyrrol-
2(5H)-one (9),11 hexahydro-2-hydroxy-1-phenyl-1H-pyrrolizin-3-one
(10) (CAS registry number 172548-51-5), phenopyrrozine (11),12

and p-hydroxyphenopyrrozin (12).12 It should be noted that
although compound 10 is listed in the CAS registry le, there
is no published NMR data for this compound. The fully
assigned 1H and 13C NMR data of 10 were reported for the rst
time in the present report. Herein, the isolation, structure
elucidation, and biological evaluation of compounds 1–12 are
presented.
Results and discussion

The Czapek culture extract of P. brocae MA-231 was puried by
a combination of column chromatography with silica gel,
Sephadex LH-20, Lobar LiChroprep RP-18, and semi-preparative
HPLC, to yield compounds 1–12 (Fig. 1).

Compound 1 was obtained as colorless crystal and its
molecular formula was determined as C19H18N2O3S on the basis
of positive HR-ESI-MS data, indicating 12 degrees of unsatura-
tion. The 1H NMR spectrum of 1 showed signals characteristic
for a mono-substituted (H-5 to H-9) and an ortho-substituted
(H-60 to H-90) phenyl units (Fig. 1 and Table 1), which were
supported by the corresponding COSY and HMBC correlations
as shown in Fig. 2. A total of 19 carbon atoms including one
methyl, one methylene, ten aromatic/olenic methines, and
seven quaternary (two amide) carbon signals were observed in
the 13C NMR and DEPT spectra (Table 1). Complete NMR
assignments and connectivity of 1 were further determined by
analysis of the 2D NMR spectroscopic data. HMBC correlations
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Structures of the isolated compounds 1–12.
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from H-3 to C-1 and C-2, from H-30 to C-10 and C-20, and from
NH-20 to C-1 and C-30 (Fig. 2) indicated the presence of
a 2,5-diketopiperazine ring in the structure of 1. In addition, the
clear HMBC cross-peaks from H-3 to C-4 and C-5 and from H-30

to C-50 veried the linkage of the 2,5-diketopiperazine to the
above two benzene rings via C-3 and C-30, respectively. Finally,
the HMBC correlation from S-methyl to C-2 established
a S-methyl moiety at C-2. The planar structure of 1 was thus
established as shown in Fig. 1. An X-ray crystallographic
experiment (Fig. 3) conrmed the structure of 1 and established
the Z-geometry of the D20(30)-double bond. The Cu/Ka radiation
experiments gave a rened Flack parameter 0.02(7) which
allowed assignment of the absolute conguration of the ster-
eogenic center in 1 as 2R. Based on the above data, the structure
of 1 was determined and it was named as penicibrocazine F.

Compound 2, initially obtained as colorless amorphous
powder, was determined to have a molecular formula
C19H16N2O3S as established by the HR-ESI-MS analysis. The
This journal is © The Royal Society of Chemistry 2017
1H and 13C NMR data (Table 1) revealed some structural simi-
larities to phomazine A (6), a thiodiketopiperazine isolated from
the marine-derived fungus Phoma sp. OUCMDZ-1847.10

However, signals for O- or N-substituted methines resonating at
dC/H 74.3/4.64 (CH-8) and dC/H 69.6/4.87 (CH-9) in phomazine A
were absent in the 1H and 13C NMR spectra of 2. Instead,
resonances for two quaternary aromatic carbons at dC 147.4
(C-8) and dC 131.0 (C-9) were observed in the NMR spectra of 2
(Table 1). These observations were supported by the relevant
COSY and HMBC correlations (Fig. 2). Upon slow evaporation of
the solvent (MeOH) by storing the sample in a refrigerator,
single crystals of 2 were cultivated, making feasible an X-ray
diffraction analysis that unequivocally conrmed the structure
(Fig. 3). The nal renement on the Cu/Ka data resulted in
a Flack parameter of 0.00(2), allowing an assignment of the
absolute conguration as 2R. Based on the above discussion,
the structure of compound 2 was elucidated and the trivial
name penicibrocazine G was assigned.

