microbial

biotechnology

for applied

Microbial Biotechnology (2010) 3(5), 544-563

Minireview

doi:10.1111/j.1751-7915.2010.00179.x

Bioactive Compounds from Marine Bacteria and Fungi

Abdessamad Debbab,’ Amal H. Aly," Wen H. Lin2
and Peter Proksch'

'Institut fiir Pharmazeutische Biologie und
Biotechnologie, Heinrich-Heine Universitaet
Duesseldorf, Germany.

2National Research Laboratories of Natural and
Biomimetic Drugs, Peking University, Health Science
Center, 100083 Beijing, People’s Republic of China.

Summary

Marine bacteria and fungi are of considerable impor-
tance as new promising sources of a huge number of
biologically active products. Some of these marine
species live in a stressful habitat, under cold, light-
less and high pressure conditions. Surprisingly, a
large number of species with high diversity survive
under such conditions and produce fascinating and
structurally complex natural products. Up till now,
only a small number of microorganisms have been
investigated for bioactive metabolites, yet a huge
number of active substances with some of them fea-
turing unique structural skeletons have been isolated.
This review covers new biologically active natural
products published recently (2007-09) and highlights
the chemical potential of marine microorganisms,
with focus on bioactive products as well as on their
mechanisms of action.

Introduction

Since the beginning of mankind nature has been contrib-
uting considerably to drug discovery for human beings by
providing remedial treatments. One of nature’s treasures
is the marine biotope, which occupies almost three quar-
ters of the earth’s surface (Fenical, 1993; Whitehead,
1999). Marine natural products play an increasingly
important role in biomedical research and drug develop-
ment, either directly as drugs or as lead structures for
bioinspired chemical drug synthesis (Molinski etal.,
2009). Many marine natural products, especially those
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isolated from macroorganisms, have already undergone
clinical trials (Newman and Cragg, 2004). During the last
decades, however, repeated isolation of known metabo-
lites and a reduced hit-rate of novel compounds from
marine macroorganisms were observed. Hence, natural
product chemists are turning their interest to so far less
investigated drug sources, such as marine fungi and bac-
teria, which turned out to be a vast untapped reservoir
of metabolic diversity. Thus, research on chemistry of
natural products derived from marine microorganisms has
increased tremendously in recent years due to the
demand for compounds having potential pharmaceutical
applications or economical value as cosmetics, drugs,
fine chemicals and functional personal-care products
(Andersen and Williams, 2000). In contrast to macroor-
ganisms, microorganisms represent promising natural
product sources having the advantage of feasible and
sustainable production of large quantities of secondary
metabolites with reasonable cost, by large-scale cultiva-
tion and fermentation of the source organisms' (Waites
etal.,, 2001). Furthermore, to adapt and survive in the
marine ecosystem, characterized by very special condi-
tions that differ from those found in other habitats, marine
microorganisms sometimes accumulate structurally
unique bioactive secondary metabolites not found in ter-
restrial organisms (Bhakuni and Rawat, 2005).

Natural products research still has an enormous unex-
ploited potential, and the significant advantages and dis-
advantages of natural product-derived molecules as drug
candidates for development have been highlighted in
numerous articles (Rogers, 2004). The importance of
natural product discovery from microorganisms started
only after the large-scale production of penicillin (1) during
World War Il (numbers 1—-101 in bold refer to chemical
structures 1—101 at the end of this article). After the end of
the war, pharmaceutical companies refocused on the
search for new bioactive biomolecules. In the 1970s for
example, cholesterol biosynthesis inhibitors, compactin
(2) (Larsen etal., 2007) and mevinolin (3) (Araki and
Konoike, 1997) were discovered. The discovery of com-
pactin and mevinolin enabled the development of the
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highly successful statin therapeutics (4) (Endo, 1992),
which even today are considered as block buster in phar-
maceutical sales. The discovery of streptomycin, gentami-
cin, omegamycin (5) and other antibiotics pushed the
pharmaceutical industry to implement large research and
developing programs based on natural product discovery,
with a recent emphasis on marine microbial fermentation
based technologies.

New bioactive natural products from marine bacteria
and fungi

The marine environment is extremely complex and con-
tains a huge diversity of life forms. The water column of
the oceans contains approximately 10° bacterial cells per
millilitre (Hagstrém et al., 2002). Marine bacteria and fungi
are of great interest as novel and rich sources of biologi-
cally active products. They live in close association with
soft-bodied marine organisms, which lack obvious struc-
tural defence mechanisms, and thus rely on chemical
defence by production of bioactive secondary metabo-
lites, either by themselves or by associated microflora, to
survive in their extreme habitat (Jensen and Fenical,
1994). In the last decades, the number of reported sec-
ondary metabolites from marine bacteria and fungi has
steadily increased (Fenical, 1993; Kobayashi and Ishiba-
shi, 1993; Bernan etal.,, 1997; Faulkner, 1997; 1998;
1999; 2000; 2001; Blunt et al., 2003; 2004; 2005; 2006;
2007; 2008; 2009; Hill, 2003), thus reflecting the growing
attention by groups from academia and industry. In the
year 2007 alone 961 new compounds were described
from marine microorganisms reflecting an increase of
24% compared with the number of compounds reported
for 2006 (Blunt et al.,, 2009). In the following, selected
examples of new secondary metabolites from bacteria
and fungi, published in the period 2007-09, that live
in association with marine macroorganisms, such as
sponges, algae and mangrove plants, are presented, with
special emphasis on bioactive products and their modes
of their action, as well as source organisms and place of
origin. Chemical structures are only shown for new com-
pounds, or for previously reported compounds with newly
reported biological activities.

