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Preface to ”Genome Mining and Marine Microbial

Natural Products”

Most of the marine microbial natural products to date have been discovered using classical

bioassay-guided regimes. This process is currently undergoing significant changes primarily due to

of rapid developments in sequencing technology, synthetic biology, and bioinformatics. However,

as increasing numbers of whole-genome sequences become available, many genomes appear to

possess “silent,” or cryptic, biosynthetic gene clusters. The products of these appear to be regulated

by a variety of environmental factors, and therefore remain largely undetected. Genome mining has

become a very attractive tool for drug discovery from marine microorganisms.

Researchers have been using different strategies to help activate these silent gene clusters from

microbes, including but not limited to bioinformatic tools for gene and gene cluster identification,

gene editing using the innovative CRISPR Cas 9 technology, heterologous expression based strategies,

as well as activation using environmental factors. We are glad to see that these strategies are also being

employed on marine microbes, which will help in the discovery of more and more new compounds.

This Special Issue provides a number of interesting examples of some of the excellent work that is

currently being undertaken in this arena. It also hints at the likelihood of major advances in this field

in the very near future.

Kui Hong, Changsheng Zhang, Alan Dobson

Special Issue Editors
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Abstract: The marine environment is a rich source of chemically diverse, biologically active natural
products, and serves as an invaluable resource in the ongoing search for novel antimicrobial
compounds. Recent advances in extraction and isolation techniques, and in state-of-the-art
technologies involved in organic synthesis and chemical structure elucidation, have accelerated
the numbers of antimicrobial molecules originating from the ocean moving into clinical trials.
The chemical diversity associated with these marine-derived molecules is immense, varying from
simple linear peptides and fatty acids to complex alkaloids, terpenes and polyketides, etc. Such an
array of structurally distinct molecules performs functionally diverse biological activities against
many pathogenic bacteria and fungi, making marine-derived natural products valuable commodities,
particularly in the current age of antimicrobial resistance. In this review, we have highlighted several
marine-derived natural products (and their synthetic derivatives), which have gained recognition as
effective antimicrobial agents over the past five years (2012–2017). These natural products have been
categorized based on their chemical structures and the structure-activity mediated relationships of
some of these bioactive molecules have been discussed. Finally, we have provided an insight into
how genome mining efforts are likely to expedite the discovery of novel antimicrobial compounds.

Keywords: antimicrobial; marine natural products (MNPs); secondary metabolites; antibacterial;
antifungal; genome mining

1. Introduction

Infectious diseases caused by bacteria, fungi and viruses pose a major threat to public health
despite the tremendous progress in human medicine. A dearth in the availability of effective drugs
and the on-going threats posed by antimicrobial resistant organisms further worsen the situation
particularly in developing countries. Antimicrobial resistance accounts for at least 50,000 deaths
each year in Europe and the United States and it is anticipated that drug resistant infections will
be responsible for the deaths of 10 million people worldwide by 2050 [1,2]. Continuously evolving
antibiotic-resistance of microbial pathogens has raised demands for the development of new and
effective antimicrobial compounds [3]. For generations, humans have turned to nature as a source
of invaluable medicinal products, where terrestrial and marine organisms traditionally provide the
most effective remedies [4,5]. It was only after the discovery of penicillin in 1928 that microbial sources
were explored as sources of new therapeutic molecules. Developments in microbial culture techniques
and diving expeditions in the 1970s have largely directed the drug discovery program towards the

Mar. Drugs 2017, 15, 272; doi:10.3390/md15090272 www.mdpi.com/journal/marinedrugs1
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oceans. Combinatorial chemistry developments in the late 1980s further shifted the emphasis of drug
discovery efforts from nature to the laboratory bench [6]. Although the unique structural features
associated with natural products cannot be matched by any synthetic library they still continue to
inspire researchers in the fields of chemistry, biology, and medicine to develop/synthesize more
drug-like molecules [7]. Natural products, as the name suggests, are products of secondary metabolism
in nature. Traditionally, many natural products were identified as promising candidates for drug
development using bioassay-guided investigations, and chemical structure elucidation techniques [5,8].
However, too often this approach led to the re-isolation of known compounds. Advances in sequencing
and ‘-omics’ technologies are expediting the identification and development of novel molecules. Today,
over 60% of drugs in the market are derived from natural sources [9,10]. Among the 1562 new
chemical entities introduced from the period 1981–2014, 21% are naturally derived, 16% are biological
macromolecules, 10% constitute the nature mimic entities, 9% are botanical drugs, 6% constitute
vaccines and 4% are unaltered natural products [11]. Several small-molecules from natural sources
have been approved as antitumor, antibacterial, and antifungal agents over the period 2011–2014 [11].
In this review, we have discussed the roles played by advances in genomic sequencing and ‘-omics’
technologies in expediting the identification and development of novel, antimicrobial marine natural
products (MNPs) from biosynthetically “talented” microorganisms of marine origin.

2. Marine Natural Products (MNPs)

The ocean covers over 71% of the earth’s surface and constitutes more than 90% of the inhabitable
space on the planet. An estimated 50–80% of all life on earth resides in the ocean and it is home to 32 out
of 33 known animal phyla, 15 of which are exclusively marine [12]. More than 20,000 natural products
have been discovered in the marine environment over the past 50 years [13]. Interest in marine natural
products (MNPs) based drug discovery is evident from the increase in number of isolated MNPs (from
an annual number of approximately 20 in 1984 to an annual number of more than 1000 in 2010) [14,15].
From the continuing progress in the area of MNPs seven approved drugs and 12 agents currently
in clinical trials have been discovered [16]. These molecules are either natural products, tailored
natural products or are molecules inspired from the structure of natural products [17,18]. Marine
organisms largely obtained from shallow-water, tropical ecosystems are the major sources of MNPs.
Macroorganisms such as algae, sponges, corals and other invertebrates, as well as microorganisms
have also contributed significantly towards the discovery of novel MNPs [19]. Marine invertebrates in
particular have proven to be major sources of MNPs in clinical trials [20]. Also, mounting evidence
suggests that many of the compounds originally associated with the biomass of macroorganisms such
as sponges [21], tunicates [22], molluscs [23] amongst others, are not produced by the organism itself
but are synthesized by symbiotic or associated microorganisms, or derive from a diet of prokaryotic
microorganisms [24]. Unlike the terrestrial environment, where plants are comparatively richer in
secondary metabolites, marine invertebrates and bacteria have yielded substantially more bioactive
natural products than marine plants [25].

The total number of approved drugs from the marine environment steadily increased from
four in 2010 to seven in 2014 [26,27]. The first U.S. Food and Drug Administration (FDA) approved
marine-derived drug cytarabine (Cytosar-U®), isolated from the Caribbean sponge Cryptotheca crypta,
reached the market in 1969 for use as an anticancer drug. Since then, six more marine natural products
have moved through clinical trials and have been approved as drugs (one of which is only registered
in the European Union), including the analgesic cone snail-derived peptide ziconotide (Prialt®),
and the anticancer sponge-derived macrolide, eribulin mesylate (Halaven®), as well as four other
products with anticancer, antiviral and antihypertriglyceridemia activities [27]. Of the 23 most recently
identified marine-derived compounds, 21 are in several different stages of the clinical pipeline for
use as anticancer agents, while two of them are being assessed for treatment of chronic pain and
neurological disorders like schizophrenia and Alzheimer’s disease [7]. In addition, a number of other
compounds boasting antibacterial, antidiabetic, antifungal, antiinflammatory and antiviral properties,
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as well as compounds potentially affecting the nervous system, are currently being investigated for
use in clinical settings and thus form part of the preclinical pipeline [27–29].

3. Chemical Entities in the Preclinical Antimicrobial Pipeline

Over the last 5 years, preclinical pharmacology has been undertaken on 262 marine compounds
that are presently at various stages of clinical investigations [26]. Herein, we discuss the structural
features of some of these molecules (Figure 1) which are currently under investigation for their potential
as antimicrobial agents. Where noted in the text, bold numerical values correspond to their associated
structures in corresponding figures.

 
Figure 1. Marine natural products in antimicrobial preclinical studies.

Chrysophaentin A (1), a macrocyclic natural product (comprising two polyhalogenated,
polyoxygenated ω,ω′-diarylbutene units connected by two ether bonds), was isolated from
the chrysophyte alga Chrysophaeum taylori. This compound inhibits the growth of clinically
relevant Gram-positive bacteria, including methicillin-resistant Staphylococcus aureus (MRSA;
MIC50 1.5 ± 0.7 μg/mL), multiple drug resistant S. aureus (MIC50 1.3 ± 0.4 μg/mL), and
Vancomycin-Resistant Enterococcus faecium (VREF; MIC50 2.9 ± 0.8 μg/mL). Chrysophaentin A inhibits
the GTPase activity of the bacterial cytoskeletal protein FtsZ (IC50 value 6.7 μg/mL), and GTP-induced
formation of FtsZ protofilaments [30]. Interestingly, this compound was found to be relatively more
active among its congeners, Chrysophaentins B–G (2–7). Analysis of bioactivity of these molecules
provided insights into the pharmacophoric features of Chrysophaentins relevant to antimicrobial
activity. Phenolic groups in compound 1 were determined to be crucial for activity as a hexaacetate
derivative of 1 was found to be inactive at a concentration 25 μg/disk. An approximate 12-fold decrease
in the MIC50 value of chrysophaentin D (4) compared to compound 1 was observed on replacement of
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chlorine with bromine on rings A and C. The significance of the macrocyclic structure was established
following higher MIC50 values of Chrysophaentin E (5) being observed towards S. aureus and MRSA
compared to MIC50 values observed for the chlorinated cyclic bisdiarylbutene ethers 1 and 6. However,
compound 5 was also found to be inactive toward E. faecium and VREF at concentrations as high
as 25 μg/mL. In the case of the symmetrically linked dimers 6 and 7, replacing a chlorine atom on
ring C with bromine confers compound 6 with at least three times better activity than compound 7.
Among the tetrachlorinated macrocyles 1 and 6, compound 1 was found to be 3–5 times more potent
than compound 6, indicating that the position of the ether linkage relative to the 2-butene unit affects
activity. In fact, ortho-linked chrysophaentin A has been found to be more potent than the para-linked
chrysophaentin F [31].

A small cyclopropane-containing fatty acid, lyngbyoic acid (8), was found to be a major metabolite
of the marine cyanobacterium, Lyngbya cf. majuscula, isolated in Florida [32]. This molecule exerts
antimicrobial action by disrupting quorum sensing in Pseudomonas aeruginosa. At a concentration
of 100 μM, it inhibits the N-acyl homoserine lactone (HSL) receptor proteins in the organism
(LasR in particular), reducing the expression of important virulence factors in the wild-type
strain. The molecules inhibit the response of LasR-based QS reporter plasmids to 3-oxo-C 12-HSL.
The AHL-binding site of LasR was not essential to this effect, but competition experiments indicated
that compound 8 is likely to have a dual mechanism of action acting both through the AHL-binding
site and independently of it. Comparison of compound 8 with related compounds (dodecanoic acid, 9;
malyngolide, 10; and lyngbic acid, 11; methyl ester of dodecanoic acid, 12 and butyric acid, 13) revealed
a structure-activity relationship. While compounds 9, 10 and 11 had a similar potency in pSB1075
compared to 8, either esterification (12) or shortening of the alkyl chain (13) reduced activity [32].

Two sulfated sterols, geodisterol-3-O-sulfite (14) and 29-demethylgeodisterol-3-O-sulfite (15),
were isolated from the marine sponge Topsentia sp. These sulfated sterols demonstrated reverse efflux
pump-mediated fluconazole resistance. They enhanced the activity of fluconazole in a Saccharomyces
cerevisiae strain overexpressing the Candida albicans efflux pump MDR1, and in a fluconazole-resistant
C. albicans clinical isolate known to overexpress MDR1. No activity for non-sulfated sterol in
fluconazole-resistance reversal assay had been observed highlighting the relevance of sulfate group for
MDR1 inhibition and synergy with fluconazole. Investigation of the geodisterols had provided insight
into the clinical utility of combining efflux pump inhibitors with current antifungals to combat the
resistance associated with opportunistic fungal infections caused by C. albicans [33].

In the following sections, we present a systematic overview of the marine natural products which
have gained the attention of chemists and biologists over the last five years (2012–2017) as potential
antimicrobial agents. The molecules are categorized according to their chemical class based on their
associated structural units. Pharmacophoric features responsible for antimicrobial activity are also
discussed. Table 1 lists MNPs and describes their antimicrobial potential in terms of MICs and zone
of inhibition.

Table 1. Chemical classification of antimicrobial marine natural products (MNPs). MRSA:
methicillin-resistant Staphylococcus aureus; MRSE: methicillin-resistant Staphylococcus epidermidis MSSA:
methicillin-sensitive Staphylococcus aureus; MTCC: microbial type culture collection.

Compound Source Activity Against Pathogen

Alkaloids

Pyranonigrin A (16) Penicillium brocae MA-231

S. aureus (MIC 0.5 μg/mL)
V. harveyi (MIC 0.5 μg/mL)

V. parahaemolyticus (MIC 0.5 μg/mL)
A. brassicae (MIC 0.5 μg/mL)

C. gloeosprioide (MIC 0.5 μg/mL)
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Table 1. Cont.

Compound Source Activity Against Pathogen

Pyranonigrin F (17) P. brocae MA-231

S. aureus (MIC 0.5 μg/mL)
V. harveyi (MIC 0.5 μg/mL)

Vibrio parahaemolyticus (MIC 0.5 μg/mL)
Alternaria brassicae (MIC 0.5 μg/mL)

C. gloeosprioide (MIC 0.5 μg/mL)

Rubrumazine B (18) E. cristatum EN-220 Magnaporthe grisea (MIC 64 μg/mL)

Echinulin (19) E. cristatum EN-220 S. aureus (MIC 256 μg/mL)

Dehydroechinulin (20) E.cristatum EN-220 S. aureus (MIC 256 μg/mL)

Variecolorin H (21) E. cristatum EN-220 S. aureus (MIC 256 μg/mL)

Cristatumin A (22) E.cristatum
E. coli (MIC 64 μg/mL)

S. aureus (MIC 8 μg/mL)

Cristatumin D (23) E. cristatum S. aureus (Zone of inhibition 8 mm at 100 μg/disk)

Tardioxopiperazine A (24) E. cristatum
E. coli (MIC 64 μg/mL)

S. aureus (MIC 8 μg/mL)

Hemimycalin A (27) Hemimycale arabica E. coli (Inhibition zone 18 mm at 100 μg/disk)
C. albicans (Inhibition zone 22 mm at 100 μg/disk)

Hemimycalin B (28) H. arabica
E. coli (Inhibition zone 10 mm at 100 μg/disk)

C. albicans (Inhibition zone 14 mm at 100 μg/disk)

(Z)-5-(4-
hydroxybenzylidene)imidazolidine-

2,4-dione (29)

H. arabica
E. coli (Inhibition zone 20 mm at 100 μg/disk)

C. albicans (Inhibition zone 20 mm at 100 μg/disk)

Peniciadametizine A (30) Penicillium adametzioides A. brassicae (MIC 4 μg/mL)

Peniciadametizine B (31) P. adametzioides A. brassicae (MIC 32 μg/mL)

Penicibrocazine B (33) P. brocae
S. aureus (MIC 32 μg/mL)

G.graminis (MIC 0.25 μg/mL)

Penicibrocazine C (34) P. brocae
S. aureus (MIC 0.25 μg/mL)
M. luteus (MIC 0.25 μg/mL)

Penicibrocazine D (35) P. brocae
S. aureus (MIC 8 μg/mL)

G.graminis (MIC 8 μg/mL)

Penicibrocazine E (36) P. brocae G. graminis (MIC 0.25 μg/mL)

Crambescidin 800 (37) Clathria cervicornis
A. baumannii (MIC 2 μg/mL)
K. pneumonia (MIC 1 μg/mL)
P. aeruginosa. (MIC 1 μg/mL)

Xinghaiamine A (38) Streptomyces xinghaiensis

S. aureus (MIC 0.69 μM)
B. subtilis (MIC 0.35 μM)

E. coli (MIC 0.17 μM)
A. baumanii (MIC 2.76 μM)
P. aeruginosa (MIC 11 μM)

MRSA 5301 (MIC 5.52 μM)
MRSA 5438 (MIC 2.76 μM)
MRSA 5885 (MIC 5.52 μM)

Hyrtioerectine D (39) Hyrtios sp.
C. albicans (Zone of inhibition 17 mm at 100 μg/disk)
S. aureus (Zone of inhibition 20 mm at 100 μg/disk)

P. aeruginosa (Zone of inhibition 9 mm at 100 μg/disk)

Hyrtioerectine E (40) Hyrtios sp.
C. albicans (Zone of inhibition 19 mm at 100 μg/disk)
S. aureus (Zone of inhibition 10 mm at 100 μg/disk)

P. aeruginosa (Zone of inhibition 9 mm at 100 μg/disk)

Hyrtioerectine F (41) Hyrtios sp.
C. albicans (Zone of inhibition 14 mm at 100 μg/disk)
S. aureus (Zone of inhibition 16 mm at 100 μg/disk)

P. aeruginosa (Zone of inhibition 9 mm at 100 μg/disk)

Ageloxime B (42) Agelas mauritiana C. neoformans (MIC 5 μg/mL)
S. aureus (MIC 7 μg/mL)

Ageloxime D (43) A. mauritiana C. neoformans (MIC 6 μg/mL)
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Table 1. Cont.