Compound 3 was obtained as yellow amorphous powder,
with themolecular formula C20H22N2O4S2, as determined by the
HR-ESI-MS data. The 1H NMR spectrum of 3 showed signals for
an ortho-substituted phenyl unit, two thiomethyls, ve
methines, and two methylenes. The 13C NMR spectrum
exhibited signals for 20 carbon atoms, corresponding to two
methyl groups, two aliphatic methylenes, nine methines (seven
aromatic/olenic and two heteroatom-bonded), and seven non-
protonated carbons (two amide carbonyls, two heteroatom-
bonded, and three olenic) (Table 1). The 1H and 13C NMR
spectroscopic data of 3 were similar to those of 1 and phoma-
zine A (6).10 The NMR chemical shis for the le portion of 3
were nearly identical to that of 6, whereas the right portion
showed some similarity to that of 1, except that a thiomethyl
signal (dC/H 13.5/2.27, 20-SMe), a methylene signal (dC/H 40.2/3.46,
3.20, CH-30), and a heteroatom-bonded quaternary carbon signal
(dC 67.3, C-20) in 3 replaced the corresponding trisubstituted
ethylene signals (dC/H 124.7, C-20; 112.4/6.56, CH-30) in the NMR
spectra of 1 (Table 1). These observations were conrmed by
relevant COSY and HMBC correlations (Fig. 2).

The relative conguration of 3 was determined by analysis of
J-values and NOESY correlations (Fig. 4). The large coupling
constant between H-8 and H-9 (J ¼ 13.7 Hz) revealed the trans–
orientation of the proton pair, while the key NOE correlations
from 2-SMe to H-8 and 20-SMe suggested the cofacial orientation
of these groups. As might be expected, the CD spectrum of 3
showed similar prole as that of phomazine A (6),10 which
exhibited a negative CE around 224 nm and a positive CE near
283 nm. There are three chromophores in 3: a skewed diene
with an allylic alcohol moiety, a thiodiketopiperazin unit, and
a substituted phenolic moiety. The latter is expected to
contribute primarily to the 270 nm ECD transition.13 Therefore,
the absolute conguration of compound 3 was assigned as 2R,
8S, 9S, and 20R. Based on the above evidence, the structure of
compound 3 was elucidated and the trivial name penici-
brocazine H was assigned to this compound.

Penicibrocazine I (4) was assigned the molecular formula
C20H24N2O5S2 on the basis of positive HR-ESI-MS data. Detailed
analysis of the NMR data disclosed the structure of 4 to possess
RSC Adv., 2017, 7, 55026–55033 | 55027
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Table 1 NMR spectroscopic data for compounds 1–4

Position

1 (acquired in DMSO-d6) 2 (acquired in CDCl3) 3 (acquired in DMSO-d6) 4 (acquired in DMSO-d6)

dH (J in Hz) dC dH (J in Hz) dC dH (J in Hz) dC dH (J in Hz) dC

1 162.5, C 163.8, C 164.6, C 167.2, C
2 67.5, C 73.2, C 73.4, C 73.8, C
3 a 3.55, d (13.4)

b 3.01, d (13.4)
42.1, CH2 a 3.75, d (17.0)

b 3.31, d (17.0)
39.6, CH2 a 2.82, d (15.5)

b 2.12, d (15.5)
37.8, CH2 a 2.99, d (15.9)

b 3.04, d (15.9)
37.7, CH2

4 135.3, C 127.0, C 133.0, C 133.6, C
5 7.33, d (7.4) 130.6, CH 6.80, d (7.3) 116.3, CH 5.90, brs 119.1, CH 5.98, brs 118.9, CH
6 7.26, t (7.4) 127.9, CH 7.14, t (7.3) 129.7, CH 5.61, d (9.6) 130.5, CH 5.89, d (9.8) 123.4, CH
7 6.77, t (7.4) 119.0, CH 6.91, d (7.3) 118.5, CH 5.86, d (9.6) 123.3, CH 5.63, d (9.8) 130.7, CH
8 7.26, t (7.4) 127.9, CH 147.4, C 4.67, d (13.7) 72.0, CH 4.63, d (14.0) 73.2, CH
9 7.33, d (7.4) 130.6, CH 131.0, C 4.53, d (13.7) 68.7, CH 4.74, d (14.0) 68.0, CH
10 159.8, C 158.5, C 167.6, C 168.3, C
20 124.7, C 125.8, C 67.3, C 72.4, C
30 6.56, s 112.4, CH 7.18, s 119.8, CH a 3.46, d (14.0)