Antimicrobial secondary metabolites

Since the discovery of penicillin in 1928 (Fleming, 1929),
intensive studies, mainly on soil-derived bacteria and
fungi, demonstrated that microorganisms are a rich
source of structurally unique bioactive substances
(Fenical, 1993). The increasing need for new antimicrobial
agents able to control emerging diseases or resistant
strains of microorganisms inspired a growing number of
research groups to explore the oceans for new bioactive
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compounds. Throughout the years, extensive screening
programs were developed worldwide and great efforts
have been devoted aiming of the isolation of new metabo-
lites from marine microorganisms.

Cultures of the marine bacterial isolate Brevibacillus
laterosporus PNG276 obtained from Papua New Guinea
yielded a new lipopeptide named tauramamide (6),
together with its methyl (7) and ethyl esters (8). Structures
were elucidated by analysis of NMR and MS data and by
chemical degradation as well as by total synthesis of
tauramamide (6) and tauramamide ethyl ester (8). Com-
pounds 6 and 8 showed potent [minimum inhibitory con-
centration (MIC) values of 0.11 uM] and relatively
selective activity against the important Gram-positive
human pathogen Enterococcus sp. The ethyl ester (8)
showed weaker activity against multidrug-resistant Sta-
phylococcus aureus, but neither compound was apprecia-
bly active against the yeast C. albicans. Tauramamide (6)
is a new lipopeptide antibiotic that contains two D amino
acids and is acylated at the N-terminus. Both structural
features are hallmarks of non-ribosomal peptide synthase
biosynthetic origin (Desjardine et al., 2007).

A member of the new bacterial genus Marinispora
(strain NPS008920) was isolated from a sediment sample
collected in Cocos Lagoon, Guam. Chemical investigation
of this strain afforded a series of novel 2-alkylidene-5-
alkyl-4-oxazolidinones, lipoxazolidinone A (9), B (10) and
C (11). Compounds 9—11 showed broad spectrum antimi-
crobial activities similar to those of the commercial antibi-
otic linezolid (Zyvox) (Barbachyn and Ford, 20083).
Lipoxazolidinones A (9), B (10) and C (11) and the
hydrolysis product 12 were screened against a panel of
various Gram-positive and Gram-negative bacteria. Com-
pound 9 showed broad spectrum activity, with MIC values
ranging from 1.56 to 15.57 uM against Gram-positive bac-
teria and 37.38 uM against two strains of Haemophilus
influenzae. Compounds 10 and 11 showed also broad
spectrum antibacterial activity, albeit with lesser overall
potency than 9. In contrast, the hydrolysis product of 12
showed only weak activity against MSSA (methicillin-
sensitive S. aureus), indicating the importance of an intact
oxazolidinone ring system. While the oxazolidinone het-
erocycle is a common structural motif shared by the
lipoxazolidinones and linezolid, the compounds are
clearly distinguished as 4- and 2-oxazolidinones, respec-
tively, and each class is uniquely substituted. Thus, the
4-oxazolidinones offer a unique scaffold of compounds
with antibiotic therapeutic potential (Macherla et al.,
2007).

The new marine actinomycete, NPS12745, was
recently isolated and described from a marine sediment
collected off the coast of San Diego, California. The analy-
sis of the full-length 16S rRNA sequence indicated that
NPS12745 is a novel strain of the recently described
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marine actinomycete genus Marinispora. Chemical inves-
tigation of this novel strain yielded a series of new chlori-
nated bisindole pyrroles, lynamicins A-E (13—17). The
bisindole pyrrole derivatives are small molecules, and
include chromopyrrolic acid which was previously isolated
from Chromobacterium violaceum (Hoshino et al., 1993)
as well as lycogarubins A-C known from the myxomycete
Lycogala epidendrum (Fréde etal., 1994; Hashimoto
et al,, 1994). Lynamicins A—E represent the first haloge-
nated bisindole derivatives. The antibacterial activity of
the compounds against a panel of Gram-positive and
Gram-negative bacteria was studied and substances 14
and 15 were found to be active against S. aureus (MSSA,
MRSA: methicillin resistant), Staphylococcus epidermidis
and Enterococcus faecalis, suggesting potential for treat-
ment of nosocomial infections (McArthur et al., 2008).