Compound Source Activity Against Pathogen

Zamamidine D (44) Amphimedon sp.

E. coli (MIC 32 μg/mL)
S. aureus (MIC 8 μg/mL)
B. subtilis (MIC 8 μg/mL)
M. luteus (MIC 8 μg/mL)
A. niger (MIC 16 μg/mL)

T. mentagrophytes (MIC 8 μg/mL)
C. albicans (MIC 16 μg/mL)

C. neoformans (MIC 2 μg/mL)

Adametizine A (45) P. adametzioides AS-53

S.aureus (MIC 8 μg/mL)
A. hydrophilia (MIC 8 μg/mL)

V. harveyi (MIC 32 μg/mL)
V. parahaemolyticus (MIC 8 μg/mL)

G. graminis (MIC 16 μg/mL)

Adametizine B (46) P.adametzioides AS-53 S. aureus (MIC 64 μg/mL)

Iso-Agelasidine B (47) A. nakamurai C. albicans (MIC 2.34 μg/mL)

(−)-Agelasidine C (48) A. nakamurai C. albicans (MIC 2.34 μg/mL)

Iso-agelasine C (49) A. nakamurai

S. aureus (MIC 75 μg/mL)
E. coli (MIC 150 μg/mL)

P. vulgaris (MIC 19 μg/mL)
C. albicans (MIC 5 μg/mL)

Agelasine B (50) A. nakamurai
P. vulgaris (MIC 19 μg/mL)
C. albicans (MIC 2 μg/mL)

Agelasine J (51) A. nakamurai

S. aureus (MIC 75 μg/mL)
E. coli (MIC 75 μg/mL)

P. vulgaris (MIC 9 μg/mL)
C. albicans (MIC 0.6 μg/mL)

Nemoechine G (52) A. nakamurai

S. aureus (MIC 150 μg/mL)
E. coli (MIC 75 μg/mL)

P. vulgaris (MIC 9 μg/mL)
C. albicans (MIC 0.6 μg/mL)

Brevianamide F (53) Penicillium vinaceum
C. albicans (Zone of inhibition 25 mm at 100 μg/disk)
S. aureus (Zone of inhibition 19 mm at 100 μg/disk)

N-(2-hydroxyphenyl)-
2-phenazinamine (54) Nocardia dassonvillei C. albicans (MIC of 64 μg/mL)

Terpenoids

Puupehenol (55) Dactylospongia sp. S. aureus (Zone of inhibition 4 mm at 10 μg/disk)
B. cereus (Zone of inhibition 4 mm at 10 μg/disk)

Puupehenone (56) Dactylospongia sp. S. aureus (Zone of inhibition 3 mm at 10 μg/disk)
B. cereus (Zone of inhibition 3 mm at 10 μg/disk)

Penicibilaene A (57) Penicillium bilaiae C. gloeosporioides (MIC 1 μg/mL)

Penicibilaene B (58) P. bilaiae C. gloeosporioides (MIC 0.1 μg/mL)

Aspergillusene A (59) Aspergillus sydowii K. pneumonia (MIC 21 μM)
A. hydrophila (MIC 4.3 μM)

(Z)-5-(Hydroxymenthyl)-2-
(6′)-methylhept-2′-en-2′-yl)-phenol

(60)
A. sydowii K. pneumonia (MIC 11 μM)

Sydonic acid (61) A. sydowii E. faecalis (MIC 19 μM)

12-hydroxy isolaurene (62) Laurencia obtuse
B. subtilis (MIC 46 μg/mL)
S. aureus (MIC 52 μg/mL)

8,11-dihydro-12-hydroxy
isolaurene (63) L. obtuse

C. albicans (MIC 120 μg/mL)
A. fumigatus (MIC 200 μg/mL)

B. subtilis (MIC 39 μg/mL)
S. aureus (MIC 31 μg/mL)

Isolauraldehyde (64) L. obtuse

C. albicans (MIC 70 μg/mL)
A. fumigatus (MIC 100 μg/mL)

B. subtilis (MIC 35 μg/mL)
S. aureus (MIC 27 μg/mL)
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Napyradiomycin 1 (65) Streptomyces strain MRSA (MIC 16 μg/mL)

Napyradiomycin 2 (66) Streptomyces strain MRSA (MIC 64 μg/mL)

Napyradiomycin B2 (67) Streptomyces strain MRSA (MIC 32–64 μg/mL)

Napyradiomycin B3 (68) Streptomyces strain MRSA (MIC 2 μg/mL)

Napyradiomycin B4 (69) Streptomyces strain MRSA (MIC 32 μg/mL)

Dixiamycins A (70) Streptomyces sp.

E. coli (MIC 8 μg/mL)
S. aureus (MIC 8 μg/mL)

B. subtilis (MIC 16 μg/mL)
B. thuringensis (MIC 4 μg/mL)

Dixiamycins B (71) Streptomyces sp.

E. coli (MIC 8 μg/mL)
S. aureus (MIC 16 μg/mL)
B. subtilis (MIC 16 μg/mL)

B. thuringensis (MIC 8 μg/mL)

Oxiamycin (72) Streptomyces sp. E. coli (MIC 64 μg/mL)
S. aureus (MIC 128 μg/mL)

Chloroxiamycin (73) Streptomyces sp.
E. coli (MIC 64 μg/mL)

S. aureus (MIC 64 μg/mL)
B. thuringensis (MIC 64 μg/mL)

Xiamycin A (74) Streptomyces sp. E. coli (MIC 64 μg/mL)
S. aureus (MIC 64 μg/mL)

Sarcotrocheliol acetate (75) Sarcophyton trocheliophorum
S. aureus (MIC 1.7 μM)
MRSA (MIC 1.7 μM)

Acinetobacter pp. (MIC 4.3 μM)

Sarcotrocheliol (76) S. trocheliophorum
S. aureus (MIC 1.5 μM)
MRSA (MIC 3.0 μM)

Acinetobacter sp. (MIC 3.0 μM)

Cembrene-C (77) S. trocheliophorum C. albicans (MIC 0.7 μM)
A. flavus (MIC 0.7 μM)

Sarcophine (78) S. trocheliophorum
S. aureus (MIC 9.4 μM)
MRSA (MIC 9.4 μM)

Acinetobacter sp. (MIC 9.4 μM)

Palustrol (79) S. trocheliophorum
S. aureus (MIC 6.6 μM)
MRSA (MIC 6.6 μM)

Acinetobacter sp. (MIC 11.1 μM)

epi-Ilimaquinone (80) Hippospongia sp.

MRSA (MIC 63 μg/mL)
S. aureus (MIC 31 μg/mL)

Vancomycin resistant E. faecium (MIC 16 μg/mL)
Amphotericin-resistant C. albicans (MIC 125 μg/mL)

Penicillosides A (81) Penicillium sp. C. albicans (inhibition zone 23 mm at 100 μg/disk)

Penicillosides B (82) Penicillium sp. S. aureus (inhibition zone 19 mm at 100 μg/disk)
E. coli (inhibition zone 20 mm at 100 μg/disk)

Ieodoglucomide A (83) Bacillus licheniformis

S. aureus (MIC 8 μg/mL)
B. subtilis (MIC 16 μg/mL)
B. cereus (MIC 16 μg/mL)
S. typi (MIC 16 μg/mL)
E. coli (MIC 8 μg/mL)

P. aeruginosa (MIC 8 μg/mL)
A. niger (MIC 32 μg/mL)

C. albicans (MIC 32 μg/mL)

Ieodoglucomide B (84) B. licheniformis

S. aureus (MIC 8 μg/mL)
B. subtilis (MIC 16μg/mL)
B. cereus (MIC 8 μg/mL)
S. typi (MIC 16 μg/mL)
E. coli (MIC 16μg/mL)

P. aeruginosa (MIC 8 μg/mL)
A. niger (MIC 32 μg/mL)

C. albicans (MIC 16 μg/mL)
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Iedoglucomide C (85) Bacillus licheniformis

S. aureus (MIC 0.03 μM)
B. subtilis (MIC 0.03 μM)
B. cereus (MIC 0.01 μM)
S. typi (MIC 0.01 μM)
E. coli (MIC 0.01 μM)

P. aeruginosa (MIC 0.01 μM)
A. niger (MIC 0.05 μM)
R. solani (MIC 0.05 μM)

C. acutatum (MIC 0.03 μM)
B. cenerea (MIC 0.03 μM)
C. albicans (MIC 0.03 μM)

Iedoglycoloipd (86) B. licheniformis

S. aureus (MIC 0.03 μM)
B. subtilis (MIC 0.05 μM)
B. cereus (MIC 0.03 μM)
S. typi (MIC 0.05 μM)
E. coli (MIC 0.03 μM)

P. aeruginosa (MIC 0.03 μM)
A. niger (MIC 0.03 μM)
R. solani (MIC 0.05 μM)

C. acutatum (MIC 0.03 μM)
B. cenerea (MIC 0.03 μM)
C. albicans (MIC 0.05 μM)

Gageotetrin A (87) Bacillus subtilis

C. acutatum (MIC 0.03 μM)
B. cinera. (MIC 0.03 μM)
S. aureus (MIC 0.03 μM)
B. subtilis (MIC 0.03 μM)

Gageotetrin B (88) B. subtilis

C. acutatum (MIC 0.01 μM)
B. cinera. (MIC 0.01 μM)
S. aureus (MIC 0.04 μM)
B. subtilis (MIC 0.02 μM)

Gageotetrin C (89) B. subtilis

C. acutatum (MIC 0.02 μM)
B. cinera (MIC 0.01 μM)
S. aureus (MIC 0.04 μM)
B. subtilis (MIC 0.04 μM)

Lauramide diethanolamine (90) Streptomyces sp.

B. subtilis (MIC 0.055 μg/mL)
E. coli (MIC 0.055 μg/mL)

P. aeruginosa (MIC 0.011 μg/mL)
S. aureus (MIC 0.011 μg/mL)

S. cerevisiae (MIC 0.022 μg/mL)

Linieodolide A (91) Bacillus sp.
B. subtilis (MIC 8 μg/mL)

E. coli (MIC 8 μg/mL)
S. cerevisiae (MIC 32 μg/mL)

Linieodolide B (92) Bacillus sp.
B. subtilis (MIC 64 μg/mL)

E. coli (MIC 64 μg/mL)
S. cerevisiae (MIC 128 μg/mL)

Dysiroid A (93) Dysidea sp.

S. aureus ATCC 29213 (MIC 4 μg/mL)
S. aureus ATCC 43300(MIC 8 μg/mL)
E. faecalis ATCC 29212(MIC 4 μg/mL)

B. licheniformis ATCC 10716 (MIC 16 μg/mL)

Dysiroid B (94) Dysidea sp.

S. aureus ATCC 29213 (MIC 4 μg/mL)
S. aureus ATCC 43300(MIC 4 μg/mL)
E. faecalis ATCC 29212(MIC 4 μg/mL)

B. licheniformis ATCC 10716 (MIC 8 μg/mL)

Halistanol sulfate A (95) Petromica ciocalyptoides S. mutans clinical isolate (MIC 15 μg/mL)
S. mutans UA159 (MIC 15 μg/mL)

Peptides

Rodriguesines A and B (96 and
96a)

Didemnum sp. S. mutans clinical isolate (MIC 31 μg/mL)
S. mutans UA159 (MIC 62 μg/mL)

Cyclo-(L-valyl-D-proline) (97) Rheinheimera japonica

S. aureus (Zone of inhibition 17 mm at 0.5 mg/mL)
V. parahaemolyticus (MIC 0.05 μg/mL)

V. vulnificus (MIC 5 μg/mL)
M. luteus (MIC 5 μg/mL)
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Cyclo-(L-phenylalanyl-D-proline
(98) R. japonica S. aureus (Zone of inhibition 15 mm at 0.5 mg/mL)

Cyclo-(S-Pro-R-Leu) (99) Haliclona oculata
V. parahaemolyticus (MIC 0.5 μg/mL)

V. vulnificus (MIC 5 μg/mL)
B. cereus (MIC 0.05 μg/mL)

Isaridin G (100) Beauveria felina EN-135 E. coli (MIC 64 μg/mL)

Desmethylisaridin G (101) B. felina EN-135 E. coli (MIC 64 μg/mL)

Desmethylisaridin C1(102) B. felina EN-135 E. coli (MIC 8 μg/mL)

Isaridin E (103) B. felina EN-135 E. coli (MIC 16 μg/mL)

Desotamide (104) Streptomyces scopuliridis
SCSIO ZJ46

S. pnuemoniae (MIC 13 μg/mL)
S. aureus (MIC 16 μg/mL)

MRSE (MIC 32 μg/mL)

Desotamide B (105) S. scopuliridis SCSIO ZJ46
S. pnuemoniae (MIC 13 μg/mL)

S. aureus (MIC 16 μg/mL)
MRSE (MIC 32 μg/mL)

Halogenated Compounds

2-(2′,4′-dibromophenoxy)-
3,5-dibromophenol (106)

Dysidea granulosa

MSSA (MIC 1 mg/L)
L. monocytogenes (MIC 2 mg/L)

B. cereus (MIC 0.1 mg/L)
C. diffiile (MIC 4 mg/L)
MRSA (MIC 0.1 mg/L)

Salmonella sp. (MIC 1 mg/L)
E. coli O157:H7 (MIC 8 mg/L)

Pseudomonas (MIC 4 mg/L)
K. pneumoniae (MIC 0.1 mg/L)
N. gonorrhoeae (MIC 2 mg/L)
A. baumannii (MIC 16 mg/L)

C. jejuni (MIC 5 mg/L)

2-(2′,4′-dibromophenoxy)-
3,4,5-tribromophenol (107)

Dysidea granulosa

L. monocytogenes (MIC 0.1 mg/L)
C. diffiile (MIC 10 mg/L)
MRSA (MIC 0.1 mg/L)

Salmonella sp. (MIC 10 mg/L)
C. jejuni (MIC 5 mg/L)

2-(2′,4′-dibromophenoxy)-
4,6-dibromophenol (108)

Dysidea sp.

L. monocytogenes (MIC 1 mg/L)
B. cereus (MIC 5 mg/L)

S. pneumoniae (MIC 5 mg/L)
C. diffiile (MIC 10 mg/L)

MRSA (MIC 1 mg/L)
Salmonella sp. (MIC 10 mg/L)

E. coli O157:H7 (MIC 10 mg/L)
K. pneumoniae (MIC 5 mg/L)

C. jejuni (MIC 5 mg/L)

Aplysamine 8 (109) Pseudoceratina purpurea E. coli (MIC 125 μg/mL)
S. aureus (MIC 31 μg/mL)

Sphaerodactylomelol (113) Sphaerococcus coronopifolius S. aureus (MIC 96 μM)

Bromosphaerol (114) Sphaerococcus coronopifolius S. aureus (MIC 22 μM)

12R-hydroxybromosphaerol (115) Sphaerococcus coronopifolius S. aureus (MIC 6 μM)

6-bromoindolyl-3-acetic acid (116) Pseudoalteromonas flavipulchra V. anguillarum (MIC 0.25 mg/mL)

Nagelamide X (117) Agelas sp.