b 3.20, d (14.0)
40.2, CH2 a 2.48, m overlap

b 2.10, t (12.6)
34.9, CH2

40 120.5, C 132.8, C 121.1, C 2.30, m 43.2, CH
50 154.9, C 7.43, d (7.3) 129.8, CH 156.0, C 4.08, m 68.8, CH
60 6.83, d (8.1) 126.8, CH 7.47, t (7.3) 128.9, CH 6.77, d (7.5) 115.2, CH 5.55, d (10.1) 133.3, CH
70 7.13, dd (7.6, 8.1) 129.9, CH 7.39, t (7.3) 129.4, CH 7.03, t (7.5) 128.2, CH 5.69, d (10.1) 129.9, CH
80 7.20, dd (7.6, 8.1) 116.4, CH 7.47, t (7.3) 128.9, CH 6.68, t (7.5) 118.5, CH 4.16, d (8.2) 71.2, CH
90 7.19, d (7.6) 131.7, CH 7.43, d (7.3) 129.8, CH 6.96, d (7.5) 131.2, CH 3.44, dd (11.9, 8.2) 67.5, CH
20-SMe 2.27, s 13.5, CH3 2.15, s 14.1, CH3

2-SMe 2.18, s 12.8, CH3 2.26, s 13.9, CH3 2.14, s 14.2, CH3 2.16, s 14.3, CH3

8-OH 7.83, s 5.57, brs 5.21, s
50-OH 9.33, brs 5.30, d (5.8)
80-OH 5.90, brs
20-NH 9.15, s 11.1, s
2-NH 10.65, brs 9.33, brs
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a disulde diketopiperazine skeleton. Specically, the 1H and
13C NMR chemical shis for the right portion of 4 were nearly
identical to those of penicibrocazine C, a symmetrical disulde
diketopiperazine identied from the PDB culture medium of
P. brocae MA-231,7 whereas the le portion closely matched to
that of 3. These observations were supported by the relevant
COSY and HMBC correlations (Fig. 2). The relative congura-
tion of 4 was deduced to be the same as that of 3 and penici-
brocazine C, according to the NOESY experiment (Fig. 4) as well
as the coupling patterns of the relevant protons (Table 1). The
CD spectrum exhibited a negative CE at 218 nm and a positive
CE at 276 nm, similar to those of 3 and penicibrocazine
C. Therefore, the absolute conguration of compound 4 was
assigned as 2R, 8S, 9S, 20R, 40S, 50S, 80S, and 90S.

Brocapyrrozin A (7) was obtained as colorless crystals
(DMSO) with a molecular formula of C16H19NO5 as established
by the HR-ESI-MS analysis. The 13C and DEPT NMR spectra
showed the presence of 16 carbon resonances (Table 2),
including one methyl, four methylenes, four aromatic
methines, one aliphatic methine, and six quaternary (with two
carbonyl, two aromatic, and two oxygenated) carbons. The
1H NMR spectrum showed signals at dH 7.34 (2H, d, J ¼ 8.3 Hz,
H-20/H-60) and 6.75 (2H, d, J ¼ 8.3 Hz, H-30/H-50), characteristic
of a para-substituted phenyl group. In addition, signals corre-
sponding to four methylene groups at dH 2.96/3.46, (H2-5), 1.92/
1.87 (H2-6), 1.90/1.84 (H2-7), and 2.29/1.98 (H2-100), and one
55028 | RSC Adv., 2017, 7, 55026–55033
nitrogenated methine group at dH 4.46 (H-7a) as well as one
methyl group at dH 2.09 (H-300), were also observed (Table 2). The
COSY cross peaks H2-5/H2-6/H2-7/H-7a as well as HMBC corre-
lations from H-7a to C-1, C-2, C-3, and C-5 and from H2-5 to C-3
established a bicyclic system in the molecular structure.
The HMBC correlations from OH-1 to C-10 connected the
p-hydroxyphenyl group to the bicyclic system. In addition, the
HMBC correlations from H3-300 to C-200 and from H2-100 to C-200,
C-1, C-2, and C-3 conrmed the presence of the acetonyl unit
and attached it to C-2.

The relative conguration of 7 was deduced from analysis of
NOESY data (Fig. 4). NOE correlations from H-7a to H2-100 and
H-20/60 revealed the cofacial orientation of these groups, while
an NOE cross-peak from OH-1 to OH-2 placed these groups on
the other face of the molecule. An X-ray crystallographic
experiment conrmed the structure and relative conguration
of 7 as depicted (Fig. 5). The Cu/Ka radiation for the X-ray
diffraction with the rened Flack parameter of 0.02(7) allowed
the assignment of absolute conguration of stereogenic centers
in 7 as 1R, 2R, and 7a S.