Screening of 100 bacteria, which were isolated from
intestinal tract of fish that landed on the Baluchistan coast
that borders the Gulf of Karachi, Pakistan, afforded an
isolate of Pseudomonas stutzeri (CMG 1030) that showed
pronounced inhibitory activity against several pathogenic
bacteria, including MRSA strains. Chemical investigation
of the ethyl acetate extract yielded a new antibacterial
metabolite named zafrin (4B-methyl-5,6,7,8—tetrahydro-1
(4B-H)—phenanthrenone) (18). Screening of zafrin indi-
cated activity against a panel of important clinical
and environmental microorganisms. The MIC of zafrin
(235.85-589.62 uM) compared favourably with other
novel antimicrobials such as 2,4-diacetylphloroglucinol
(2.38—4.76 mM) (Isnansetyo et al., 2003). Interestingly,
the killing rate of zafrin against Bacillus subtilis was faster
than for ampicillin, vancomycin or tetracycline. Zafrin does
not target the bacterial cell wall and its pattern of lysis
resembles that of compounds such as nisin (14.91 uM)
and Triton X-100, which disrupt the cell membrane. It was
suggested that the mode of action of zafrin is via the
disruption of the cytoplasmic membranes, since the mol-
ecule is amphiphilic (Uzair et al., 2008).

The extract of an Egyptian strain of Nocardia sp. ALAA
2000, which was isolated from the marine red alga Lau-
renica spectabilis collected from Ras-Gharib coast of
the Red Sea, Egypt, was found to be active against patho-
genic microorganisms with MIC values ranging from
0.1 to 10 ug ml'. Chemical and biological screening
of the crude extract of this strain afforded the new bioac-
tive compound ayamycin [1,1-dichloro-4-ethyl-5-(4-nitro-
phenyl)-hexan-2-one] (19), which is structurally unique
since it contains both chlorine and rarely observed nitro
groups, beside being structurally related to compounds
such as chrysophanol 8-methyl ether (20), asphodelin
(21) and justicidin B (22). The isolated compounds were
tested for their antimicrobial activities against Gram-
positive and Gram-negative bacteria as well as against
pathogenic fungi such as Candida albicans, Aspergillus

niger and Botrytis fabae. The most active compound was
the new ayamycin (19) with MIC values ranging from 0.31
to 1.57 uM (EI-Gendy et al., 2008).

From a marine sediment sample (collected near La
Jolla, CA) at a depth of 51 m, the actinomycete strain
CNQ-418 was isolated. This strain shared 89.1% 16S
rNRA gene sequence similarity with its nearest neighbour
Streptomyces sannurensis. The crude extract exhibited
strong antibiotic activity. Two prominent products named
marinopyrroles A (23) and B (24), were isolated and iden-
tified as new secondary metabolites. X-ray analysis of
marinopyrrole B showed that the natural product exists as
an atropoenantiomer with the M-configuration. The newly
isolated substances 23 and 24 displayed noteworthy
activity against methicillin-resistant S. aureus, with an
MICq, of less than 2 uM. For each of the compounds,
cytotoxicity against a human cancer cell line (HCT-116:
colon carcinoma) was less pronounced (8.8 and 9.0 uM
for compounds 23 and 24 respectively) (Hughes et al.,
2008).

The marine-derived fungus Nigrospora sp. was isolated
from a sea fan that was collected near Similan Island,
Thailand. It represented the first example of marine-
derived Nigrospora sp., as Nigrospora species were up to
now known only as plant endophytes. When grown in
500 ml Erlenmeyer flasks containing potato dextrose
broth for 4 weeks, this strain produced four new metabo-
lites named nigrospoxydons A-C (25-27) and nigrospo-
rapyrone (28), together with nine known compounds. The
crude ethyl acetate extract obtained from the culture broth
showed antibacterial activity against standard S. aureus
ATCC 25923 (SA) and methicillin-resistant S. aureus
(MRSA), with MIC values of 64 and 128 ug ml-! respec-
tively. Only compound 25 and the known compound (+)-
epoxydon (29) showed activity against both strains, while
the remaining compounds were inactive. Compound 25
was more active than 29 against SA (MIC 152.38 uM), but
was less active against MRSA (MIC > 304.76 uM). Com-
pound 29 gave an MIC value of 820.51 uM against both
strains (Trisuwan et al., 2008).

A marine Aspergillus species (family Trichocomaceae)
was isolated from the surface of the marine brown alga
Sargassum horneri collected at Gadeok Island, Busan,
Korea. The fungal broth yielded a new polyoxygenated
decalin derivative, dehydroxychlorofusarielin B (30),
which was found to exhibit mild antibacterial activity
against S. aureus, methicillin-resistant S. aureus, and
multidrug-resistant S. aureus with MIC values of
142.36 uM for all strains (Nguyen et al., 2007).