S. aureus (MIC 8 μg/mL)
M. luteus (MIC 8 μg/mL)
A. niger (IC50 32 μg/mL)

T. mentagrophytes (IC50 16 μg/mL)
C. albicans (IC50 2 μg/mL)

Nagelamide Y (118) Agelas sp. C. albicans (IC50 2 μg/mL)

Nagelamide Z (119) Agelas sp.

S. aureus (MIC 16 μg/mL)
M. luteus (MIC 8 μg/mL)
A. niger (IC50 4 μg/mL)

T. mentagrophytes (IC50 4 μg/mL)
C. albicans (IC50 0.25 μg/mL)
C. neoformans (IC50 2 μg/mL)
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Ianthelliformisamine A (120) Suberea ianthelliformis P. aeruginosa (IC50 7 μM)

Ianthelliformisamine C (122) Suberea ianthelliformis P. aeruginosa (IC50 9 μM)
S. aureus (IC50 4μM)

Polyketides

N-acetyl-N-demethylmayamycin
(123) Streptomyces sp. 182SMLY MRSA (MIC 20 μM)

Lindgomycin (124) Lindgomycetaceae strain

B. subtilis (MIC 2.2 μM)
X. campestris (MIC 17.8 μM)
S. epidermidis (MIC 4.6 μM)

S. aureus (MIC 2.7 μM)
S. aureus (MRSA) (MIC 5.1 μM)

C. albicans (MIC 5.7 μM)
S. tritici (MIC 5.1 μM)
P. acnes (MIC 4.7 μM)

Ascosetin (125) Lindgomycetaceae strain

B. subtilis (MIC 3.4 μM)
X. campestris (MIC 14.8 μM)
S. epidermidis (MIC 6.3 μM)

S. aureus (MIC 2.9 μM)
S. aureus (MRSA) (MIC 3.2 μM)

C. albicans (MIC 8 μM)
S. tritici (MIC 10 μM)
P. acnes (MIC 2.8 μM)

Manadodioxan E (127) Plakortis bergquistae E. coli (Zone of inhibition 16 mm at 10 μg/disk)
B. cereus (Zone of inhibition 9 mm at 10 μg/disk)

2-(7-(2-Ethylbutyl)-2,3,4,4a,6,7-
hexahydro-2-oxopyrano-[3,2b]-

pyran-3-yl)-ethyl benzoate (128)
B. subtilis MTCC 10407

V. parahemolyticus (Zone of inhibition 11 mm at 10 μg/disk)
V. vulnificus (Zone of inhibition 13 mm at 10 μg/disk)

A. hydrophilla (Zone of inhibition 18 mm at 10 μg/disk)

2-((4Z)-2-ethyl-octahydro-6-oxo-3-
((E)-pent-3-enylidene)-pyrano-[3,2b]-

pyran-7-yl)-ethyl benzoate (129)
B. subtilis MTCC 10407

V. parahemolyticus (Zone of inhibition 11 mm at 10
μg/disk/mL)

V. vulnificus (Zone of inhibition 14 mm at 10 μg/disk)
A. hydrophilla (Zone of inhibition 15 mm at 10 μg/disk)

3-(methoxycarbonyl)-4-(5-
(2-ethylbutyl)-5,6-dihydro-3-methyl-

2H-pyran-2-yl)-butyl benzoate
(130)

Sargassum myriocystum
V. parahemolyticus (Zone of inhibition 7 mm at 10 μg/disk)

V. vulnificus (Zone of inhibition 7 mm at 10 μg/disk)
A. hydrophilla (Zone of inhibition 8 mm at 10 μg/disk)

2-(8-butyl-3-ethyl-3,4,4a,5,6,
8ahexahydro-2H-chromen-6-yl)-ethyl

benzoate (131)
Sargassum myriocystum

V. parahemolyticus (Zone of inhibition 9 mm at 10 μg/disk)
V. vulnificus (Zone of inhibition 8 mm at 10 μg/disk

A. hydrophilla (Zone of inhibition 7 mm at 10 μg/disk)

Fradimycin A (132) Streptomyces fradiae S. aureus (MIC 6 μg/mL)

Fradimycin B (133) Streptomyces fradiae S. aureus (MIC 2 μg/mL)

Glycosylated Macrolactin A1 (134) Streptomyces sp.

B. subtilis (MIC 0.027 μg/mL)
E. coli (MIC 0.022 μg/mL)

P. aeruginosa (MIC 0.055 μg/mL)
S. aureus (MIC 0.055 μg/mL)

S. cerevisiae (MIC 0.022 μg/mL)

Glycosylated Macrolactin B1 (135) Streptomyces sp.

B. subtilis (MIC 0.055 μg/mL)
E. coli (MIC 0.022 μg/mL)

P. aeruginosa (MIC 0.055 μg/mL)
S. aureus (MIC 0.055 μg/mL)

S. cerevisiae (MIC 0.022 μg/mL)

Macrolactin X (136) Bacillus sp.
B. subtilis (MIC 16 μg/mL)

E. coli (MIC 16 μg/mL)
S. cerevisiae (MIC 64 μg/mL)

Macrolactin Y (137) Bacillus sp.
B. subtilis (MIC 16 μg/mL)

E. coli (MIC 32 μg/mL)
S. cerevisiae (MIC 64 μg/mL)

Macrolactin Z (138) Bacillus sp.
B. subtilis (MIC 16 μg/mL)

E. coli (MIC 32 μg/mL)
S. cerevisiae (MIC 64 μg/mL)
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Macrolactinic acid (139) Bacillus sp.
B. subtilis (MIC 64 μg/mL)

E. coli (MIC 32 μg/mL)
S. cerevisiae (MIC 128 μg/mL)

Heronamycin A (140) Streptomyces sp. B. subtilis ATCC 6051 (MIC 18 μM)
B. subtilis ATCC (MIC 14 μM)

Herbimycin A (141) Streptomyces sp.
B. subtilis ATCC 6051 (MIC 5 μM)

B. subtilis ATCC (MIC 5 μM)
C. albicans ATCC 90028 (MIC 7 μM)

3-(Octahydro-9-isopropyl-2H-
benzo[h]chromen-4-yl)-2-

methylpropyl benzoate (142)
Bacillus amyloliquefaciens

V. parahemolyticus (Zone of inhibition 14 mm at 25 μg/disk)
V. vulnificus (Zone of inhibition 16 mm at 25 μg/disk)

A. hydrophilla (Zone of inhibition 18 mm at 25 μg/disk)

Methyl
8-(2-(benzoyloxy)ethyl)-hexahydro-
4-((E)-pent-2-enyl)-2H-chromene-

6-carboxylate (143)

Bacillus amyloliquefaciens
V. parahemolyticus (Zone of inhibition 12 mm at 25 μg/disk)

V. vulnificus (Zone of inhibition 14 mm at 25 μg/disk)
A. hydrophilla (Zone of inhibition 16 mm at 25 μg/disk)

3-O-(α-D-ribofuranosyl)questin
(144) Eurotium cristatum E. coli (MIC 32 μg/mL)

Eurorubrin (145) Eurotium cristatum E. coli (MIC 64 μg/mL)

Isocoumarins

Penicisimpins A (146) Penicillium simplicissimum
MA-332

A. hydrophilia (MIC > 64μg/mL)
E. coli (MIC 4 μg/mL)

M. luteus (MIC 8 μg/mL)
P. aeruginosa (MIC 4 μg/mL)

V. alginolyticus (MIC 8μg/mL)
V. harveyi (MIC 4 μg/mL)

V. parahaemolyticus (MIC 4 μg/mL)
C. gloeosprioides (MIC 4 μg/mL)

Penicisimpins B (147) Penicillium simplicissimum
MA-332

A. hydrophilia (MIC 32 μg/mL)
E. coli (MIC 32 μg/mL)

M. luteus (MIC 64 μg/mL)
P. aeruginosa (MIC 32 μg/mL)

V. alginolyticus (MIC 32 μg/mL)
V. harveyi (MIC 16 μg/mL)

V. parahaemolyticus (MIC 32 μg/mL)
C. gloeosprioides (MIC 16 μg/mL)

Penicisimpins C (148) Penicillium simplicissimum
MA-332

A. hydrophilia (MIC 16 μg/mL)
E. coli (MIC 8 μg/mL)

M. luteus (MIC 16 μg/mL)
P. aeruginosa (MIC 8 μg/mL)

V. alginolyticus (MIC 16 μg/mL)
V. harveyi (MIC 8 μg/mL)

V. parahaemolyticus (MIC 8 μg/mL)
C. gloeosprioides (MIC 8 μg/mL

Citreoisocoumarin (149) Penicillium vinaceum S. aureus (Zone of inhibition 19 mm at 100 μg/disk)

Nucleosides

Rocheicoside A (150) Streptomyces rochei 06CM016
E. coli O157:H7 (MIC 16 μg/mL)

MRSA DSM (MIC 8 μg/mL)
C. albicans DSM (MIC 4 μg/mL)

Plicacetin (151) Streptomyces rochei 06CM016
E. coli O157:H7 (MIC 8 μg/mL)

MRSA DSM (MIC 4 μg/mL)
C. albicans DSM (MIC 8 μg/mL)

Norplicacetin (152) Streptomyces rochei 06CM016
E. coli O157:H7 (MIC 16 μg/mL)

MRSA DSM (MIC 8 μg/mL)
C. albicans DSM (MIC 4 μg/mL)

p-amino benzamido uracil (153) Streptomyces rochei 06CM016
E. coli O157:H7 (MIC 16 μg/mL)

MRSA DSM (MIC 16 μg/mL)
C. albicans DSM (MIC 8 μg/mL)

Cytosamine (154) Streptomyces rochei 06CM016
E. coli O157:H7 (MIC 16 μg/mL)

MRSA DSM (MIC 16 μg/mL)
C. albicans DSM (MIC 8 μg/mL)
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Miscellaneous Compounds

Terretrione A (151) Penicillium vinaceum C. albicans (Zone of inhibition 27 mm at 100 μg/disk)

Terretrione C (152) Penicillium sp. CYE-87 C. albicans (MIC 32 μg/mL)

Terretrione D (153) Penicillium sp. CYE-87 C. albicans (MIC 32 μg/mL)

α-Cyclopiazonic acid (154) Penicillium vinaceum E. coli (Zone of inhibition 20 mm at 100 μg/disk)

5-methoxydihydrosterigmato-cystin
(155)

Aspergillus versicolor S. aureus (MIC 13 μg/mL)
B. subtilis (MIC 3 μg/mL)

Caerulomycin A (156) Actinoalloateichus cyanogriseus

C. albicans (MIC 0.8–1.6 μg/mL)
C. albicans CO9 (MIC 0.8–1.6 μg/mL)

C. glabrata HO5FlucR (MIC 0.4–0.8 μg/mL)
C. krusei GO3FlucR (MIC 0.8–1.6 μg/mL)

Trichodin A (157) Trichoderma sp.
B. subtilis (IC50 27 μM)

S. epidermidis (IC50 24 μM)
C. albicans (IC50 25 μM)

Pyridoxatin (158) Trichoderma sp.

B. subtilis (IC50 4 μM)
S. epidermidis (IC50 4 μM)

S aureus (MRSA), (IC50 4 μM)
C. albicans (IC50 26 μM)
T. rubrum (IC50 4 μM)

1-(10-Aminodecyl) Pyridinium
(159)

Amycolatopsis alba

B. subtilis NCIM 2439 (MIC > 70 μg/mL)
B. pumilus NCIM 2327 (MIC > 90 μg/mL)
S. aureus NCIM 5021 (MIC > 160 μg/mL)

A. formicans NCIM 2319 (MIC > 150 μg/mL)
E. coli NCIM 2067 (MIC > 90 μg/mL)

Porric acid D (160) Alternaria sp. S. aureus (MIC 100 μg/mL)

Altenusin (161) Alternaria sp. S. aureus (MIC 25 μg/mL)

p-Hydroxybenzoic acid (162) Pseudoalteromonas flavipulchra V. anguillarum (MIC 1.25 mg/mL)

trans-Cinnamic acid (163) Pseudoalteromonas flavipulchra V. anguillarum (MIC 1.25 mg/mL)

N-hydroxybenzoisoxazolone (164) Pseudoalteromonas flavipulchra V. anguillarum (MIC 0.25 mg/mL)

Bacilosarcin B (165) Bacillus subtilis S. aureus (MIC 4 μM)

amicoumacin A (167) Bacillus subtilis
S. aureus (MIC 19 μM)

B. subtillis (MIC 19 μM)

Microluside A (169) Micrococcus sp. EG45 E. faecalis JH212 (MIC 10 μM)
S. aureus NCTC 8325 (MIC 13 μM)

4. Alkaloids

Alkaloids constitute the largest number of antimicrobial compounds reported from marine species
(Figure 2). Polyoxygenated dihydropyrano[2,3-c]pyrrole-4,5-dione derivatives, pyranonigrin A (16)
and F (17) were isolated and identified from Penicillium brocae MA-231, which is an endophytic fungus
obtained from the fresh tissue of the marine mangrove plant Avicennia marina. These compounds
possess a wide array of antimicrobial activities against a human-, aqua-, and plant-pathogens [34].
Indole diketopiperazine compounds (18–21) identified from the culture extract of Eurotium cristatum
EN-220 (endophytic fungus species obtained from the marine alga Sargassum thunbergii) possess
antimicrobial activities. While rubrumazine B (18) exhibited moderate activity (MIC 64 μg/mL)
against the plant-pathogenic fungus Magnaporthe grisea, echinulin (19), dehydroechinulin (20) and
variecolorin H (21) showed mild activity (MIC 256 μg/mL) against the human pathogen S. aureus. This
particular trend in antimicrobial activity led to an assumption that indole diketopiperazine alkaloids
formed by condensation of a tryptophan residue with a second amino acid such as L-alanine might
have low relevance to the observed antimicrobial activity [35]. In a separate study by Du et al., a set of
indole alkaloids including echinulin (19), cristatumin A (22), cristatumin D (23) and tardioxopiperazine
A (24) were found to be active against Escherichia coli and S. aureus bacteria but were unable to inhibit
the growth of the plant-pathogenic fungi, Alternaria brassicae, Valsa mali, Physalospora obtuse, Alternaria
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solania, and Sclerotinia miyabeana. The antibacterial activity of cristatumin A (22) appeared to be
related to the serine residue in the 2,5-diketopiperazine moiety compared to that of neoechinulin A
(25), which contained an alanine residue. The structural difference between isoechinulin A (26) and
tardioxopiperazine A (24) was found at the C-8/C-9 position, where the single bond between C-8/C-9
in compound 24 was essential for its antibacterial activity [36].