The molecular formula of brocapyrrozin B (8) was deter-
mined to be C13H15NO3 by HR-ESI-MS, having two protons
more than that of p-hydroxyphenopyrrozin (12), which was
previously isolated from a marine-derived fungus Chromo-
cleista sp.12 Its NMR spectroscopic data were very similar to
those of 12, except for the resonances of the olenic
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Key HMBC (arrows) and COSY (bold lines) correlations of
compounds 1–4, 7, and 8.

Fig. 3 X-ray crystallographic structures of compounds 1 and 2
(inclusive with a MeOH molecule in each of the crystals).
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quaternary carbon signals at dC 127.4 (C-1) and 141.9 (C-2) in
the 13C NMR spectrum of 12 being replaced by signals of two
aliphatic methine groups at dC/H 50.9/3.67 (CH-1) and dC/H

73.8/4.69 (CH-2) in the NMR spectra of 8 (Table 2). These data
revealed that 8 is the 1,2-dihydrogenated derivative of 12. This
deduction was further supported by the COSY and HMBC
correlations (Fig. 2). The relative conguration of 8 was
determined by analysis of NOESY correlations (Fig. 4). The
NOE correlation from H-2 to H-7a indicated the cofacial
orientation of these groups, while NOE cross-peak from H-20/60

to H-7b placed these groups on the opposite face. The absolute
congurations for the stereogenic centers of 8 were also
determined as 1R, 2R, and 7a S by the X-ray crystallographic
analysis (Fig. 5).

The molecular formula of 10 was determined to be
C13H15NO2 by HR-ESI-MS, having one oxygen atom less than
that of 8. Its NMR spectroscopic data were very similar to 8.
However, the signals of the quaternary carbon resonating at dC
156.4 (C-40) and the corresponding exchangeable OH group at
dH 9.18 (OH-40) in the NMR spectra of 8 were replaced by
a methine signal at dC 127.6/dH 7.30 (CH-40) in 10 (Experimental
section). This observation was further supported by the COSY
and HMBC correlations (Fig. S41 and 43 in the ESI†). Its relative
conguration was assigned by NOESY experiment (Fig. S44†).
NOE correlations from H-2 to H-7a and H-20/60 revealed the
cofacial orientation of these groups. The structure of 10 was
thus assigned as hexahydro-2-hydroxy-1-phenyl-1H-pyrrolizin-3-
one. This compound is listed in the CAS registry le (registry
number 172548-51-5), but its NMR data were not reported, and
the fully assigned data are now provided for the rst time
(Experimental Section).
This journal is © The Royal Society of Chemistry 2017
Compounds 1–4 and 7–10 were screened for their antibac-
terial activity against several human and aquatic pathogenic
bacteria (Escherichia coli, Micrococcus luteus, Staphylococcus
Fig. 4 Key NOESY correlations for compounds 3, 4, 7, and 8.

RSC Adv., 2017, 7, 55026–55033 | 55029
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Table 2 NMR spectroscopic data for compounds 7 and 8 in DMSO-d6

Position

7 8

dH (J in Hz) dC dH (J in Hz) dC

1 81.9, C 3.67, dd
(6.3, 6.8)

50.9, CH

2 82.8, C 4.69, d (6.8) 73.8, CH
3 174.2, C 174.1, C
5 a 2.96, m

b 3.46, m
42.5, CH2 a 3.27, m

b 2.95, m
41.7, CH2

6 a 1.92, m
b 1.87, m

23.5, CH2 a 1.76, m
b 1.51, m

25.5, CH2

7 a 1.90, m
b 1.84, m

25.3, CH2 a 1.51, m
b 0.83, m

26.0, CH2

7a 4.46, t (6.1) 61.6, CH 3.94,
dd (6.3, 13.6)

60.3, CH

10 129.7, C 127.0, C
2'/60 7.34, d (8.3) 128.3, CH 6.74, d (8.3) 130.8, CH
3'/50 6.75, d (8.3) 114.7, CH 6.61, d (8.3) 115.1, CH
40 157.0, C 156.4, C
100 a 2.29, d (13.0)