A marine-derived Penicillium sp. PSU-F44 was isolated
from the same sea fan species (Annella sp.). Fungi of
the genus Penicillium are known to produce a large
variety of compounds with a wide range of biological and
pharmacological activities. The fungal broth yielded two
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new metabolites, penicipyrone (31) and penicilactone
(32), together with three known macrolides (+)-brefeldin
A (33) (+)-brefeldin C (34) and 7-oxobrefeldin A (35).
Compounds 32, 33 and 35 were tested for antimicrobial
activity against methicillin-resistant S. aureus SK1 and
Microsporum gypseum SH-MU-4. Compound 33 showed
the strongest antifungal activity against M. gypseum
SH-MU-4 with MIC value of 228.57 uM, whereas the
remaining compounds were inactive (MIC > 700 uM).
When tested against methicillin-resistant S. aureus SK1
all compounds gave MIC values of > 700 uM (Trisuwan
et al., 2009).

The culture broth of a marine fungal strain belonging
to the genus Exophiala (family Herpotrichiellaceae)
afforded the new aspyrone derivatives chlorohydroaspy-
rones A (36) and B (37). The fungal strain was isolated
from the surface of the marine sponge Halichondria
panicea collected on Bogil Island, Jeonnam Province,
Korea. Compounds 36 and 37 displayed moderate to
weak antibacterial activity when tested against S. aureus,
methicillin-resistant S. aureus or multidrug-resistant S.
aureus, showing MIC values of 284.09, 568.18 and
568.18 uM, respectively, for compound 36, as well as
284.09, 284.09 and 568.18 uM, respectively, for com-
pound 37 (Zhang et al., 2008a).

Two new compounds, named xanalteric acids | (38) and
Il (39), were isolated from the fungus Alternaria sp., iso-
lated from fresh healthy leaves of the Mangrove plant
Sonneratia alba (Sonneratiaceae), collected in Dong Zhai
Gang Mangrove Garden on Hainan Island, China. Com-
pounds 38 and 39 exhibited weak antibiotic activity
against multidrug-resistant S. aureus with MIC values of
686.81-343.40 uM (Kjer et al., 2009).

The marine-derived fungus, Ascochyta sp. NGB4, was
isolated from a floating scrap of festering rope that had
been collected at a fishing port in Nagasaki prefecture,
Japan. Chemical investigation of this strain yielded a new
spirodioxynaphthalene metabolite, named ascochytatin
(40). The relative stereochemistry of the compound was
determined by X-ray crystallographic analysis, and the
absolute stereochemistry was identified by the modified
Mosher's method. A sensitive screening method for anti-
bacterial agents that inhibit essential encoding genes
(YycG/YycF) for the bacterial two-component regulatory
system (TCS), a fundamental system of bacterial
response to environmental stress, was developed utilizing
a temperature-sensitive yycF mutant (CNM2000) of
B. subtilis. Compound 40 exhibited stronger activity
against B. subtilis CNM2000 than against wild-type strain
168. The difference in sensitivity of B. subtilis 168 and
CNM2000 towards 40 suggested that 40 inhibited the
function of TCS (YycG/YycF) in B. subtilis. The antimicro-
bial activity of 40 was also investigated by the paper disk
method. Compound 40 exhibited relatively strong and
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specific activity against Gram-positive bacteria and
against the yeast C. albicans. The cytotoxicity of 40 to
mammalian cancer cells was likewise measured. Com-
pound 40 exhibited cytotoxicity to both A549 (human lung
carcinoma cell line) and Jurkat cells (human leukaemia
cell line) with ECs values of 4.8 and 6.3 uM respectively
(Kanoh et al., 2008).

The marine-derived fungus Cladosporium sp. F14 was
isolated from seawater collected from the mangrove stand
at Kei Ling Ha Lo Wai, Sai Kung, Hong Kong. Chemical
investigation of its fermentation broth yielded nine com-
pounds, which were tested for antifouling activity towards
macro- and microfouling organisms. Antilarval activity
was assessed in settlement inhibition assays against
the barnacle Balanus amphitrite and the bryozoan Bugula
neritina. Cinnamic acid (41) and bis (2-ethylhexyl) pht-
halate (42) were found to be potential natural antifou-
ling agents inhibiting larval settlement of B. neritina
(ECs0=77.77 = 1419 uM and LCs, > 1351.35 uM) and
B. amphitrite (ECso = 23.54 = 4.49 uM) respectively. Fur-
thermore, treatment with high concentration of bis
(2-ethylhexyl) phthalate (42) (>256.4 M) was found to
cause aggregation of barnacle cyprids due to possible
interactions of this compound with the hydrophobic sites
on cell membranes. Notably, bis(2-ethylhexyl)phthalate
is a common plasticizer, which was proven in this study
to be produced by the fungus itself and not as a result
of labware contamination. The compounds were further
tested for antibacterial activity using standard disc
diffusion assay against six bacterial species, obtained
from natural marine biofilms in Hong Kong water. The
bacterial strains included four larval settlement-inducing
bacteria: Loktanella hongkongensis (UST950701-009),
Micrococcus luteus (UST950701-006), Rhodovulum
sp. (UST950701-012), Ruegeria sp. (UST010723-008)
and two marine pathogenic bacteria: Pseudoaltero-
monas piscida (UST010620-005) and Vibrio harveyi
(UST020129-010). Cinnamic acid (41), cyclo-(Phe-Pro)
(43) and cyclo-(Val-Pro) (44) showed antibacterial activity
against L. hongkongensis with MIC values of 1351.35,
819.67 and 813.0 uM respectively. Cyclo-(Phe-Pro) (43)
showed further antibacterial activity against M. luteus and
Ruegeria sp. with MICs of 409.83 and 819.67 uM respec-
tively (Qi et al., 2009).