N-alkylated hydantoin alkaloids, such as hemimycalins A (27) and B (28) and
(Z)-5-(4-hydroxybenzylidene)imidazolidine-2,4-dione (29), isolated from the Red Sea sponge,
Hemimycale arabica have previously demonstrated antimicrobial activity against E. coli and C albicans
but were found to be inactive against S. aureus [37]. Peniciadametizine A (30), a dithiodiketopiperazine
derivative possessing a unique spiro [furan-2,7′-pyrazino[1,2-b][1,2]oxazine] skeleton, and its highly
oxygenated analogue, peniciadametizine B (31) were isolated from Penicillium adametzioides AS-53,
a fungus obtained from an unidentified marine sponge collected in Wenchang, Hainan, China.
These compounds exhibited selective activities against A. brassicae but were inactive against bacteria
(Aeromonas hydrophilia, Edwardsiella tarda, E. coli, S. aureus, Vibrio alginolyticus, V. anguillarum, V.
parahaemolyticus, and V. harveyi), and plant-pathogenic fungi (Colletotrichum gloeosporioides, Fusarium
graminearum, and Gaeumannomyces graminis) [38]. The antimicrobial sulfide diketopiperazine
derivatives, penicibrocazines A–E (32–36), were isolated from a culture extract of Penicillium brocae
MA-231, an endophytic fungus obtained from the fresh tissue of the marine mangrove plant Avicennia
marina. Penicibrocazines B–E (compounds 33–36 shown in Figure 2) have demonstrated a wide
spectrum of activity against several human, aquatic and plant-pathogenic microbes including S.
aureus, Micrococcus luteus and Gaeumannomyces graminis but were inactive against Eromonas hydrophilia,
E. coli, V. harveyi, V. parahaemolyticus and the plant-pathogenic fungi, A. brassicae, Colletotrichum
gloeosporioides and Fusarium graminearum. Penicibrocazine A (32) was inactive against this entire
array of microorganisms. The double bonds at C-6 and C-6′ increase the activity against S. aureus
(34 vs. 32). In addition, a higher number of S-methyl groups is likely to strengthen their activity
against G. graminis (35 vs. 32), while keto groups at C-5/5′ (36 vs. 34) are responsible for the enhanced
antimicrobial activity [39]. Crambescidin 800 (37), a pentacyclic guanidine alkaloid isolated from the
sponge Clathria cervicornis, has expressed specific inhibitory activity against Acinetobacter baumannii,
Klebsiella pneumonia and P. aeruginosa [40].

Xinghaiamine A (38), an alkaloid isolated from the marine-derived actinomycete Streptomyces
xinghaiensis NRRL B24674, has exhibited a broad-spectrum of antibacterial activities against both
Gram-negative (Acinetobacter baumannii, P. aeruginosa and E. coli) and Gram-positive pathogens
(S. aureus and B. subtilis). The inhibition of these pathogenic bacteria and clinical MRSA isolates
demonstrates the potential of compound 38 to be an effective antibiotic against multi-drug resistant
pathogens, particularly S. aureus and A. baumanii. However, the molecule displayed no obvious
antifungal activity against C. albicans when tested at concentrations up to 176.64 μM. The sulfoxide
moiety present in Xinghaiamine A (38) is unusual among the metabolites produced by marine
actinomycetes and confers compounds with a broad spectrum of biological activities, including
potent antimicrobial activities [41]. Bioassay-directed fractionation performed on the ethyl acetate
fraction of an organic extract from the Red Sea sponge Hyrtios species yielded the alkaloid compounds,
hyrtioerectines D–F (39–41), which possessed antimicrobial activities against C. albicans, S. aureus and
P. aeruginosa but not against E. coli. The relatively higher antimicrobial activity exerted by compounds
39 and 41 with respect to compound 40 could be attributed to the presence of diphenolic moieties in
their structure. Amidation of the carboxylic moiety in compound 41 exerted a slight effect on activity
when compared to compound 39 [42]. The diterpene alkaloids, ageloxime B (42) and (−)-ageloxime
D (43), were isolated from the marine sponge Agelas mauritiana, isolated from Yongxing island in
the South China Sea. Both compounds (42 and 43) were able to inhibit the growth of C. neoformans.
Compound 42 also exhibited antibacterial activity against S. aureus and MRSA [43]. A manzamine
alkaloid, i.e., zamamidine D (44), was isolated from an Okinawan Amphimedon sp. marine sponge.
Compound 44 is the first manzamine alkaloid possessing a 2,2′-methylenebistryptamine unit as its
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aromatic moiety instead of a β-carboline unit, which affected growth of both bacteria and fungi [44].
Chemical investigation of the marine-sponge derived fungus Penicillium adametzioides AS-53 yielded
the bisthiodiketopiperazine derivatives, adametizines A (45) and B (46), differing in the presence of a
chlorine group at C-7 in compound 45 and hydroxyl in compound 46. The presence of a chlorine atom
at C-7 conferred compound 45 with better antibacterial activity than compound 46 [45].

Figure 2. Cont.
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Figure 2. Antimicrobial alkaloids.

Diterpene alkaloids from the sponge Agelas nakamurai collected from the Xisha Islands in the
South China Sea have demonstrated significant antimicrobial potential in vitro against S. aureus, E. coli,
Proteusbacillus vulgaris and C. albicans. Iso-agelasidine B (47) and (−)-agelasidine C (48) exhibited
pronounced antifungal activities (MIC 2.34 μg/mL) against C. albicans and weakly inhibited bacterial
growth. In addition, diterpene alkaloids containing a 9-N-methyladeninium unit: iso-agelasine C (49),
agelasine B (50), agelasine J (51) and nemoechine G (52) also possessed strong antifungal activities
(MIC 0.6 μg/mL) against C. albicans and weak to moderate antibacterial activities [46]. Brevianamide F
(53) was isolated from the marine-derived fungus, Penicillium vinaceum. This compound demonstrated
antimicrobial activity against S. aureus and antifungal activity towards C. albicans [47]. A new secondary
metabolite N-(2-hydroxyphenyl)-2-phenazinamine (54) was isolated from the saline culture broth of
Nocardia dassonvillei, a marine actinomycete recovered from a sediment in the Arctic Ocean. This new
compound has shown significant antifungal activity against C. albicans, with a MIC 64 μg/mL [48].

5. Terpenoids

As many as 26 different types of terpenoids have been found in marine species (Figure 3).
A potent antimicrobial meroterpenoid, puupehenol (55) was isolated from the organic extract of
a deep-water Hawaiian sponge Dactylospongia sp., along with puupehenone (56) which has been
suggested to be a derivative of puupehenol. These compounds exhibited antibacterial activity
towards the Gram-positive bacteria, S. aureus and B. cereus, but no inhibition was observed against
E. coli and P. aeruginosa [49]. The sesquiterpenes, Penicibilaenes A (57) and B (58) isolated from
Penicillium bilaiae MA-267, a fungus obtained from the rhizospheric soil of the mangrove plant
Lumnitzera racemose possess a tricyclo[6.3.1.01,5]dodecane skeleton, which confers antimicrobial
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activities to these compounds. Both of these molecules have demonstrated selective activity against
C. gloeosporioides. Compound 57 proved more active than 58 suggesting that the acetylation of
4-OH enhances the bioactivity of the compound [50]. Sesquiterpenoids including aspergillusene
A (59), (Z)-5-(Hydroxymenthyl)-2-(6′)-methylhept-2′-en-2′-yl)-phenol (60) and sydonic acid (61)
isolated from the sponge-associated fungus, Aspergillus sydowii ZSDS1-F6 displayed antimicrobial
activities against Klebsiella pneumonia and Aeromonas hydrophila [51]. Laurene-type sesquiterpenes,
12-hydroxy isolaurene (62), 8,11-dihydro-12-hydroxy isolaurene (63) and isolauraldehyde (64)
were isolated from the organic extract of the red alga Laurencia obtuse collected off the coast of
Jeddah in Saudia Arabia. These compounds exhibited potent activity against the Gram-positive
bacteria, B. subtilis and S. aureus, with compound 64 proving to be the most active (MIC 35 and
27 μg/mL, respectively). Compound 64 also significantly inhibited C. albicans (MIC of 70 μg/mL)
while, no significant activity against the Gram-negative bacterium P. aeruginosa was observed [52].
Napyradiomycins including Napyradiomycin 1 (65) and 2 (66), Napyradiomycin B2–B4 (67–69)
isolated from marine-derived, Streptomyces strains were found to be active against MRSA [53].
Antibacterial N-N-coupled indolo-sesquiterpene atropo-diastereomers, dixiamycin A (70), dixiamycin
B (71), oxiamycin (72), chloroxiamycin (73) and xiamycin A (74) were isolated from a marine-derived
actinomycete, Streptomyces sp. SCSIO 02999. Compounds 70 and 71 were identified as the first
examples of naturally occurring atropo-diastereomers containing an unusual N-N-coupled dimeric
indolo-sesquiterpene skeleton and a stereogenic N-N axis, whilst compound 72 was characterized to
contain an unusual seven-membered oxa-ring. Interestingly, the two dimeric compounds 70 and 71

displayed better antibacterial activities than the monomers (compounds 72–74) against four tested
strains [54]. Antimicrobial compounds with rare pyrane-based cembranoid structure, sarcotrocheliol
acetate (75) and sarcotrocheliol (76), along with cembranoid, cembrene-C (77), sarcophine (78), and
the aromadendrene sesquiterpenoid, palustrol (79) were isolated from the soft coral Sarcophyton
trocheliophorum. Compounds 75 and 76 displayed significant antibacterial activity, especially against
S. aureus, Acinetobacter sp., and MRSA with MICs ranging from 1.53 to 4.34 μM, while compound 77

demonstrated antifungal activity against Aspergillus flavus and C. albicans with an MIC of 0.68 μM [55].
A sesquiterpenoid quinone, epi-ilimaquinone (80), isolated from the Fijian marine sponge Hippospongia
sp. was found to possess antibacterial activity against MRSA, wild-type S. aureus and VREF and
displayed antifungal activity against amphotericin-resistant C. albicans [56].
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Figure 3. Antimicrobial terpenoids.

6. Lipids

In the past 5 years alone, 15 lipids possessing antibacterial activities were isolated from marine
species (Figure 4). Two cerebrosides, penicillosides A (81) and B (82), were isolated from Red
Sea marine-derived fungi and the fungus Penicillium species isolated from the tunicate Didemnum
species. Penicilloside A (compound 81) displayed antifungal activity towards C. albicans displaying
an inhibition zone of 23 mm, while Penicilloside A (82) possessed antibacterial activities against
S. aureus and E. coli displaying inhibition zones of 19 mm and 20 mm respectively, at 100 μg/disk
concentration [57]. Glycolipopeptides-ieodoglucomides A–C (83–85), and a monoacyldiglycosyl
glycerolipid-iedoglycolipid (86) isolated from the fermentation broth of the marine sediment-derived
bacterium Bacillus licheniformis displayed promising antimicrobial activities against Gram-positive and
Gram-negative bacteria. Moreover these two pencillosides were also active against the plant pathogenic
fungi Aspergillus niger, Rhizoctonia solani, Colletotrichum acutatum, B. cenerea and C. albicans [58,59].
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Gageotetrins A–C (87–89), fall under a unique class of linear lipopeptides (di- and tetrapeptides)
isolated from a marine-derived Bacillus were found to be comparatively more active against fungi
than to bacteria with MIC values of 0.02–0.04 μM. Moreover, compounds 88 and 89 at a concentration
of 0.02 μM displayed potent motility inhibition and lytic activity against the late blight pathogen
Phytophthora capsici, which causes enormous economic damage in cucumber, pepper, tomato and
beans [60]. Lauramide diethanolamine (90) was isolated from the marine bacterial strain Streptomyces
sp. (strain 06CH80). Although this compound (90) showed moderate antimicrobial activities against
clinical pathogens, its chemical structure is particularly unusual containing a unique carbon skeleton
which is different from any other existing antimicrobial agents. This unusual structure provides
researchers with the exciting opportunity of exploring various chemical modifications of the compound
with the aim of developing of potentially more efficient antimicrobial agents [61]. The unsaturated
fatty acids, linieodolides A (91) and B (92), were isolated from the culture broth of a marine Bacillus
and the mechanism of their antimicrobial activity was proposed through the inhibition of bacterial
fatty acid synthesis [62]. Two highly acetylated steroids, dysiroid A (93) and dysiroid B (94), were
isolated from the marine sponge, Dysidea sp. Compounds 93 and 94 showed potent activity against
bacterial strains with MICs ranging from 4 to 8 μg/mL [63]. Halistanol sulfate A (95) was obtained
from the sponge Petromica ciocalyptoides and determined to be an effective antibacterial compound
against Streptococcus mutans. The compound inhibited S. mutans biofilm formation by down regulating
the expression of the gtfB, gtfC and gbpB virulence genes. Compound 95 inhibited biofilm formation in
two S. mutans strains at low MIC, but did not inhibit initial colonization by S. sanguinis. Such activity
is highly desirable in preventative treatments that inhibits pathogenic bacteria via the disruption of
biofilm formation without affecting the healthy normal microflora [64].

Figure 4. Antimicrobial lipids.
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7. Peptides

Marine derived antimicrobial compounds of peptide origin are shown in Figure 5. Modified
diketopiperazines, rodriguesines A and B (96 and 96a) isolated as an inseparable mixture from
the ascidian Didemnum sp. were found to possess broad antimicrobial activities inhibiting both
oral streptococci and pathogenic bacteria. These diketopiperazines are reported to modulate the
LuxR-mediated quorum-sensing systems of Gram-negative and Gram-positive bacteria and are
considered to influence cell-cell bacterial signaling, offering alternative ways to control biofilms
by interfering with microbial communication [64]. Diketopiperazines, cyclo-(L-valyl-D-proline) (97)
cyclo-(L-phenylalanyl-D-proline (98), were isolated from a Rheinheimera japonica strain KMM 9513
collected from shores off of the Sea of Japan. These diketopiperazines inhibited the growth of B. subtilis,
Enterococcus faecium and S. aureus but were inactive against E. coli, S. epidermidis, Xanthomonas sp. pv.
badrii and C. albicans [65]. Compounds cyclo-(S-Proline-R-Leucine) (99) and (97) were isolated from
Bacillus megaterium LC derived from the marine sponge Haliclona oculata. These compounds showed
antimicrobial activity at MIC values ranging from 0.005 to 5 μg/mL against Gram-negative bacteria V.
vulnificus and V. parahaemolyticus, together with the Gram-positive bacteria B. cereus and M. luteus [66].
Cyclohexadepsipeptides of the isaridin class including isaridin G (100), desmethylisaridin G (101),
desmethylisaridin C1 (102) and isaridin E (103), were identified in the marine bryozoan-derived fungus
Beauveria felina EN-135. These compounds possessed inhibitory activities against E. coli with MICs
in the range of 8–64 μg/mL [67]. Desotamide (104) and desotamide B (105) are cyclic hexapeptides
isolated from the marine microbe Streptomyces scopuliridis SCSIO ZJ46. When these compounds were
explored for their antibacterial potential, notable antibacterial activities against strains of S. pnuemoniae,
S. aureus, and methicillin-resistant Staphylococcus epidermidis (MRSE) were observed [68].

 
Figure 5. Antimicrobial peptides.
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8. Halogenated Compounds

The chemical structures of halogenated compounds with antimicrobial properties isolated
between 2012 and 2017 are presented in Figure 6. Compounds demonstrating a broad spectrum
of antibacterial activities were polybrominated diphenyl ethers, 2-(2′,4′-dibromophenoxy)-3,5-
dibromophenol (106) and 2-(2′,4′-dibromophenoxy)-3,4,5-tribromophenol (107) isolated from the
marine sponge Dysidea granulosa; and 2-(2′,4′-dibromophenoxy)-4,6-dibromophenol (108) from
Dysidea spp. These brominated ethers exhibited in vitro antibacterial activity against MRSA,
methicillin-sensitive Staphylococcus aureus (MSSA), E. coli O157:H7, and Salmonella. Structurally
compound 106 differed from compound 108 at a bromo-substituted position, and from compound 107

by containing an additional bromo group at the C-4 position. From the structure-activity relationships
it was suggested that bromination and para-substitution decreases the antimicrobial activities of
bromophenols, except against the human pathogen, Listeria monocytogenes [69]. Bromotyrosine-derived
alkaloids were isolated by bioassay-guided fractionation of extracts from the Australian marine sponge
Pseudoceratina purpurea. Aplysamine 8 (109) was not found to have any notable activity against E. coli
or S. aureus while hexadellin (110), aplysamine 2 (111) and 16-debromoaplysamine 4 (112) displayed
activity against S. aureus at concentrations ranging from 125–250 μg/mL [70]. The brominated
diterpene, sphaerodactylomelol (113) which belongs to the rare dactylomelane family, bromosphaerol
(114) and 12R-hydroxybromosphaerol (115) were isolated from cosmopolitan red algae, Sphaerococcus
coronopifolius, collected in the Atlantic. These compounds inhibited the growth of S. aureus but were
inactive against E. coli and P. aeruginosa [71]. A brominated compound, 6-bromoindolyl-3-acetic
acid (116) displayed varied activities against both Gram-positive and Gram-negative bacteria:
V. harveyi, Photobacterium damselae subsp. damselae. A. hydrophila, S. aureus and B. subtilis [72].
The bromopyrrole alkaloids, nagelamides X–Z (117–119), isolated from a marine sponge Agelas sp.
exhibited antimicrobial activity against a range of bacteria and fungi. Compounds 117 and 118

are dimeric bromopyrrole alkaloids with a novel tricyclic skeleton, which consists of spiro-bonded
tetrahydrobenzaminoimidazole and aminoimidazolidine moieties, while compound 118 is the first
dimeric bromopyrrole alkaloid involving the C-8 position in dimerization [73]. The antibacterial
bromotyrosine-derived metabolites, ianthelliformisamines A–C (120–122), were isolated from the
marine sponge Suberea ianthelliformis. Compound 120 displayed selective inhibitory activity against
P. aeruginosa while compound 121 showed little inhibition. The spermine moiety associated with
compounds 120 and 122 appeared to be important for activity against P. aeruginosa, since replacement of
spermine by spermidine in compound 121 reduced the activity significantly. Furthermore, the addition
of an extra cinnamyl derivative in compound 122 to the terminal amine of the spermine chain decreased
the antibacterial selectivity between P. aeruginosa and S. aureus; however the observed selectivity may
be due to differential cell permeability between the Gram-negative and the Gram-positive bacteria [74].
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Figure 6. Antimicrobial halogenated compounds.