b 1.98, d (13.0)
48.7, CH2

200 206.4, C
300 2.09, s 31.4, CH3

1-OH 5.53, s
2-OH 5.31, brs 5.31, brs
40-OH 9.45, s 9.18, s

Fig. 5 X-ray crystallographic structures of compounds 7 (inclusive
with a DMSO molecule in the crystal) and 8.
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aureus, Aeromonas hydrophilia, Edwardsiella tarda, Vibrio
anguillarum, V. harveyi, and V. parahaemolyticus). Compounds 7
and 9 showed signicant activity against S. aureus with MIC
values of 0.125 and 0.5 mgmL�1, respectively, which are stronger
than (7) or comparable to (9) that of the positive control, chlo-
romycetin (MIC 0.5 mg mL�1). Moreover, compounds 3 and 4
exhibited activity against V. harveyi with MIC values of 16.0 and
32.0 mg mL�1, respectively, while the positive control chloro-
mycetin has MIC value of 4 mg mL�1. Compound 3 also showed
activity against E. coli, A. hydrophilia and V. parahaemolyticus
with MIC values of 16.0, 32.0, and 16.0 mg mL�1, respectively,
which are comparable to that of the positive control, chloro-
mycetin (MIC¼ 2.0, 4.0, 2.0 mg mL�1). These data indicated that
more S-methyl groups of the thiodiketopiperazine derivatives
likely increased their antibacterial activity (3 and 4 vs. 1, 2, 5,
and 6).

The antifungal activity of all the isolated compounds 1–12
was assessed using the microtiter broth dilution method
against pathogenic fungi Alternaria brassicae, Colletotrichum
gloeosprioides, Fusarium graminearum, and F. oxysporum.
Compounds 7 and 9 showed potent activity against F. oxy-
sporum with minimal inhibitory concentration (MIC) values
of 0.25 and 0.125 mg mL�1, respectively, which are stronger
than that of the positive control zeocin (with MIC value of
0.5 mg mL�1). Compound 8 also exhibited activity against
F. oxysporum with MIC 64.0 mg mL�1. The result indicated
that having the acetonyl group at C-2 (7 vs. 8) or lack of pyrrole
unit (9 vs. 11) likely strengthened the activity against
F. oxysporum.
55030 | RSC Adv., 2017, 7, 55026–55033
Conclusions

In conclusion, four new unsaturated thiodiketopiperazine
derivatives (penicibrocazines F–I, 1–4) and two new p-hydroxy-
phenopyrrozin alkaloids (brocapyrrozins A and B, 7 and 8) as
well as six known alkaloid analogues (5, 6, 9–12) were obtained
from themangrove-derived endophytic fungus P. brocaeMA-231
by culturing with Czapek medium, demonstrating that the
OSMAC approach is a simple and useful method to dig various
metabolites from a single fungal strain. Compounds 7 and 9
exhibited potent antimicrobial activities against the pathogenic
bacterium Staphylococcus aureus or pathogenic fungus Fusarium
oxysporum.
This journal is © The Royal Society of Chemistry 2017
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Experimental section
General experimental procedures

Melting points were determined with an SGW X-4 micro-
melting-point apparatus. Optical rotations were determined
on an Optical Activity AA-55 polarimeter. Ultraviolet (UV)
spectra were recorded on a Lengguang Gold Spectrumlab-54
spectrophotometer, lmax in nm. ECD spectra were acquired on
a J-810 spectropolarimeter. The 1H-, 13C-, and 2D NMR spectra
were obtained on a Bruker Avance 500 spectrometer (500 MHz
for 1H and 125 MHz for 13C), d in ppm with TMS as internal
standard, J in Hz. Low and high ESIMS were obtained on a VG
Auto spec 3000 spectrometer, in m/z. HPLC were performed on
a Dionex HPLC system with a P680 pump, an ASI-100 automated
sample injector, a TCC-100 column oven, a UVD 340U multiple
wavelength detector, and a Dionex Acclaim ODS column (4.6 �
250 mm, 5 mm). Silica gel (SiO2; 100–200 mesh, 200–300 mesh,
and GF254, Qingdao Haiyang Chemical Group Corporation,
China), RP-18 reverse-phase silica gel (40–63 mm, Merck,
Darmstadt), and Sephadex LH-20 (Merck, Darmstadt) were used
for open column chromatography.

Fungal cultivation

The endophytic fungal strain P. brocae MA-231 was isolated
from the fresh tissue of the marine mangrove plant Avicennia
marina that was collected at Hainan Island, P. R. China, in
August 2012. The fungus was identied based on its ITS region
of the rDNA as described previously6 and the sequence was
deposited at GenBank, with accession number KM191342. A
BLAST search result showed that the sequence was the most
similar (99%) to the sequence of Penicillium brocae (compared
to no. AF484394). The strain is preserved at the Key Laboratory
of Experimental Marine Biology, Institute of Oceanology,
Chinese Academy of Sciences.