Three new fungal polyketide metabolites, chaetocycli-
nones A—C (45—47), were obtained from cultures of Cha-
etomium sp. (strain G6 100/2), which was isolated in a
screening programme for new marine secondary metabo-
lites from endophytes of several types of algae, together
with three known substances. The antifungal activity of
chaetocyclinone A (45) was tested against selected phy-
topathogenic fungi. The compound exhibited an inhibitory
activity at a dose of 89.1 uM against Phytophthora
infestans. The other new compounds showed neither anti-
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bacterial nor antifungal activity in a standard agar plate
diffusion assay. No cytotoxic properties against the
tumour cell lines HMO02 (stomach), HepG2 (liver) and
MCF?7 (breast) could be observed up to a concentration of
28.7 uM. The biosynthesis of 45 was studied by feeding
8C-labelled acetate. The results suggested the com-
pound to be derived from the polyketide pathway (L6sgen
et al., 2007).

A new difuranxanthone, asperxanthone (48), and a new
biphenyl, asperbiphenyl (49), were obtained from a fungal
strain, identified as Aspergillus sp. (MF-93), which was
isolated from sea water collected in Quan-Zhou Gulf,
Fujian Province, China. Compounds 48 and 49 showed
moderate inhibitory activity against tobacco mosaic virus,
a typical plant virus of the tobamovirus group, with inhibi-
tory rates of 62.9% and 35.5%, at concentrations of 0.62
and 0.48 mM, respectively (Wu et al., 2009).

Cytotoxic secondary metabolites

Marine microorganisms are often taxonomically unique,
which makes them interesting as potential sources of new
drug leads. One of the major areas of research on marine
natural products is devoted to the discovery of new anti-
cancer drugs. In 1997, a novel depsipeptide named thio-
coraline was isolated from the mycelial extract of the
bacterium Micromonospora marina associated with a
marine soft coral in the Indian Ocean. Thiocoraline inhib-
ited DNA polymerase-o. and is currently in preclinical
phase by the pharmaceutical company PharmaMar
(Romero et al., 1997; Newman and Cragg, 2004).

The extract of the marine fungus Curvularia sp.
(strain no. 768), which was isolated from the red alga
Acanthophora spicifera, was active towards a panel of
human tumour cell lines. Chemical investigation of this
fungus yielded the novel macrolide apralactone A (50), a
14-membered phenyl acetic acid macrolactone, as well as
six further curvularin macrolides. The isolated compounds
were tested against 36 human tumour cell lines, compris-
ing 14 different solid tumour types. The examined mac-
rolides showed different activities. The novel macrolide
apralactone A (50) showed moderate concentration-
dependent cytotoxicity with a mean ECs, value of
9.87 uM. The most active metabolite (+)-(10E,15R)-
10,11-dehydrocurvularin (51), displayed concentration-
dependent cytotoxicity with a mean ECsy value of
1.25 uM, combined with significant in vitro tumour cell
selectivity towards nine of the 36 tested tumour cell lines,
which indicated 25% of selectivity (using an individual
ECs value < 1/2 of the mean ECs, value as threshold for
above average sensitivity). These nine above average
sensitive cell lines included BXF 1218L (bladder cancer,
ECso=0.43 uM), BXF T24 (bladder cancer, ECs =
0.5 uM), CNXF SF268 (glioblastoma, ECso = 0.36 uM),

LXFA 289L (lung adenocarcinoma, ECs,=0.28 uM),
MAXF 401NL (mammary cancer, ECs, = 0.4 uM), MEXF
462NL (melanoma, ECso = 0.38 uM), MEXF 514L (mela-
noma, ECs,=0.5uM), OVXF 899L (ovarian cancer,
ECs0=0.58 uM) and PRXF PC3M (prostate cancer,
ECso = 0.4 uM) (Greve et al., 2008).

Two new natural products (2)-6-benzylidene-3-
hydroxymethyl-1,4-dimethyl-3-methylsulfanylpiperazine-
2,5-dione (62) and (3S,3'R)-3-(3"-hydroxybutyl)-7-
methoxyphthalide (53), together with three known
compounds were isolated from the culture broth of an
unidentified marine-derived fungus of the order Pleospo-
rales (strain CRIF2). Compound 54, which was previously
known only synthetically, was isolated for the first time as
a natural product. Compounds 52 and 54 exhibited weak
cytotoxic activity when tested against a panel of cancer
cell lines (Prachyawarakorn et al., 2008).