9. Polyketides

Antimicrobial marine natural products of polyketide origin are presented in Figure 7. Chemical
investigations of cultures of the marine Streptomyces sp. 182SMLY led to the discovery of the
antimicrobial polycyclic anthraquinone, N-acetyl-N-demethylmayamycin (123), which inhibited the
growth of MRSA with a MIC 20 μM but displayed no inhibition against E. coli [75]. An unusual
antibiotic polyketide with a new carbon skeleton, lindgomycin (124), and ascosetin (125) extracted
from mycelia and culture broth of different Lindgomycetaceae strainswere two folds less active against
the clinically relevant bacteria Staphylococcus epidermidis, S. aureus, MRSA, and Propionibacterium
acnes than standard drug chloramphenicol. The antifungal activity of compound 124 and 125

was four times lower than nystatin against the human pathogenic yeast C. albicans. Moreover
Xanthomonas campestris and Septoria tritici, were also inhibited by these metabolites but no inhibitory
effects against Gram-negative bacteria was observed [76]. Among the polyketide endoperoxides,
manadodioxans D (126) and E (127) isolated from the marine sponge Plakortis bergquistae in
Indonesia, only manadodioxan E (127) displayed antimicrobial activities against bacteria, namely
E. coli and B. cereus. The presence of a carbonyl group at C-13 position in compound 126

possibly has sequestered the antimicrobial activity. However, both compounds were found to be
inactive against C. albicans, and S. cerevisiae [77]. Using antibacterial bioassay-guided fractionation,
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two O-heterocyclic compounds belonging to pyranyl benzoate analogues of polyketide origin
2-(7-(2-Ethylbutyl)-2,3,4,4a,6,7-hexahydro-2-oxopyrano-[3,2b]-pyran-3-yl)-ethyl benzoate (128) and
2-(4Z)-2-ethyl-octahydro-6-oxo-3-(E)-pent-3-enylidene-pyrano-[3,2b]-pyran-7-yl-ethyl benzoate (129),
were isolated from the ethyl acetate extract of B. subtilis MTCC 10407. Two additional homologs,
i.e., (3-(methoxycarbonyl)-4-(5-(2-ethylbutyl)-5,6-dihydro-3-methyl-2H-pyran-2-yl)-butylbenzoate)
(130) and [2-(8-butyl-3-ethyl-3,4,4a,5,6,8a-hexahydro-2H-chromen-6-yl)-ethylbenzoate] (131), were
also isolated from the ethyl acetate extract from the host seaweed Sargassum myriocystum. Although
compounds 130 and 131 displayed weaker antibacterial activities than compounds 128 and 129

these four compounds possessed similar structures suggesting the ecological and metabolic
symbiosis between seaweeds and bacteria. It was evident from the study that the presence of
dihydro-methyl-2H-pyran-2-yl propanoate system was essential to impart the antibacterial activity.
Tetrahydropyran-2-one moiety of the tetrahydropyrano-[3,2b]-pyran-2(3H)-one system of compound
128 might be cleaved by the metabolic pool of seaweeds to afford biologically active methyl
3-(dihydro-3-methyl-2H-pyranyl)-propanoate moiety of compound 130 (which was shown to have no
significant antibacterial activity in intact form) [78].

Figure 7. Cont.
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Figure 7. Antimicrobial polyketides.

Fradimycins A (132) and B (133) isolated from marine Streptomyces fradiae strain PTZ0025
displayed antimicrobial activity against S. aureus [79]. Macrolactins, polyene cyclic macrolactones
possess a wide range of biological activities including antimicrobial, antiviral and anticancer.
The majority of macrolactins are produced by Bacillus sp., whilst glycosylated macrolactins A1 (134)
and B1 (135) are frequently isolated from marine Streptomyces species. The position of the hydroxyl
group (OH) or the introduction of a keto group (C=O) in the macrolactone ring affects the antimicrobial
activity of macrolactins, while the introduction of ester groups at the C-7 in macrolactins leads
to better antibacterial activity. Compounds 134 and 135 were less active than their corresponding
ether-containing macrolactins, probably due to the attachment of a sugar moiety at C-7 position of
both compounds. However, glycosylated macrolactins are reported to have better polar solubility in
comparison to the non-glycosylated macrolactins [61]. From the culture broth of a marine Bacillus
sp., compounds including macrolactones (Macrolactin X–Z, 136–138) and macrolactinic acid (139)
were isolated. These metabolites displayed potential antimicrobial activity against microbial strains,
B. subtilis (KCTC 1021), E. coli (KCTC 1923), and S. cerevisiae (KCTC 7913). Macrolactins exhibit their
antibacterial activity by inhibiting peptide deformylase in a dose-dependent manner. The position of
hydroxy groups in the macrolactone ring is also important for antimicrobial activity of macrolactins.
The hydroxy group at C-15 in macrolactone ring increases the antimicrobial activity of macrolactins,
whereas introduction of carbonyl group at C-15 decreases antimicrobial activity. The number of
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ring members and the presence of a hydroxy group at C-7 and C-9 position have no effect on the
antibacterial activity [62].

Chemical analysis of a marine-derived Streptomyces sp. (CMB-M0392) isolated from sediment
collected off Heron Island, Queensland, Australia, yielded the benzothiazine ansamycins, heronamycin
A (140) and herbimycin A (141). Compound 140 showed antimicrobial activity against B. subtilis ATCC
6051 and 6633, but no activity against S. aureus ATCC 25923 and 9144, E. coli ATCC 11775, P. aeruginosa
ATCC 10145 or C. albicans ATCC 90028 while compound 141 showed antimicrobial activity against
B. subtilis ATCC 6051 and 6633 and C. albicans ATCC 90028 [80]. Antibacterial polyketide compounds
were isolated from the heterotrophic bacterium, Bacillus amyloliquefaciens which is associated with
the edible red seaweed Laurenciae papillosa. Bioactivity-guided techniques resulted in the isolation
of 3-(octahydro-9-isopropyl-2H-benzo[h]chromen-4-yl)-2-methylpropyl benzoate (142) and methyl
8-(2-(benzoyloxy)-ethyl)-hexahydro-4-(E)-pent-2-enyl)-2H-chromene-6-carboxylate (143), compounds
of polyketide origin which demonstrated activity against human opportunistic food pathogenic
microbes. Compounds 142 and 143 demonstrated significant antibacterial activity (inhibitory zone
diameter of greater than 18 mm against V. vulnificus, 25 μg on disk) against these pathogenic
bacteria and lesser activity against A. hydrophilla (14–16 mm, 25 μg on disk) and V. parahemolyticus
ATCC17802TM (inhibitory zone diameter of 12–14 mm, 25 μg on disk). In general antibacterial
activities of compound 142 were greater than 143. Various molecular descriptor variables, such as
bulk, polarizability (electronic), and lipophilicity (octanol/water partition coefficient) were found
to significantly influence the antibacterial activities of these compounds. Although there was no
significant dissimilarities in polarizability of compounds 142 and 143, the activity of the latter was
lesser (inhibition zone diameter, 16 mm against V. vulnificus; 25 μg on disk) than that of the former
(18 mm against V. vulnificus; 25 μg on disk) due to the lesser lipophilicity associated with 143 compared
to 142. The higher lipophilicity of compound 142 enabled the compound to effectively penetrate the
intermembrane lipoprotein barrier to enter the receptor location, resulting in greater bioactivity against
food pathogenic bacteria [81]. 3-O-(α-D-ribofuranosyl)questin (144) and eurorubrin (145) isolated from
the fungal strain Eurotium cristatum EN-220, an endophyte obtained from the marine alga Sargassum
thunbergii displayed antimicrobial activity against E. coli but did not inhibit the growth of S. aureus,
Physalospora obtuse, A. brassicae, Valsa mali, A. solania, and Sclerotinia miyabeana [82].

10. Isocoumarins

Antimicrobial dihydroisocoumarin derivatives penicisimpins A–C (146–148) were reported from
a rhizosphere-derived fungus, Penicillium simplicissimum MA-332 obtained from a marine mangrove
plant Bruguiera sexangula var. rhynchopetala (Figure 8). These isocoumarins possess a broad-spectrum
of antibacterial and antifungal activities. Among these three isocoumarins, penicisimpins A (146)
exhibited the greatest activity against E. coli, P. aeruginosa, V. parahaemolyticus, V. harveyi, and
C. gloeosprioides (each with MIC value of 4 μg/mL) while the other two congeners (147 and 148)
were only moderately active against these pathogens. It was determined that the methyl group
attached at C-7 was responsible for the enhanced activity observed in compound 146 relative to 147,
while the double bond at C-11 was responsible for the decreased activity (compound 146 vs. 148) [83].
The marine-derived fungal species Penicillium vinaceum has been reported to produce citreoisocoumarin
(149) that displayed activity against S. aureus (19 mm inhibition zone) [47].
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Figure 8. Antimicrobial isocoumarins (146–149) and nucleosides (150–154).

11. Nucleosides

Rocheicoside A (150), a nucleoside analogue possessing a novel 5-(hydroxymethyl)-5-
methylimidazolidin-4-one substructure, and several other nucleosides such as plicacetin, norplicacetin,
p-aminobenzanido uracil and cytosamine (151–154, Figure 8) have been isolated from the
marine-derived actinomycete Streptomyces rochei 06CM016. These nucleosides have been described as
potent antibiotics against microorganisms, including archaea, bacteria and eukarya. Rocheicoside A
(150) displayed potential antimicrobial activity with MIC 4–16 μg/mL against a number of pathogens
including E. coli, MRSA and C. albicans [84].

12. Miscellaneous Compounds

Several compounds which have not been classified under any of the above subheadings are
discussed in this section and their chemical structures are illustrated in Figure 9. Terretrione A
(151), terretrione C (152) and terretrione D (153) containing a 1,4-diazepane skeleton were isolated
from an organic extract of the fungus Penicillium sp. CYE-87 derived from a tunicate-Didemnum
sp. collected from the Suez Canal in Egypt. These compounds displayed antimicrobial activity
against C. albicans but were inactive against S. aureus and E. coli [47,85]. Marine-derived fungi,
Penicillium vinaceum species when investigated for antimicrobial compounds led to discovery of
α-cyclopiazonic acid (154), which was active only against E. coli with an inhibition zone of 20 mm [47].
5-methoxydihydrosterigmatocystin (155), a compound isolated from the marine-derived fungus,
Aspergillus versicolor MF359, isolated from a marine sponge of Hymeniacidon perleve was active against
S. aureus and B. subtilis. The compound did not display activity against MRSA and P. aeruginosa
as the MIC was found to be >100 μg/mL against both the organisms [86]. Caerulomycin A (156),
an antifungal compound isolated from marine actinomycetes Actinoalloateichus cyanogriseus showed
potent activity against Candida isolates, C. albicans and C. albicans CO9, and two fluconazole resistant
strains namely, C. glabrata HO5Fl and C. krusei GO3. The MICs of Caerulomycin A was in the range
of 0.39–1.26 μg/mL. Furthermore, the MIC values obtained for Caerulomycin A against fluconazole
resistant C. glabrata were comparable with the MIC values obtained for Amphotericin B [87]. Pyridones,
trichodin A (157) and pyridoxatin (158), were extracted from both the mycelia and the culture broth of
the marine fungus, Trichoderma sp. strain MF106 obtained from the Greenland Seas. Compounds 157
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and 158 possess moderate antibiotic activities against the Gram-positive B. subtilis, S. epidermidis, MRSA
and yeast, C. albicans but were inactive against Trichophyton rubrum [88]. A pyridinium compound,
1-(10-Aminodecyl) Pyridinium (159), isolated from the marine actinomycete, Amycolatopsis alba var.
nov. DVR D4 demonstrated antimicrobial activities against Gram-positive and Gram-negative bacteria
with MICs in the range of 70–160 μg/mL [89]. A dibenzofuran derivative porric acid D (160) and
altenusin (161) were isolated from the methanol extract of the marine derived fungus, Alternaria sp.,
isolated from the Bohai Sea. These compounds were reported to have antibacterial activity against
S. aureus [90]. Several small molecules including p-hydroxybenzoic acid (162), trans-cinnamic acid
(163) and N-hydroxybenzoisoxazolone (164) were isolated from Pseudoalteromonas flavipulchra and
showed antibacterial activity against Vibrio anguillarum. Greater growth inhibition was observed
in V. anguillarum when a mixture of all three compounds was used compared to when each of the
compounds was used individually, suggesting that they may act in a synergistic manner [72]. The
antimicrobial compounds, bacilosarcin B (165) and C (166) and amicoumacin A (167) and B (168),
were isolated from the culture broth of a marine-derived bacterium B. subtilis. The C-12 amide
group of amicoumacin was found to be crucial for antibacterial activity against MRSA based on
structural comparisons of amicoumacin A (167) and amicoumacin B (168). It was observed that
only the compound amicoumacin A (167) with C-12′ amide groups exhibited antibacterial activities
against B. subtilis, S. aureus and L. hongkongensis, which strongly supported the idea that the C-12′

amide group of amicoumcin acts as a pharmacophore in antibacterial activities. This conclusion was
further supported by comparing antibacterial activities between compounds 167/168 and 165/166.
Compound 167 exhibited antibacterial activities against B. subtilis, S. aureus and L. hongkongensis,
which were about six-fold higher than those of 168 [91]. Microluside A [4-(19-p-hydroxybenzoyloxy-
O-β-D-cellobiosyl)-5-(30-p-hydroxybenzoyloxy-O-β-D-glucopyranosyl)xanthone] (169) is a unique
O-glycosylated disubstituted xanthone isolated from the broth culture of Micrococcus sp. EG45 isolated
from the Red Sea sponge Spheciospongia vagabunda. Compound 169 exhibited antibacterial activities
against E. faecalis JH212, and S. aureus NCTC 8325 [92].
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Figure 9. Antimicrobial miscellaneous compounds.