For chemical investigations, the fresh mycelium was inocu-
lated into 1 L ask preloaded with 400 mL of Czapek
medium (consisting of 14 g glucose, 9.6 g mannitol, 1.4 g
NaNO3, 0.6 g KH2PO4, 0.3 g MgSO4, 1.2 g sodium glutamate,
0.6 g sodium tartrate, and 6 g sea salt) followed by a four-day
culture at 200 rpm min�1 and 28 �C. The whole liquid
(10 � 400 mL) collected from the ask was inoculated into
a 50 L seed tank containing 38 L of sterilized Czapek medium
(antifoam 0.5&, aeration rate 2000 NL h�1, 150 rpm min�1).
Aer a subsequent fermentation at 28 �C for 24 h, the afforded
liquid was transferred as seed into a 500 L fermentor preloaded
with 300 L of sterilized Czapek medium and cultivated at 28 �C
for 4 days (antifoam 0.5&, aeration rate 6000 NL h�1,
150 rpm min�1).

Extraction and isolation

The ltrate of the culture broth was extracted exhaustively with
ethyl acetate, and concentrated under reduced pressure to give
an extract (100 g), which was fractionated by silica gel vacuum
liquid chromatography (VLC) using different solvents of
increasing polarity from petroleum ether (PE) to MeOH to yield
9 fractions (Frs. 1–9) based on HPLC and TLC analysis. Fr.4
This journal is © The Royal Society of Chemistry 2017
(6.9 g) was further puried by reversed-phase column chroma-
tography (CC) over Lobar LiChroprep RP-18 with a MeOH–H2O
gradient (from 20 : 80 to 100 : 0) to afford ve subfractions
Fr.4–1 � Fr.4–5. Fr.4–3 was further puried by CC on silica gel
eluting with a CH2Cl2–MeOH gradient (from 100 : 1 to 40 : 1)
and then by Sephadex LH-20 (MeOH) to afford compounds 1
(6.9 mg) and 2 (3.5 mg). Purication of Fr.4–4 by CC on silica gel
with a CH2Cl2–MeOH gradient (from 100 : 1 to 30 : 1) and then
by Sephadex LH-20 (MeOH) to afford compounds 3 (5.8 mg) and
5 (7.2 mg). Fr.4–5 was subjected to Sephadex LH-20 (MeOH) and
preparative-TLC to afford compounds 4 (7.6 mg) and 6 (8.5 mg).
Fr.6 (6.5 g) was also puried by CC over Lobar LiChroprep RP-18
with a MeOH–H2O gradient (from 20 : 80 to 100 : 0) to afford six
subfractions (Fr.6–1� Fr.6–6). Fr.6–2 was further puried by CC
on Sephadex LH-20 (MeOH) and then by preparative TLC (plate:
20 � 20 cm, developing solvents: CH2Cl2–MeOH, 10 : 1) to yield
compounds 8 (15.0 mg) and 12 (20.5 mg). Further purication
of Fr.6–3 by CC on silica gel eluting with a CH2Cl2–MeOH
gradient (from 50 : 1 to 5 : 1) yielded compounds 7 (21.0 mg)
and 10 (25.8 mg). Fr.6–5 was further puried by CC over silica
gel with a CH2Cl2–MeOH gradient (from 100 : 1 to 20 : 1) and
then by Sephadex LH-20 (MeOH) to yield compounds 9
(29.4 mg) and 11 (28.1 mg).

Penicibrocazine F (1). Colorless crystals (MeOH); m.p. 267–
269 �C. [a]20

D �90 (c 0.10, MeOH). ECD (c 1.41 mM, MeOH)
lmax (D3) 203 (+22.8), 240 (�13.1) nm; UV (MeOH) lmax (log 3):
204 (4.16), 305 (3.89) nm; 1H and 13C NMR data, see Table 1;
ESIMSm/z 355 [M +H]+; HR-ESI-MSm/z 355.1111 [M +H]+ (calcd
for C19H19N2O3S, 355.1111).

Penicibrocazine G (2). Colorless crystals (MeOH); m.p. 181–
182 �C. [a]20

D �62.5 (c 0.08, MeOH). ECD (c 1.14 mM, MeOH)
lmax (D3) 218 (�16.1), 260 (�3.8), 320 (+11.0) nm; UV (MeOH)
lmax (log 3): 210 (3.52), 318 (3.33) nm; 1H and 13C NMR data, see
Table 1; ESIMS m/z 353 [M + H]+; HR-ESI-MS m/z 353.0960
[M + H]+ (calcd for C19H17N2O3S, 353.0954).