Investigation of natural products produced by the
marine-derived fungus Spicellum roseum, isolated from
the sponge Ectyplasia perox collected from the waters
around the Caribbean island of Dominica, afforded two
new cyclohexadepsipeptides, named spicellamide A (55)
and spicellamide B (56). The absolute configuration of the
compounds was deduced after hydrolysis using Marfey’s
method, chiral chromatography, as well as NOESY and
modelling data. The isolated peptides were tested for their
cytotoxic activity using the CellTiter-Blue Cell Viability
Assay, against rat neuroblastoma B104 cell line. Com-
pound 56 exhibited an ECs, value of 10.03 uM while com-
pound 55 was less active with an ECs, of 49.83 uM (Kralj
et al., 2007).

Chemical investigation of the culture broth extracts of
the marine-derived fungus Massarina sp. (strain CNT-
016), which was isolated from a marine mud sample col-
lected in Palau lIsland, yielded two new secondary
metabolites named spiromassaritone (57) and massariph-
enone (58). The isolated compounds were subjected to
cytotoxicity assays against the human colon carcinoma
cell line (HCT-116) and also screened for antimicrobial
activity. The crude extract as well as fractions containing
the respective compounds showed weak activity against
HCT-116. However, none of the compounds isolated
showed significant activity against HCT-116, C. albicans
or S. aureus (Abdel-Wahab et al., 2007).

The marine-derived fungus Aspergillus carbonarius
was isolated from a marine sediment collected at Weizhou
island of China. Chemical investigation of this strain when
grown in liquid medium afforded two new secondary
metabolites, carbonarones A (59) and B (60). Inhibition of
the human leukaemia cell lines K562 was measured by
the sulforhodamine B (SRB) assay. The cytotoxic effects
of 59 and 60 were preliminarily evaluated against K562
(human leukaemia), P388 (murine leukaemia), A549
(human lung carcinoma), BEL-7402 (human hepatoma)
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and HL-60 (human promyelocytic leukaemia) cell lines.
Both compounds 59 and 60 exhibited moderate anti-
proliferative activity against K562 cell lines with ECso
values of 244.54 and 121.39 uM, respectively, while
they were inactive against the other cell lines tested
(ECso > 436.68 uM) (Zhang et al., 2007).

The fungus Aspergillus ustus was isolated from the
marine sponge Suberites domuncula, which had been
collected from the Adriatic Sea. From cultures of this
strain grown on both biomalt agar and barley-spelt solid
media seven new drimane sesquiterpenoids (61-67),
including the threo-isomers 66 and 67, were isolated,
together with three known compounds. The crude EtOAc
extract of A. ustus displayed cytotoxic activity against the
murine lymphoma cell line L5178Y at a concentration of
10 ug ml~'. Compounds 64, 65 and the known compound
RES-1149-2 (68) exhibited ECs, values of 13.11, 1.77 and
4.75 uM, respectively, with 65 being the most active con-
gener discovered in this study. All other compounds were
inactive at the range of concentrations analysed (0.1—
10 ug ml™"). All cytotoxic compounds featured an olefinic
ester side chain comprising two (63 and 64) or three
conjugated olefinic double bonds (68) with a terminal car-
boxylic, aldehyde or methyl substituent (Liu et al., 2009).

The fungus Petriella sp. isolated from the sponge S.
domuncula that had been cultured in aquaria for 4 weeks
yielded three new infectopyrone derivatives (69-71)
together with the cyclic tetrapeptide WF-3161 (72). The
crude extract of Petriella sp. was strongly cytotoxic against
the L5178Y mouse lymphoma cell line. The cyclic tetrapep-
tide WF-3161 was primarily responsible for this activity; the
ECso value was < 0.18 uM (Proksch et al., 2008).

The marine-derived fungus Aspergillus aculeatus
CRI323-04A, obtained from the marine sponge Xesto-
spongia testudinaria collected from Ton Sai Bay, Phi Phi
Islands, Krabi Province, Thailand, afforded a new tyrosine-
derived metabolite, aspergillusol A (73), in large quantities.
Aspergillusol A selectively inhibited a-glucosidase from the
yeast Saccharomyces cerevisiae (ECso =465 * 2 uM),
but it was inactive towards o-glucosidase from the bacte-
rium Bacillus stearothermophilus (ECso = 1060 * 20 uM).
The compound also displayed weak cytotoxic activity
towards MOLT-3 (acute lymphoblastic leukaemia),
HuCCA-1 (human lung cholangiocarcinoma), and A549
cell lines with ECs values of 19, 50 and 74 uM respectively
(Ingavat et al., 2009).

Aspergiolide A (74), a novel anthraquinone derivative
with naphtho[1,2,3-de]chromene-2,7-dione skeleton, was
isolated from cultures of the marine-derived fungus
Aspergillus glaucus. The fungal strain was obtained from
a marine sediment collected from mangrove roots in
Fujian province, China. The compound selectively inhib-
ited the proliferation of A549, HL-60, BEL-7402 and P388
cancer cell lines (Du et al., 2007). Recently, animal tests
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with mice indicated that aspergiolide A also inhibited
tumour growth in vivo (Sun et al., 2009).