13. Synthetic Interventions

Although naturally occurring marine natural products are bestowed with interesting structural
features (both chemical and stereochemical), some pharmacophoric modifications are still required to
improve their biological efficacy [93]. In this respect, several synthetic chemists are engaged in tailoring
these natural products to obtain new chemical entities by modifying their natural structures [94]
(Figure 10). Recently, Sakata et al. identified isatin (170), an algicidal substance produced by the
marine bacterium Pseudomonas sp. C55a-2 isolated from coastal sea water of Kagoshima Bay in
Japan and targeted this compound for synthetic modification. This particular compound was chosen
as many strains belonging to the genera Pseudomonas, Alteromonas and Pseudoalteromonas sp. have
previously been reported to use chemical defences in the form of extracellular agents like isatin. With
background knowledge of the antifungal activities of isatin, several structural modifications were
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made to the compound including bromination of the C-5 carbon of the isatin ring, altering the length
of its alkyl chain and N-protections, resulting in the development of molecules with potentially better
pharmacophoric features. Structure-activity relationships revealed that a bromine substitution at
the C-5 carbon atom in isatin derivatives led to a decrease in antibacterial activity when compared
structurally to the parent isatin molecule. The antibacterial activity remains unchanged for N-methyl
and N-butyl isatin derivatives, however, the addition of a free NH group to the structure of these
compounds results in a decrease in antibacterial activity. Hence, it can be deduced that the free
NH moiety of isatin is necessary for its potent inhibitory activities against fouling bacteria. The
antibacterial activity was found to be better in the class of compounds wherein acetonyl moiety is
introduced as functionality, compared to more extended hydrophobic benzoyl, as well as electron
donating ethoxy group. Compounds 171–173 from this group exhibited a greater inhibitory effect
compared to the parent compound 170 and to the N-protected isatins 174–179 and the 5-bromoisatin
derivatives 180–182. The presence of a 3-acetonylidene group and a free NH moiety in compounds
171–173 were determined to be crucial structural elements responsible for enhancing the antibacterial
activity of these compounds [95].

Bromopyrrole alkaloids are produced by marine sponges and possess an array of diverse
biological activities, including antimicrobial and antineoplastic activities [96–98]. Many of these
molecules are readily identifiable by a 4,5-dibromopyrrole ring contained within their structure, with
oroidin (183) being the best characterized of these alkaloids noted for its antibiofilm activity [99] In
2012, Rane et al. synthesized marine bromopyrrole alkaloid derivatives containing 1,3,4-oxadiazole
and thiazolidinone and evaluated their antimicrobial and antibiofilm properties. Compounds
184–188 are among these synthetic oroidin derivatives containing 1,3,4-oxadiazole and have exhibited
antimicrobial activity against representative Gram-positive and Gram-negative bacteria [100,101].
These compounds demonstrated antibacterial activity comparable to ciprofloxacin® when used
against S. aureus (MIC = 1.56 μg/mL). Further substitutions of 1-methyl-4,5-dibromopyrrole core
with 4-thiazolidinone had been synthesized and tested for antibiofilm potentials against few
Gram-positive bacteria. 4-thiazolidinone derivatives, compounds 189 and 190 showed antibiofilm
activities (MIC = 0.78 μg/mL) 3-fold superior than those exerted following standard Vancomycin® use
(MIC = 3.125 μg/mL), while activity of compounds 191–194 was 2-fold (MIC = 1.56 μg/mL) higher
against S. aureus biofilm formation. Compounds 189–195 showed equal antibiofilm activity against
S. epidermidis compared to standard Vancomycin (MIC = 3.125 μg/mL) [102].

In 2014, Zidar et al. isolated marine alkaloids, clathrodin (196) and oroidin (183), from sponges of
the genus, Agelas, which possess significant antimicrobial activity against the bacterial strains E. faecalis,
S. aureus and E. coli and C. albicans. The research group synthesized several derivatives using oroidin
as a template. The most bioactive of all these derivatives was found to be 4-phenyl-2-aminoimidazole
(197), which exhibited an MIC90 value of 12.5 μM against Gram-positive bacteria and 50 μM against
E. coli [103].

A new marine-derived monoterpenoid compound, penicimonoterpene (+)-1 (198), was isolated
from Penicillium chrysogenum QEN-24S in 2014 and had shown antifungal activity against A. brassicae
and potent antibacterial activity against marine bacteria Aeromonas hydrophila, V. harveyi, and
V. parahaemolyticus. This activity pattern encouraged chemists to develop a number of derivatives
of compound 198. Modifications focused on variation of the substituents at the C-8 position, the
carbon-carbon double bond at the C-6/7 position, and carboxyl substituents at the C-1 position.
Compounds 199–203 were synthesized according to these modifications and found to be particularly
active against F. graminearum. It was determined that oxidation of the methyl to a hydroxymethyl
group at the C-8 position or replacement of the methyl ester group at C-1 by an ethyl ester significantly
increased the antifungal activity of these compounds. Compounds with a reduced double bond at
C-6/7 also showed better inhibitory activities against gloeosporioides and F. graminearum except for
those containing an aldehyde group [104].
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Figure 10. Semi-synthetic derivatives of MNPs.

14. Genome Mining of Marine Microorganisms—The Future of Antimicrobial Discovery

Antimicrobial compound discovery has traditionally mainly relied on bioassay-guided
approaches involving the cultivation of microorganisms under a variety of growth conditions,
the subsequent screening of culture extracts for bioactivity and chemical characterization of the
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compounds produced. Over time however, this approach has led to the frequent re-isolation of known
compounds, resulting in a drastic decline in research efforts being undertaken by research groups
and pharmaceutical companies [105], causing a significant deficit in the number of novel, natural
products available for commercial and medicinal use. In this age of antimicrobial resistance, the
demand for functionally diverse, unique antimicrobials has never been greater. Fortunately, advances
in sequencing and ‘-omics’ based technologies have revived the field of natural product discovery in
recent years, owing in large part to the cost effectiveness and speed associated with next-generation
sequencing. With more than 99,000 sequenced bacterial genomes currently publically available in the
NCBI database [106] and sequence data from thousands of metagenome projects which can be accessed
at the Genomes OnLine Database [107], researchers are now focusing their efforts on genome-guided
investigations as a complementary approach to traditional bioactivity-guided methods in an effort to
expedite the identification of ’talented’ microbes, which are likely to possess the biosynthetic machinery
typically associated with antimicrobial compound production.

Biosynthetic gene clusters (BGCs) are specialised groups of genes located in close proximity to
each other in bacterial genomes and encode successive steps in the biosynthesis of natural products.
Sequence-based detection, analysis and functional elucidation of these clusters are paramount to
unlocking the true biosynthetic potential which resides within a microorganism. However functional
elucidation of the products of these BGCs is not always easy, since most are either poorly expressed
or not expressed at all under common laboratory culture conditions. Such was the case observed
for the model antibiotic-producing actinobacterium, Streptomyces coelicolor, which, prior to having its
entire genome sequenced in 2002 [108] was thought to contain BGCs responsible for the production of
six distinct metabolites, previously identified by classic molecular genetic approaches [109]. However,
upon inspection of the organism’s complete genome sequence, 16 additional BGCs including BGCs
potentially encoding nonribosomal peptide synthetases (NRPSs) and polyketide synthases (PKSs) were
identified by bioinformatics-based predictions [110,111]. These clusters were deemed likely to encode
enzymes involved in the synthesis of polyketides and nonribosomal peptides which are considered
to be among the more valuable classes of microbial secondary metabolites from a biopharmaceutical
perspective [112,113].

At the time of writing this review, data pertaining to over one million putative gene clusters
currently resides in the Atlas of Biosynthetic gene Clusters which forms part of the Integrated Microbial
Genomes component of the Joint Genome Institute (JGI IMG-ABC) [114]. With such a wealth of
sequence information available, the challenges researchers now face primarily centre on how to
effectively mine such a huge quantity of data in order to rapidly identify biosynthetically ’talented’
microorganisms and furthermore, how to prioritize which BGCs to investigate among such a vast
collection of uncharacterized clusters when targeting a desired anti-microbial bioactivity.

In this respect the Secondary Metabolite Bioinformatics Portal (SMBP), functions as a useful access
point for investigators; containing website links to databases and tools used in genome mining and
secondary metabolism research [115]. Automated tools such as antiSMASH [116] BAGEL [117] and
PRISM [118] and databases such as Bactibase [119] ClusterMine360 [120] and MIBiG [121] represent
just a few of the sophisticated in silico analytical tools which have quickly established themselves as
the go-to resources for BGC identification, characterization and comparison. antiSMASH (antibiotics
and Secondary Metabolite Analysis Shell) in particular is one of the most extensively used open-source
BGC mining tools. Integrating and cross-linking several analysis tools including BLAST+, HMMer3
and FastTree, this computational platform not only facilitates the detection of known BGCs but can
also detect unknown, BGC-like regions in genomes via ClusterFinder [122] an algorithm which uses
Pfam domain, pattern based predictions to detect putative BGCs. ClusterFinder works on the premise
that even the biosynthetic pathways for unknown compounds are likely to use the same broad families
of enzymes for the catalysis of key reactions. The antiSMASH framework has been continuously
developed [116,123] since its launch in 2010 [124]. antiSMASH version 4.0 was recently released
in April 2017 [125] and contains improvements in prediction software for specialized secondary
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metabolites, including ribosomally synthesized and post-translationally modified peptides (RiPPs)
and terpene products and has been expanded from BGC mining in bacteria and fungi to BGC mining
in plants [126]. Another recently developed tool is EvoMining, which integrates evolutionary concepts
related to the emergence of natural product biosynthesis into genome mining. It is a newly developed
phylogenomics approach toward BGC analysis and has been successfully used in the retrieval of
arseno-organic BGCs, which were previously unobtainable via antiSMASH analysis [127].

With respect to the specific identification of antibacterial compounds and the pathways involved in
their biosynthesis, genome mining approaches have proven useful in the identification of these types of
compounds from marine derived bacteria. Figure 11 highlights a number of antimicrobial compounds
discovered via genome mining approaches. The gene cluster involved in the biosynthesis of
heronamide F (204) was identified following genome scanning of the deep-sea derived Streptomyces sp.
SCSIO 03032. Heronamides are polyketide macrolactams which belong to a class of potent antifungal
metabolites that are produced by marine-derived actinomycetes [128]. Confirmation of the involvement
of this cluster in the biosynthesis of heronamide F was achieved by the functional confirmation of one of
the genes in the cluster, namely herO, encoding a cytochrome P450 by gene knockout experiments [129].
Another example resides with three cyclohexapeptides, destomides B–D (205–207) which were initially
isolated from the marine microbe Streptomyces scopuliridis SCSIO ZJ46. Destomide B was found to
display antibacterial activity against strains of Streptococcus pneumonia, Staphylococcus aureus and
methicillin-resistant Staphylococcus epidermidis (MRSE) [68]. Genome mining identified a putative 39-kb
desotamide dsa gene cluster in the S. scopuliridis strain, and was determined to contain three NRPS
genes. Subsequent heterologous expression of the dsa gene cluster in the heterologous host S. coelicolor
M1152 confirmed its involvement of the biosynthesis of desotamides [130]. Finally, another recent
example involving ribosomally synthesized and post-translationally modified peptides (RiPPs), centres
on the new cinnamycin-like lantiobiotic, mathermycin (208) which has recently been isolated from
the marine-derived strain, Marinactinospora thermotolerans SCSIO 00652 and possesses antimicrobial
activities towards Bacillus subtilis [131]. Genome mining of the strain facilitated the identification
of the BGC for mathermycin, while subsequent expression of the gene cluster in the heterologous
Streptomyces lividans host system allowed its antibacterial activity to be assessed.

Another popular approach in the identification of novel marine derived antimicrobials is to couple
genomics with metabolomics, whereby genome mining together and metabolic profiling are used
to identify novel natural products in marine microorganisms. Our group has previously employed
this approach to identify bioactive compounds from Streptomyces sp. (SM8) isolated from the sponge
Haliclona simulans which displayed antibacterial and antifungal activity [132]. Similarly, Paulus and
co-workers employed both metabolomic and genomic profiling approaches on the marine Streptomyces
sp. MP131-18 to identify a number of new biologically active compounds, including two new members
of the bisindole pyrroles spirorindimycins, spiroindimicin E (209) and F (210). In addition, two new
members of the α-pyrone lagunapyrone family, namely lagunapyrone D and E were also identified
using similar approaches [133]. Another example of the successful use of this coupled approach resides
in marformycins A-F (211–216), which display selective anti-microbial activity against Micrococcus
luteus, Propioniobacterium acnes and Propionobacterium granulosum. The marformycin gene cluster was
identified following genome scanning of the deep-sea sediment-derived Streptomyces drozdowiczii
SCSIO 10141 strain. Confirmation of the involvement of this cluster in the biosynthesis of this
group of cyclic peptides was achieved following in vivo inactivation studies coupled with metabolite
identification [134].

Other techniques have also been developed to expedite the identification of BGCs, which include
mining for the presence of self-resistance mechanisms within these gene clusters, allowing investigators
to deduce the antibiotic compounds which an organism is likely to produce. Resistance mechanisms
are characteristic traits associated with antibiotic producers, enabling an organism to avoid suicide
from self-toxicity following the biosynthesis of its own molecule [135]. Resistance mechanisms include
enzymes which degrade toxic compounds, efflux pumps for the effective removal of unwanted
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substances from the cell and target modification [136]. Wright and colleagues first used resistance
as a discriminating criterion in 2013, demonstrating that organisms resistant to glycopeptide and
ansamycin antibiotics are more likely to produce similar compounds [137]. Following this resistance
based hypothesis increased the discovery rate of producers of the aforementioned antibacterial
compounds by several orders of magnitude. Harnessing the success of this approach, Wright and
colleagues further devised a method for isolating scaffold-specific antibacterial producers by taking
advantage of the innate self-protection mechanisms employed by the producing organisms, isolating
strains in the presence of a selective antibiotic [138]. In 2015, Moore and colleagues developed
a target-directed genome mining method to identify BGCs [139]. As previously mentioned target
modification is one of several resistance strategies employed by antibiotic producing bacteria and
is effective in correlating an antibiotic to its mode of action. Since it is common for antibiotic
producing bacteria to mutate and duplicate genes encoding proteins for resistance, Moore’s group
reasoned that identifying target-duplicated genes which are co-clustered with BGCs would provide
valuable information pertaining to the molecular targets of the BGC products without any prior
knowledge of the molecule synthesized. Since antibiotic targets are often the product of housekeeping
genes, Moore and colleagues screened 86 Salinispora bacterial genomes for duplicated copies of
housekeeping genes and related them to their presence in BGCs. Using this approach they successfully
identified a duplicated fatty acid synthase in the direct vicinity of an orphan hybrid PKS-NPRS
gene cluster and prioritized this for investigation. Following cloning, heterologous expression and
mutational analysis, the authors linked the gene cluster to the biosynthesis of thiolactomycin (217)
a previously characterized fatty acid synthase inhibitor, and to the production of a group of unusual
thiotetronic acid natural products [139]. In 2016, Oakley and colleagues provided experimental
validation for target-directed genome mining in a fungal BGC system [140]. The group identified
a proteasome subunit-encoding gene within a gene cluster in Aspergillus nidulans and hypothesized
that the cluster may be responsible for the production of a proteasome inhibitor. Following a number
of molecular genetic based strategies, the investigators determined that the product of the cluster
was indeed a proteasome inhibitor, fellutamide B (218). Recently, Johnston and co-workers used
resistance-based mining to predict natural products with new modes of action [141]. The authors used
a retrobiosynthetic algorithm to mine biosynthetic scaffolds and resistance determinants to identify
structures with unknown modes of action. Using this approach, the investigators determined that
the telomycin family of natural products from Streptomyces canus possess a new antibacterial mode of
action which targets cardiolipin, a bacterial phospholipid.

Tracanna and co-workers recently suggested another strategy as a means of prioritizing BGCs
which may encode novel antibiotics, based on synergistic interactions [142]. Natural products can occur
as synergistic pairs in nature, as in the case of cephamycin and clavulanic acid, two compounds which
are naturally produced by Streptomyces clavuligerus. The BGCs for these compounds are intertwined
in a ‘supercluster’ configuration [143,144]. This genetic conformation inspired the production of the
antibiotic, Augmentin®, which is comprised of a combination of the β-lactam antibiotic, amoxicillin
with the β-lactamase inhibitor, clavulanic acid. Synergistic pairs of natural products are particularly
attractive commodities in the ongoing attempt to tackle antimicrobial resistance, as it is more difficult
for a pathogen to develop resistance to both compounds. They suggest that thorough analysis
surrounding the evolutionary history of the genes associated with large, hybrid BGCs may provide
a valuable insight into whether these BGCs are in fact ‘superclusters’, responsible for the production of
a number of different compounds which may be synergistic.