Penicibrocazine H (3). Yellow powder; [a]20
D �120.0 (c 0.10,

MeOH). ECD (c 1.20 mM, MeOH) lmax (D3) 226 (�30.1), 285
(+8.8) nm; UV (MeOH) lmax (log 3): 202 (4.25), 281 (3.76) nm; 1H
and 13C NMR data, see Table 1; ESIMSm/z 419 [M + H]+; HR-ESI-
MS m/z 419.1098 [M + H]+ (calcd for C20H23N2O4S2, 419.1094).

Penicibrocazine I (4). Colorless powder; [a]20
D �74.1 (c 0.17,

MeOH). ECD (c 1.15 mM, MeOH) lmax (D3) 218 (�24.9), 276
(+3.6) nm; UV (MeOH) lmax (log 3): 207 (3.95), 264 (3.36) nm; 1H
and 13C NMR data, see Table 1; ESIMSm/z 437 [M + H]+; HR-ESI-
MS m/z 437.1198 [M + H]+ (calcd for C20H25N2O5S2, 437.1199).

Brocapyrrozin A (7). Colorless crystals (DMSO); m, 1330
colorless crystals (DMSO); m.p. 188–189 �C. [a]20

D �90.0 (c 0.10,
MeOH). UV (MeOH) lmax (log 3): 201 (4.25), 227 (3.92) nm; 1H
and 13C NMR data, see Table 2; ESIMSm/z 306 [M + H]+; HR-ESI-
MS m/z 306.1330 [M + H]+ (calcd for C16H20NO5, 306.1336).

Brocapyrrozin B (8). Colorless crystals (MeOH); m.p. 183–
184 �C. [a]20

D �147.8 (c 0.23, MeOH). UV (MeOH) lmax (log 3):
201 (4.17), 226 (3.87) nm; 1H and 13C NMR data, see Table 2;
ESIMSm/z 234 [M +H]+; HR-ESI-MSm/z 234.1126 [M +H]+ (calcd
for C13H16NO3, 234.1125).

Hexahydro-2-hydroxy-1-phenyl-1H-pyrrolizin-3-one (10).
Colorless powder; UV (MeOH) lmax (log 3): 202 (4.19), 227
RSC Adv., 2017, 7, 55026–55033 | 55031
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(3.91) nm; 1H NMR (500 MHz, CDCl3), dH 1.07 (m, 1H, H-7a),
1.64 (m, 1H, H-7b), 1.82 (m, 1H, H-6a), 1.93 (m, 1H, H-6b), 3.17
(m, 1H, H-5a), 3.55 (m, 1H, H-5b), 3.96 (dd, 1H, J ¼ 6.3, 7.1 Hz,
H-1), 4.12 (dd, 1H, J¼ 6.3, 12.3 Hz, H-7a), 4.93 (d, 1H, J¼ 7.1 Hz,
H-2), 7.00 (d, 2H, J ¼ 7.0 Hz, H-20/60), 7.30 (m, 3H, H-3'/4'/50);
13C NMR (125 MHz, CDCl3), dC 174.0 (C, C-3), 135.0 (C, C-10),
129.4 (CH, C-2'/60), 128.7 (CH, C-3'/50), 127.6 (CH, C-40), 74.8
(CH, C-2), 61.2 (CH, C-7a), 51.8 (CH, C-1), 41.8 (CH2, C-5), 25.9
(CH2, C-7), 25.8 (CH2, C-6). ESIMS m/z 218 [M + H]+; HR-ESI-MS
m/z 218.1155 [M + H]+ (calcd for C13H16NO2, 218.1154).
X-Ray crystallographic analysis of compounds 1, 2, 7,
and 8 (ref. 14)

All crystallographic data were collected on a Bruker Smart-1000
CCD diffractometer equipped with a graphite-monochromatic
Cu-Ka radiation (l ¼ 1.54178) Å at 293(2) K. The data were
corrected for absorption by using the program SADABS.15 The
structures were solved by direct methods with the SHELXTL
soware package.16 All non-hydrogen atoms were rened
anisotropically. The H atoms were located by geometrical
calculations, and their positions and thermal parameters were
xed during the structure renement. The structures were
rened by full-matrix least-squares techniques.17