A marine-derived isolate of the common terrestrial
fungus, Aspergillus versicolor (MST-MF495), was recov-
ered from a beach sand sample collected at low tide from
Cottesloe, Western Australia. The fungal strain yielded
a new alkaloid, cottoquinazoline A (75), and two new
cyclopentapeptides, cotteslosins A (76) and B (77). Cot-
teslosin A (76) exhibited weak cytotoxic activity against
human melanoma (MM418c5, ECso = 103.93 uM), pro-
state (DU145, ECso=141.73 uM), and breast (T47D,
ECso = 148.03 uM) cancer cell lines (Fremlin et al., 2009).

Fungi of the genus Pestalotiopsis are characterized by
their extensive distribution and wide genetic and biologi-
cal diversity. Pestalotiopsis sp., obtained from fresh
healthy leaf material of Rhizophora mucronata (Rhizopho-
raceae) collected in Dong Zhai Gang-Mangrove Garden
on Hainan Island, China, yielded five new cytosporones
J-N (78-82), new coumarins, pestalasins A—E (83-87), a
new alkaloid named pestalotiopsoid A (88) (Xu etfal,
2009a), and six new chromones, pestalotiopsones A—F
(89-94) (Xu etal, 2009b). Among the isolated com-
pounds only pestalotiopsone F (94) exhibited moderate
cytotoxicity, with an ECs value of 26.89 uM, when tested
against the murine cancer cell line L5178Y (Xu et al.,
2009Db).

Three new oxaspiro[4.4]lactam containing diketo-
piperazine alkaloids, 6-methoxyspirotryprostatin B (95),
18-oxotryprostatin A (96) and 14-hydroxyterezine D
(97), as well as 14-norpseurotin A (98) and the
29-nordammarane triterpenoid  6f,16p-diacetoxy-25-
hydroxy-3,7-dioxy-29-nordammara-1,17(20)-dien-21-oic
acid (99) were obtained from marine-derived Aspergillus
sydowi PFW1-13. The fungal strain had been isolated
from a driftwood sample (PFW1) collected from the beach
of Baishamen, Hainan, China. Compounds 95-97 dis-
played weak cytotoxic activity against A-549 cells, with
ECso values of 8.29, 1.28 and 7.31 uM respectively. Com-
pound 95 also exhibited slight cytotoxicity against HL-60
cells (ECso = 9.71 uM). Furthermore, compounds 98 and
99 showed significant antimicrobial activities against
Escherichia coli, B. subtilis and Micrococcus lysoleikticus
with MIC values of 3.74, 14.97 and 7.49 uM for compound
98, and 10.65, 5.33 and 10.65 uM for compound 99,
respectively (Zhang et al., 2008b).

A marine fungal strain, Penicillium sp., was isolated
from the seaweed, Ulva sp. (EG-5), collected from waters
around Egypt (Suez Canal, Egypt). Chemical investiga-
tion of the fungal culture resulted in the isolation of the
new chromone derivative, chromanone A (100), which
was evaluated for its cancer chemopreventive activity,
especially for prevention of the initiation stage of
carcinogenesis by modulation of carcinogen metaboli-
zing enzymes. Carcinogens are activated by cytochrome
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Table 1. Selected active compounds reported in this review.

Compound Source Activity Literature

Bacteria

6,8 Brevibacillus laterosporus Antimicrobial Desjardine et al. (2007)
9, 10, 11 Marinispora sp. (NPS008920) antimicrobial Macherla et al. (2007)
14, 15 Marinispora sp. (NPS12745) antimicrobial McArthur et al. (2008)
18 Pseudomonas stutzeri antimicrobial Uzair et al. (2008)

19 Nocardia sp. Antifungal El-Gendy et al. (2008)
23,24 Streptomyces sannurensis Cytotoxic & MRSA Hughes et al. (2008)
Fungi

25 Nigrospora sp. MRSA Trisuwan et al. (2008)
30 Aspergillus sp. antibacterial Nguyen et al. (2007)
33 Penicillium sp. antimicrobial Trisuwan et al. (2009)
36, 37 Exophiala sp. antibacterial Zhang et al. (2008a)
38, 39 Alternaria sp. MRSA Kjer et al. (2009)

40 Ascochyta sp. Cytotoxic & antimicrobial Kanoh et al. (2008)
14, 42 Cladosporium sp. Antifouling & antimicrobial Qi et al. (2009)

45 Chaetomium sp. Antifungal Lésgen et al. (2007)
48, 49 Aspergillus sp. Antiviral Wu et al. (2009)

50, 51 Curvularia sp. (strain no. 768) Cytotoxic Greve et al. (2008)
55, 56 Spicellum roseum Cytotoxic Kralj et al. (2007)

59, 60 Aspergillus carbonarius Cytotoxic Zhang et al. (2007)
64, 65, 68 Aspergillus ustus Cytotoxic Liu et al. (2009)