It is important that in silico analytical tools keep pace with these genome-guided discovery
strategies in order to expedite novel compound discovery. The Antibiotic Resistant Target Seeker
(ARTS) is one such web tool which uses three criteria to detect known resistance genes as well as
putative resistance house-keeping genes in actinobacterial genomes i.e., (i) duplication (ii) evidence
for horizontal gene transfer (HGT) and (iii) localization within a BGC [145]. This inexpensive,
computational analysis tool, facilitates high-throughput screening of bacterial genomes. Although the
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current focus of ARTS is on the analysis of actinobacterial genomes, the pipeline also works for other
phyla and is being expanded to include reference sets for other taxa. Several other useful resources
are available pertaining to the field of antimicrobial resistance, with the Comprehensive Antibiotic
Resistance Database (CARD) [146] and Antibiotic Resistance Gene-ANNOTation (ARG-ANNOT) being
the two most extensive databases [147].

Figure 11. Antimicrobial compounds discovered via genome mining approaches.

15. Concluding Remarks and Future Prospects

The marine environment is home to a vast number of macro and microorganisms with untapped
biosynthetic activities which are used to a large extent to ensure their survival in this diverse and
often hostile habitat. This unique environment facilitates the biosynthesis of an array of secondary
metabolites which act as chemical defenses and display a broad range of antimicrobial bioactivities.
Nevertheless, despite extensive structural and stereo chemical diversity, only seven marine-derived
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metabolites have to date been approved as drugs, while 12 MNPs (or derivatives thereof) are currently
in different phases of clinical trials.

As previously noted, none of the newly discovered marine natural products have as yet progressed
to clinical trials, although a few of them are in preclinical studies. The slower pace of MNPs towards
clinical trials is due to several factors that hinder their development as clinical agents. One of the major
factors is the “continuous supply”. Large quantities of a compound are required to carry out biological
assays to determine the site of action, specific targets, selectivity of the compound and its cytotoxicity.
Irrespective of the potential applications of a functionally promising compound, a significant challenge
faced by researchers is that several hundred grams of the compound are required for preclinical
development, and multi kilogram quantities required for clinical trials. This is often one of the major
bottle-necks in the development of MNP for clinical applications. Synthetic chemists around the world
however are continuing to develop synthetic and semi-synthetic strategies to help overcome the supply
issue surrounding MNPs, in an effort to satisfy the requirements to help bring these molecules to the
preclinical stage and eventual development for use in the commercial or medicinal arenas.

MNPs can be chemically modified with various biosteric structural units to develop ‘drug-like’
molecules. Also, developments in mariculture (farming the growth of the organism in its natural
environment) and aquaculture (culturing an organism under artificial conditions) have been attempted
in order to solve the problem of sustainable supply of macroorganisms. However, the unique and
sometimes exclusive conditions of the sea make cultivation or maintenance of isolated samples still
very challenging and often impossible.

The preclinical pipeline also demands elaborate, mechanistic and pharmacokinetic studies
to develop tailored MNPs, which in itself is a hugely challenging but nevertheless exciting task.
Regardless of these challenges, the preclinical pipeline continues to supply studies with several
hundred novel bioactive marine compounds with the potential for use as therapeutics. From a
global perspective, the marine pharmaceutical pipeline remains very active, and now appears to
have sufficient momentum to deliver additional antimicrobial compounds to the marketplace in the
near future. The efficiency of various marine compounds against pathogens is very encouraging and
there is no doubt that their exploitation and application will continue to develop. Genome mining
has ushered in a renaissance in the field of natural product discovery, providing new hope in the
ongoing search for novel antimicrobial compounds. This strategy allows researchers to harness the
true biosynthetic potential which resides within diverse groups of marine microorganisms and offers
an invaluable insight into not only the biosynthetic, but also the evolutionary and defensive strategies
these organisms employ in the marine environment. Collaborative endeavours involving marine
natural products chemistry with organic chemistry, medicinal chemistry, pharmacology, biology,
bioinformatics and associated disciplines will help to ensure and facilitate an increase in marine
natural product reaching the market as antimicrobial therapeutics.
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Abstract: Hydroquinone meroterpenoids, especially those derived from marine sponges, display a
wide range of biological activities. However, use of these compounds is limited by their inaccessibility;
there is no sustainable supply of these compounds. Furthermore, our knowledge of their metabolic
origin remains completely unstudied. In this review, an in depth structural analysis of sponge
merotriterpenoids, including the adociasulfate family of kinesin motor protein inhibitors, provides
insight into their biosynthesis. Several key structural features provide clues to the relationships
between compounds. All adociasulfates appear to be derived from only four different hydroquinone
hexaprenyl diphosphate precursors, each varying in the number and position of epoxidations.
Proton-initiated cyclization of these precursors can lead to all carbon skeletons observed amongst
sponge merotriterpenoids. Consideration of the enzymes involved in the proposed biosynthetic
route suggests a bacterial source, and a hypothetical gene cluster was constructed that may facilitate
discovery of the authentic pathway from the sponge metagenome. A similar rationale can be extended
to other sponge meroterpenoids, for which no biosynthetic pathways have yet been identified.

Keywords: sponge; meroterpenoid; marine natural product; medicinal chemistry; biosynthesis;
drug discovery

1. Introduction

Meroterpenes have long been recognized for their diverse biological activities. In particular,
hydroquinone meroterpenes are interesting because of their potential for redox chemistry and
wide distribution in nature [1,2]. Marine sponges represent a prolific source of hydroquinone
meroterpenoids, some of which exhibit unique activities that cannot be substituted for using alternative
compounds. The diversity of structures and activities of sponge hydroquinone meroterpenoids have
been thoroughly reviewed by Menna et al. [1]. This review focuses on the merotriterpenoids, including
the adociasulfates (Figure 1). This family includes several unique carbon skeletons, its members
are frequently sulfated, and it also encompasses a wide variety of biological activities. The toxicols
(17–19) and shaagrockol C (22) inhibit the DNA polymerase function of HIV-1 reverse transcriptase [3].
Akaterpin (25) inhibits hydrolysis of phosphatidylinositol by phospholipase C, a key step in eukaryotic
signaling pathways by its production of diacylglycerol and inositol triphosphate [4]. Indoleamine
2,3-dioxygenase, whose activity mediates T-cell activation and whose overexpression in cancer may
prevent tumor rejection, is inhibited by halicloic acids A and B (15, 16) [5]. Some of these compounds
also display weak antimicrobial activities [6,7]. The adociasulfate family has been shown to inhibit
H+-ATPases and kinesin motor proteins [8–11]. Inhibition of kinesin by adociasulfate-2 (2) involves
competition with microtubules for binding [11,12]. This mode of kinesin inhibition is known for only
two other compounds, rose bengal lactone and the polyoxometalate NSC 622124, which both display
characteristic features of nonspecific inhibition, including aggregate formation, indiscriminate binding
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to positively charged protein surfaces, and inhibition of a variety of enzyme activities [13–17]. Thus,
sponge hydroquinone merotriterpenoids display a variety of therapeutically interesting activities,
including some with unique mechanisms of action.
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Figure 1. Chemical structures of sponge hydroquinone merotriterpenoids. The adociasulfates and
related compounds are derived from sponges of the family Chalinidae, with the exception of akaterpin,
isolated from Callyspongia sp.
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The adociasulfates in particular, with their unique mechanism of action, are not only interesting
from a medicinal perspective, but have great potential as tools for studying the function of kinesins in
cell biology. Neurons rely on precise intracellular organization and transport to function, as different
cellular regions have very distinct roles in responding to and relaying signals. Use of 2 revealed a
role for kinesin motor proteins in the transport of cytoskeletal filaments within axons [18], and in
intracellular spatio-temporal control of gene expression via transport of synapse-specific mRNAs [19].
Kinesins are also involved in reconstructing the nucleus after cell division. Formation of nuclear
pore complexes (NPCs) in Xenopus laevis eggs was inhibited by 2, but not the double membrane of
the nuclear envelope (NE), indicating the existence of a distinct vesicle population for delivering
NPCs that utilize kinesin-guided microtubule transport [20]. Developmental processes have also
been probed using 2. Asymmetric, kinesin-dependent shuttling of cargo was shown to occur very
early in the development of frog and chick embryos, suggesting a cytoskeletal role in establishing
left-right asymmetry [21]. Treatment of early embryos with 2 led to disruption of this asymmetry.
Finally, adociasulfates have been used to interrogate kinesin function directly. The kinesin microtubule
binding site was mapped based on binding experiments with 2 [22], and, more recently, adociasulfates
were shown to display affinity for non-kinesin microtubule binding sites, indicating their potential as
probes of other microtubule-binding proteins [12].

Despite their useful biological activities, sponge meroterpenoids are often unobtainable due to
a lack of practical chemical syntheses and the difficulties associated with obtaining material from
biological sources [23–26]. For this reason, studies using these compounds in biological applications
are scarce and relatively infrequent. For example, with the exception of the most recent study, all of
the studies described above obtained 2 from the authors of its original publication [11]. Thus, there
is a need for a sustainable means of producing such compounds in order to make full use of their
potential. This could be accomplished using a biosynthetic approach. However, there is a lack of
knowledge with regard to meroterpenoid biosynthesis in marine invertebrates. No pathways for such
compounds have been described despite hundreds of known compounds [1]. The characterization of
one meroterpenoid pathway could reveal other the existence of other pathways, as sponge-derived
hydroquinone meroterpenoids share many overlapping structural features that suggest common
metabolic origins. To this end, adociasulfates provide an excellent starting point because a relatively
simple biosynthetic hypothesis can be derived from a limited number of precursors (Figure 2). In fact,
it is conceivable that all sponge triterpene hydroquinones are derived from a single parent pathway.
The purpose of this review is to draw attention to the structural relationships between compounds
and show that a thorough analysis of these relationships can reveal clues to their biosynthetic origin.
Below, I discuss the features that unify the adociasulfates and other merotriterpenoids, make a case for
the enzymes that are likely to be involved in their construction, and establish a biogenetic hypothesis.
This analysis results in a hypothetical, bacteria-derived adociasulfate pathway.
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Figure 2. The four, putative hydroquinone merotriterpenoid biosynthetic classes. Sponge merotriterpenoids
can be divided into four groups by the number and position of epoxidations of the linear hexaprenoid
precursor (left side). Representative adociasulfates of each major group are shown (right side).

2. A proposed biosynthetic route for sponge hydroquinone merotriterpenoids

A defining feature of the adociasulfates is that the arrangement of methyl groups implies a linear
triterpene-diphosphate precursor, as opposed to squalene. Prenyl diphosphates are typically formed
by a head-to-tail condensation of isopentenyl diphosphate (IPP) with either dimethylallyl diphosphate
(DMAPP) or the product of a previous such condensation, yielding linear terpenes extended by five
carbons. Squalene, however, is made by the tail-to-tail condensation of two C15 farnesyl-diphosphates
(FPP) to produce a symmetrical triterpene. The consequences of this are twofold. First, without the
diphosphate, squalene is no longer activated for prenyl transfer to a hydrobenzoquinoid substrate.
Second, cyclized derivatives of squalene display a characteristic arrangement of methyls that is not
observed for adociasulfates or any other hydroquinone meroterpenoids. Linear meroterpenoids
have been reported from sponges before, though not from sponges that produce adociasulfates [1].
Nonetheless, there is a precedent for prenyl transfer of linear triterpenes to quinones, resembling
ubiquinone biosynthesis, while there is none for the equivalent transfer of squalene.

All sponge merotriterpenoids can potentially be derived from a common series of linear precursors
(Figure 2). These universal precursors, the products of aromatic prenylation by hexaprenyl diphosphate,
would then be cyclized via a proton-initiated (type II), carbocation-mediated cyclization cascade. Most
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adociasulfates are hydroxylated at one (e.g., 1, 2) or two (e.g., 13) carbons at positions corresponding
to alkenes in hexaprenyl diphosphate. This suggests that epoxidation of the linear substrate occurs
prior to cyclization. The number and position of epoxides in the cyclization substrate provides a
convenient way to group biosynthetically related sponge merotriterpenoids. Thus, group I precursors
are epoxidized at position 10,11, group II at both positions 6,7 and 10,11, and group III at position
6,7, while group IV compounds are not epoxidized. All proposed cyclization schemes described
herein are based on (S,S) epoxide configurations, as predicted from the configurations of the putative
epoxide-derived hydroxy carbons present in group I, II, and III adociasulfates. A variety of skeletons
resulting from multiple cyclization events of these precursors is shown in Figure 3.
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Figure 3. Diverse merotriterpenoid skeletons can be derived from a small number of related precursors
via different cyclization routes. The innermost circle shows the four putative precursor molecules.
Carbocation products of a single cyclization event are shown in the middle ring. Carbocation products
of a second cyclization event are shown in the outermost ring. Numeric designations of final products
lie outside of the circle. The number and complexity of structures expands outwards from the simple
precursors in the center. The R group of the center linear precursor is substituted with one of the four
groups in shown in parentheses, while the R’ group denotes a hydroxyl group for most compounds,
or a glycolic acid moiety for some group I and II compounds.
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2.1. Group I compounds

The simplest hypothetical cyclization schemes involve the group I meroterpenoids. Compounds
in this group likely undergo two independent cyclization cascades and exhibit few rearrangements.
The initial cyclization of 1, 2, 5, 6, 7, and halicloic acid A (15) would be identical for each compound,
with epoxide opening to form a hydroxyl group at C11, establishing the sterol-like, four-ring system
with ring D fused to the hydrobenzoquinone moiety (Figure 4A) [5,9,10]. The resulting carbocation
would then be quenched by proton abstraction, restoring aromaticity. A second proton-initiated
cyclization of the remaining two olefins would produce a fifth ring and a carbocation at position C6.
Here, 1, 5, and 7 would differ from 2, 6, and 15 in the manner of base abstraction. In the former group,
deprotonation would occur at C5 to introduce a new double bond, leaving the fifth ring independent
of the core. In the latter group, a sixth, seven-membered ring would be formed by attack of the C11
hydroxyl on the C6 carbocation. Proton abstraction would then occur at the cyclic ether oxygen. AS-10
(10) could be obtained from the same initial cyclization, but would involve a hydride shift in the
second cyclization event, placing the carbocation on C7 instead of C6 and resulting in a six-membered
heterocycle (Figure 4B) [8]. The 3D structure of 2 would be flat relative to 10, whose terminal ring would
be twisted perpendicular to the plane of the core ring system. Halicloic acid B (16) resembles 10, but
the second cyclization event would involve an additional rearrangement: a methyl transfer following
the hydride shift, placing the carbocation on C2 (Figure 4C) [5]. Deprotonation at C3 would then
yield a tri-substituted alkene. A glycolic acid moiety substitutes for the 5′ hydroxyl in 10, 15, and 16,
suggesting an alternative aromatic prenyl acceptor to hydrobenzoquinone may be used. The final group
I terpenes, toxicols A-C (17–19), likely undergo a unique cyclization that could occur in two different
ways. In the first, an alkyl shift would condense the initial six-membered ring into a five-membered
ring, resulting in an unstable secondary carbocation at C15 (Figure 4(Di)) [7]. Cyclization would then
continue with subsequent attack on the C15 carbocation by C19. In the second, the initial epoxide
opening would involve a direct attack by the 14,15-olefin on C10, which would be sterically hindered
by the two methyls of C10 and C14 (Figure 4(Dii)). A second cyclization step and proton abstraction
would result in the final product, with two independent ring systems. Finally, adociasulfates and
related meroterpenoids would be sulfated at either, none, or both hydrobenzoquinone hydroxyls,
while 5′ glycolic acids appear not to be modified further.