Crystal data for compound 1. C19H18N2O3S$CH3OH, fw ¼
386.46, monoclinic space group P2(1), unit cell dimensions a ¼
8.3685(9) Å, b ¼ 6.1721(3) Å, c ¼ 18.2702(11) Å, V ¼ 938.97(12)
Å3, a ¼ g ¼ 90�, b ¼ 95.7270(10)�, Z ¼ 2, dcalcd ¼ 1.367 mg m�3,
crystal dimensions 0.30 � 0.11 � 0.08 mm, m ¼ 1.777 mm�1,
F(000) ¼ 408. The 3016 measurements yielded 1994 indepen-
dent reections aer equivalent data were averaged, and
Lorentz and polarization corrections were applied. The nal
renement gave R1 ¼ 0.0576 and wR2 ¼ 0.1146 [I > 2s(I)]. The
Flack parameter was 0.02(7) in the nal renement for all 3016
reections with 1994 Friedel pairs.

Crystal data for compound 2. C19H16N2O3S$CH3OH, fw ¼
384.43, monoclinic space group P2(1), unit cell dimensions a ¼
8.2444(4) Å, b ¼ 9.9359(4) Å, c ¼ 11.8715(6) Å, V ¼ 913.37(7) Å3,
a ¼ g ¼ 90�, b ¼ 110.077(3)�, Z ¼ 2, dcalcd ¼ 1.394 mg m�3,
crystal dimensions 0.38 � 0.35 � 0.34 mm, m ¼ 1.827 mm�1,
F(000) ¼ 402. The 5774 measurements yielded 2457 indepen-
dent reections aer equivalent data were averaged, and
Lorentz and polarization corrections were applied. The nal
renement gave R1 ¼ 0.0388 and wR2 ¼ 0.1053 [I > 2s(I)]. The
Flack parameter was 0.00(2) in the nal renement for all 5774
reections with 2457 Friedel pairs.

Crystal data for compound 7. C16H19NO5$CH3SOCH3, fw ¼
383.45, triclinic space group P1, unit cell dimensions a ¼
5.6325(5) Å, b ¼ 7.9186(7) Å, c ¼ 10.9501(9) Å, V ¼ 484.92(7) Å3,
a ¼ 88.389(2)�, b ¼ 83.8230(10)�, g ¼ 87.401(2)�, Z ¼ 1, dcalcd ¼
1.313 mg m�3, crystal dimensions 0.41 � 0.28 � 0.14 mm, m ¼
1.774 mm�1, F(000) ¼ 204. The 2610 measurements yielded
1878 independent reections aer equivalent data were aver-
aged, and Lorentz and polarization corrections were applied.
The nal renement gave R1 ¼ 0.0604 and wR2 ¼ 0.1552
[I > 2s(I)]. The Flack parameter was 0.02(7) in the nal rene-
ment for all 2610 reections with 1878 Friedel pairs.
55032 | RSC Adv., 2017, 7, 55026–55033
Crystal data for compound 8. C13H15NO3, fw ¼ 233.26,
orthorhombic space group P2(1)2(1)2(1), unit cell dimensions
a ¼ 9.5217(8) Å, b ¼ 9.7711(11) Å, c ¼ 12.4273(10) Å, V ¼
1156.20(19) Å3, a ¼ b ¼ g ¼ 90�, Z ¼ 4, dcalcd ¼ 1.340 mg m�3,
crystal dimensions 0.45 � 0.27 � 0.21 mm, m ¼ 0.783 mm�1,
F(000) ¼ 496. The 2384 measurements yielded 1665 indepen-
dent reections aer equivalent data were averaged, and Lor-
entz and polarization corrections were applied. The nal
renement gave R1 ¼ 0.0414 and wR2 ¼ 0.0981 [I > 2s(I)]. The
Flack parameter was 0.00(4) in the nal renement for all 2384
reections with 1665 Friedel pairs.
Antimicrobial assays

Antimicrobial assays against pathogenic bacteria Escherichia
coli, Micrococcus luteus, and Staphylococcus aureus and
against aquatic pathogenic bacteria Aeromonas hydrophilia,
Edwardsiella tarda, Vibrio anguillarum, V. harveyi, and
V. parahaemolyticus as well as against pathogenic fungi
Alternaria brassicae, Colletotrichum gloeosprioides, Fusarium
graminearum, and F. oxysporum, were carried out using the well
diffusion method.18 Chloromycetin was used as a positive
control for the antibacterial assay, while zeocin was used as
a positive control for the antifungal assay.
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