72 Petriella sp. Cytotoxic Proksch et al. (2008)
74 Aspergillus glaucus Cytotoxic Sun et al. (2009)

95, 96, 97 Aspergillus sydowi Cytotoxic Zhang et al. (2008b)
100 Penicillium sp. Cytotoxic Gamal-Eldeen et al. (2009)
101 Cosmospora sp. Antidiabethic Seo et al. (2009)

P-450 1A (CYP1A) and detoxified by glutathione S-
transferases (GST), quinine reductase (QR), and epoxide
hydrolase (mEH). Chromanone A (100), in 18.18 uM
concentration, inhibited CYP1A activity up to 60%
of the stimulated-CYP1A in murine hepatoma cells
(Hepalc1c7), and significantly induced GST but not total
thiols at low concentrations. The compound did not affect
QR activity, but it significantly enhanced mEH activity in
Hepalcic7 cells (P<0.05-0.01) in a dose-dependant
manner. Also, chromanone A (100) showed potent radical
scavenging activity against hydroxyl radicals starting from
a dose of 45.45 uM (P < 0.05), which may be responsible
for its inhibitory effect on induced DNA damage in cells
(Gamal-Eldeen et al., 2009).

Antidiabetic secondary metabolites

Diabetes mellitus is a debilitating and often life-
threatening disorder with increasing incidence throughout
the world (WHO, 1985). Literature surveys show that
more than 400 plant species were reported to have
antidiabetic activity, and most of the antidiabetic natural
products were, so far, isolated from plants (Mukherjee,
1981; Rai, 1995). In contrast, marine bacteria and fungi
are poorly investigated for antidiabetic activity, but may be
of great promise in the search for new antidiabetic drugs
for the future.

Bioassay-guided investigation of the culture broth
obtained from the marine-derived fungus Cosmospora sp.

SF-5060, isolated from an inter-tidal sediment collected at
Gejae Island, Korea, yielded the known compound aqu-
astatin A (101). The compound exhibited potent inhibitory
activity against protein tyrosine phosphatase 1B (PTP1B)
with an ECs, value of 0.19 uM. Protein tyrosine phos-
phatases (PTPs) constitute a large family of enzymes,
which are responsible for modulation of tyrosine
phosphorylation-dependent cellular events. Studies dem-
onstrated that PTP1B, an intracellular non-receptor type
PTP, negatively regulates insulin- and leptin-receptor
mediated signalling pathways. Thus, its inhibition may
represent an outstanding, novel therapy for type 2 diabe-
tes and obesity. Aquastatin A (101) was found to inhibit
PTP1B activity in a competitive and selective manner as
demonstrated by kinetic analyses and testing over a small
panel of other PTPs respectively. In addition, hydrolyzing
studies of the compound suggested that the dihydroxy-
pentadecyl benzoic acid moiety present in the molecule
was responsible for the inhibitory activity (Seo etal.,
2009).

Table 1 contains a selection of the most active second-
ary metabolites isolated from marine bacteria and fungi
during the period between 2007 and 2009.

Conclusion

Marine-derived fungi and bacteria constitute a promising
source of unique metabolites with considerable pharma-
ceutical and therapeutical potential. Common biological
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assays usually focus on antimicrobial and cytotoxic activi-
ties as demonstrated throughout the literature. Whereas
more effective and safe drugs in the field on infectious
diseases and cancer are certainly needed, many other
pharmacologically active compounds may be overlooked.
Thus, it is suggested to broaden biological screens for the
discovery of exceptional and rarely investigated biological
activities, which may be important for the therapy of
chronic diseases. Examples mentioned in this review
include the potent PTP1B inhibiting activity of aquastatin
A (101) which may be a promising therapeutic agent for
treatment of type 2 diabetes and obesity, as well as the
carcinogen metabolizing enzymes modulatory activity of
chromanone A (100), which could be helpful in preventing
the initiation stage of carcinogenesis. Such activities
trigger the continued interest in marine microbial natural
products and reflect the need for more intensive investi-
gation of their chemical and pharmacological properties.
Literature surveys showed that fungi of the genus
Aspergillus are among the most heavily studied fungal
strains as shown in our review (6 investigated Aspergillus
species out of a total of 20 fungal species). This genus is
characterized by its worldwide and frequent distribution,
and its species are causative agents of stored products
decay, thus they are also important in view of health
hazards. Nevertheless, members of this genus are
renowned for their ability to produce a huge number of
structurally unprecedented bioactive metabolites.
Studies showed that the tendency of biosynthetic genes
to form adjacent clusters proves helpful in allocating sec-
ondary metabolite genes present in fungal genomes
(Keller et al., 2005, Fox and Howlett, 2008), yet such an
analysis cannot predict gene expression and, thus,
product formation. Recent advancements in molecular
biology of fungal secondary metabolism may offer a better
insight into how biogenetic gene clusters are regulated
and whether their expression is affected by environmental
changes and culture conditions (Delany et al., 2000;
Keller et al., 2005, Fox and Howlett, 2008). A better under-
standing of such regulation and the influencing factors
may help to induce and optimize secondary metabolite
production under laboratory conditions to yield bioactive
natural products with significant pharmaceutical potential.
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