2.2. Group II compounds

Adociasulfates and related meroterpenoids of group II are likely derived from a diepoxy precursor
(Figure 5). Three of five members of this group exhibit a 5′ glycolic acid substitution akin to 10, 15,
and 16 [6,12,27]. The first cyclization event of 9 may mirror that of 2 from group I, with the opening
the 10,11-epoxide and establishment of the adociasulfate core. The second cyclization would then
involve the opening of the 6,7-epoxide by back-side attack of the C11 hydroxyl at the more-substituted
C6 position in a typical acid-catalyzed epoxide opening. This would result in the formation of a
seven-membered ring and an inversion of C6 stereochemistry. Assuming a pro-chair conformation
would position C6 into a pro-(R) configuration relative to the C11 hydroxyl attack, resulting in the
axial-oriented terminal olefin. For group I compounds, the lack of the 6,7-epoxide likely allows for
inclusion of the 2,3-terminal alkene in the second cyclization event (Figure 4A), whereas all group II
compounds display a free terminal olefin. This may reflect an enzymatic preference for protonation of
epoxides over alkenes, resulting in early termination of the cyclization cascade.
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Figure 4. Putative cyclization routes of group I sponge merotriterpenoids, derived from
10,11-epoxyhexaprenyl diphosphate, including: (A) 1, 2, 5, 6, 7, halicloic acid A (15), (B) 10, (C) halicloic
acid B (16), and (D) toxicols A-C (17–19).
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Figure 5. Putative cyclization routes of group II sponge merotriterpenoids, derived from
6,7-10,11-diepoxyhexaprenyl diphosphate, including: 9, 13, 14, and haliclotriols A (20) and B (21).

2.3. Group III compounds

Group III merotriterpenoids are likely derived from a 6,7-epoxy precursor. This group is
characterized by a lack of fusion to the aromatic ring and quenching by water. In the proposed
cyclization of 3 and 4, initiation by protonation would result in a bicyclic drimane-like skeleton
that undergoes rearrangement before deprotonation by an active-site base, yielding a highly stable
tetra-substituted double bond and unique configurations of methylated carbons (Figure 6A) [9].
The first cyclization event of 3 and 4, involving the 14,15-, 18,19-, and 22,23-olefins, likely involves
prearrangement of the substrate in a chair-chair orientation, placing the remaining linear terpene
chain in a pre-equatorial position. For 4, protonation of the 6,7-epoxide would initiate the second
cyclization event involving the 10,11-olefin (Figure 6(Ai)), while hydrolysis of the epoxide would lead
to 3 (Figure 6(Aii)). The first cyclization event of shaagrockol C (22) would also produce a bicyclic
system, though deprotonation would occur prior to any rearrangement, yielding a tetra-substituted
alkene (Figure 6B) [28]. The second cyclization would be similar to that of 4. Prearrangement of the
remaining linear portion of the substrate in a boat conformation, followed by hydride transfer from the
C11 axial hydrogen to the C10 carbocation would allow for the (R) configuration at C10, as opposed
to the (S) configuration that would result from a chair prearrangement and analogous hydride shift.
Water would attack the C11 carbocation with inversion of stereochemistry. The net result of this
dramatically different cyclization route is that the newly formed ring of 22 would incorporate an axial
hydroxyl group in place of a proton at C11. Thus, 22 and 4 display the same relative configuration
about C11, despite differing absolute configurations. Finally, the C7 hydroxyl would initiate a final
cyclization with the 2,3-alkene, forming a 7-membered terminal heterocycle. Shaagrockol B, isolated
together with 22, is the oxidation product of 22 about the 22,23-alkene and is likely not enzymatic in
origin [28].
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Figure 6. Putative cyclization routes of group III sponge merotriterpenoids, derived from
6,7-epoxyhexaprenyl diphosphate, including: (A) 3, 4, (B) and shaagrockol C (22).
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2.4. Group IV compounds

The remaining six known sponge merotriterpenoids of group IV are likely derived from a substrate
lacking epoxidation. The majority of these compounds undergo complex cyclizations followed by
rearrangements, as evidenced by their atypical methyl positions. Like the group III compounds, none
of the group IV members exhibit fused rings with the aromatic moiety, suggesting that aromatic ring
fusion requires the presence of the 10,11-epoxide. Another common feature between groups III and IV
is the absence of 5′ glycolic acid substitution. For 11, 12, and adociaquinol (23), the proposed initial
cyclization would, like the group III compounds, yield a two-ring system, but would differ from
these in the prearrangement of the substrate in a boat-chair conformation, placing the linear terpene
chain in the less favorable axial position. (Figure 7A) [29]. Due to the absence of the 6,7-epoxide,
the second cyclization event of 11, 12, and 23 would include the terminal olefin that was excluded
by the group III compounds. The second cyclization event of 11 and 23 likely resembles the initial
cyclization event of 3 and 4, involving preorganization of the substrate in the chair-chair orientation
that places the terpene chain in the more stable equatorial position (Figure 7(Ai)). Deprotonation at the
C10 methyl would introduce the exocyclic alkene. The second cyclization event of 12 would involve a
chair-boat conformation, placing the ring system established in the first cyclization event in the axial
position, with deprotonation at C5 following both a hydride and methyl shift to form the trisubstituted
alkene (Figure 7(Aii)). Cyclization of the initial bicyclic ring system of toxiusol (24) likely involves
the chair-boat conformation, placing the hydroquinone in the axial position (Figure 7B) [7,29]. Two
hydride shifts and a methyl transfer would occur prior to deprotonation to complete first cyclization.
The second cyclization event of 23 would occur via the chair-chair conformation similar to 11 and 23,
but a series of hydride transfers would place the trisubstituted alkene on the opposite ring relative
to 12. The cyclization of akaterpin (25) likely follows a similar cyclization scheme as 24 but would
involve an alkyl shift during the first event, relocating the remaining linear isoprene chain from C14
to the bridgehead carbon, C19 (Figure 7C) [4]. The final sponge merotriterpenoid, 8, can be reached
with a single proton-initiated cascade followed by extensive rearrangement. The substrate is likely
prearranged in the antipodal conformation, the opposite orientation of the group I and II cyclizations,
such that the end result appears structurally distinct from the sterol-like adociasulfate core of group I
and II meroterpenoids (Figure 7D) [10]. In total, five hydride shifts and four methyl shifts would need
to occur before an attack by water at the bridgehead carbon C7.

From this model of the origin of adociasulfates, it should be clear that all sponge merotriterpenoids
of the hydrobenzoquinone family are related biosynthetically. In each adociasulfate discovery reported,
mixtures of compounds from multiple groups were identified, suggesting a common synthetic route
that is independent of the epoxidation state of the substrate [7–9,12,27,29]. Of this class of compounds,
all but one member has been isolated from sponges within the family Chalinidae. The exception is 25,
which was reportedly discovered from Callyspongia sp [4]. Though Callyspongia is a member of the
same order as Chalinidae (order Haplosclerida), Callyspongia is far enough removed in this case to be
considered unrelated (Mary Kay Harper, personal communication, 2016). Thus, these compounds can
be used as taxonomic identifiers, potentially due to a shared biosynthetic pathway.
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Figure 7. Putative cyclization routes of group IV sponge merotriterpenoids, derived from hexaprenyl
diphosphate, including: (A) 11, 12, adociaquinol (23), (B) toxiusol (24), (C) akaterpin (25), and (D) 8.

3. Considerations of the enzymatic origin of sponge merotriterpenoids

Only a few key biosynthetic steps are required for all four groups of merotriterpenoids described
above: aromatic prenylation, proton-initiated cyclization, and sulfation. Epoxidation also occurs for
the majority of these compounds, with the exception of group IV. The potential enzyme families
responsible for these key steps of adociasulfate construction are discussed in this section. The source of
the terpene and benzoquinone precursors is also considered, as these metabolites can be derived from

54



Mar. Drugs 2017, 15, 285

multiple routes and the enzymes involved in their synthesis may be components of an adociasulfate
biosynthetic gene cluster. In addition to the enzymatic origins of sponge merotriterpenoids, the identity
of the producing organism is taken into account, as this will dramatically affect the genetic organization
of the pathway.

3.1. Origin of precursors

The majority of the adociasulfate structure is constructed of five-carbon isoprene units. There are
two known biosynthetic pathways for isoprene production: the mevalonate (MEV) pathway, which
provides the precursors for steroids in eukaryotes but is also present in some bacteria, and the
1-deoxy-D-xylulose-5 phosphate (MEP/non-mevalonate) pathway unique to plants, bacteria, and
some parasites. Both of these are considered primary metabolic pathways. It is possible that the
adociasulfate pathway draws IPP directly from an endogenous metabolite pool and lacks any dedicated
genes for IPP/DMAPP synthesis. However, the producing organism’s native isoprene source does
not necessarily imply that pathway’s involvement in secondary metabolism. Bacteria normally
lacking the MEV pathway are known to incorporate horizontally acquired MEV pathway genes into
meroterpenoid biosynthetic clusters as a pathway-specific source of IPP/DMAPP [30–39]. Some MEP
pathway bacteria contain duplications of MEP genes in secondary metabolite clusters [40,41]. The role
of these seemingly redundant genes may be to enhance production of precursor metabolites or to
establish regulation of early steps in the pathway. Thus, copies of MEV or MEP pathway genes might
be involved in meroterpenoid production. However, as there is no evidence to suggest one isoprene
pathway being involved over the other, adociasulfate pathway identification should focus on the
biosynthetic steps unique to merotriterpenoids. The presence of isoprene pathway elements should be
considered a secondary indication of a terpene pathway.

The adociasulfate prenyl donor, consisting of six isoprene units, is almost certainly a
product of a trans isoprenyl diphosphate synthase. Isoprenyl diphosphate synthases are
soluble, Mg2+-dependent prenyltransferases (PTases) mechanistically related to aromatic UbiA-like
PTases [42,43]. These enzymes are responsible for producing prenyl diphosphates of different
lengths for various biological functions, including polyprenyl diphosphates of 30–50 carbons used
in ubiquinone and menaquinone biosynthesis, and the FPP used to make squalene in steroid
biosynthesis. Isoprenyl diphosphate synthases are sometimes components of meroterpenoid gene
clusters [30–35,38,40]. Their inclusion in secondary metabolite pathways may reflect a selection
mechanism for a particular length polyprenyl substrate, establishing a distinct substrate pool for
meroterpenoid biosynthesis separate from the endogenous IPP pool. However, native isoprenyl
diphosphate synthases are likely capable of providing the prenyl substrate for secondary metabolism.

Like prenyl diphosphates, quinones can also derived from primary metabolic pathways like the
phenylalanine/tyrosine pathway, from which hydroquinone and 4-hydroxyphenylacetate (4HPA),
a potential pre-hydroxylation precursor of the 5′-glycolic acid substituted adociasulfates, can be
derived (Figure 8). 4HPA may be derived from 4-hydroxyphenylpyruvate (4HPP), a product of tyrosine
degradation. Oxidative decarboxylation, such as that catalyzed by 4-hydroxyphenylpyruvate (4HPP)
dioxygenase, an Fe2+-dependent internal ketoacid dioxygenase, could be used to generate 4HPA from
4HPP [44]. Alternatively, 4HPA could potentially be obtained from 4HPP via 4HPA decarboxylase, such
as the enzyme of Clostridium difficile that produces p-cresol from 4HPA and is a member of the glycyl
radical enzymes (GRE) of the radical-SAM superfamily [45]. In a less direct route, decarboxylation
of 4HPP to the aldehyde with subsequent oxidation to 4HPA by either an aldehyde dehydrogenase
(ALDH) or an aldehyde oxidase (AOX) could be possible [46,47]. Both the NAD(P)+-dependent
ALDHs and flavin-dependent molybdenum/tungsten AOXs are described as broad-substrate and are
largely uncharacterized. Subsequent hydroxylation of the 4HPA acyl side-chain could be carried
out by an α-ketoglutarate-dependent Fe2+ enzyme or a cytochrome P450 (P450) [48,49]. 4HPA
could also enter into the homogentisate pathway, where hydroquinone could be obtained from
homogentisate in a few enzymatic steps [50,51]. Hydroquinone could be derived from gentisate
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by decarboxylation, potentially requiring a nonoxidative decarboxylase like 5-carboxyvanillate or
γ-resorcylate decarboxylase, both members of the ACMSD decarboxylase family [52–54]. Oxidative
decarboxylation of aromatic substrates can also be carried out by flavin monooxygenases (FMOs) [55].
Though it is unclear whether tyrosine metabolism factors into meroterpenoid biosynthesis, enzymes
similar to these are capable of supplying the prenyl acceptor.

4HPA degradation 
pathway

Gentisate
pathway

Homogentisate
pathway Tyrosine 

metabolism
(KEGG) 

AS precursor

AS precursor

Figure 8. Potential biosynthetic origins of the aromatic adociasulfate prenyl acceptor from tyrosine
metabolism pathways, as mapped by the Kyoto Encyclopedia of Genes and Genomes (KEGG). Dashed
arrows indicate possible or uncharacterized enzymatic transformations.

The majority of meroterpenoid pathways contain genes responsible for providing or modifying
existing aromatic precursors, but these genes represent a variety of distinct biosynthetic routes.
Hydroquinone prenyl acceptors of known meroterpenoid pathways are derived primarily from
polyketides [31,32,34,38,56–60], but can also be derived from tyrosine [41,61], and from the carbohydrate
sedoheptulose 7-phosphate [33]. Another possibility is that the prenyl acceptor is extensively modified
after the initial prenylation event, as is the case in ubiquinone synthesis. 4-hydroxybenzoate (4HB) and
homogentisate, similar in structure to 4HPA and hydroquinone, are known prenyl acceptors in the
ubiquinone and plastoquinone/tocopherol pathways, respectively [62,63]. Prenyl-4HB/homogentisate
could be decarboxylated and then hydroxylated to generate the precursor of adociasulfate cyclization.
From the examples described here, merotriterpenoids are likely to include specific genes devoted to
hydroquinone synthesis.

3.2. Prenylation

Prenyltransferase is the first true step in adociasulfate biosynthesis. A variety of aromatic
prenyltransferases (PTases) are known to generate products resembling the linear adociasulfate
precursors shown in Figure 2. The earliest to be characterized of these enzymes is 4HB-PTase, which is
involved in ubiquinone biosynthesis [62,64]. 4HB-PTases are present in all forms of life, as ubiquinone
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is an essential component of biological redox reactions like the electron transport chain. The mechanism
of prenyl transfer by UbiA, the 4HB-PTase of E. coli, involves activation of the isoprene diphosphate to
form a carbocation, initiating the electrophilic addition to 4HB in a Friedel-Crafts type alkylation [65,66].
UbiA and related PTases are broadly substrate selective in vitro, especially with regard to the length of
isoprenes that can be incorporated into their product [62,67,68]. UbiA also exhibits broad substrate
specificity for prenyl acceptors, provided that these substrates are para-alcohol- or amino-substituted
benzoates [69]. In fact, membrane-associated aromatic PTases utilize a wide variety of aromatic prenyl
acceptors in the biosynthesis of plastoquinones/tocopherols, menaquinone, and even secondary
metabolites; a testament to their vast biosynthetic potential [70]. It is likely, owing in particular to their
accommodation of variable isoprene chain lengths, that membrane aromatic PTases are involved in
sponge meroterpenoid biosynthesis.

Prenylation is not unique to the UbiA-like PTases, however, and could be accomplished by other
enzyme families. The ABBA-family of aromatic PTases, so named for their alternating, antiparallel
α -β-β-α folds (dubbed the PT-fold or PT-barrel), are soluble aromatic prenyltransferases involved
in secondary metabolism of bacterial and fungal natural products [71,72]. Though ABBA PTases are
broadly selective with regard to the aromatic prenyl acceptor, they are restricted in the length of the
prenyl donor to two or fewer isoprene units. Only one ABBA PTase is known to accept FPP as a prenyl
donor [30]. Despite the significant role of ABBA PTases in secondary metabolism, the comparison
between PTase families better supports the idea that a membrane-associated PTase is involved in
sponge meroterpenoid biosynthesis.

3.3. Cyclization

Cyclization of triterpenes is an electrophilic reaction catalyzed by class II terpene cyclases.
Class II triterpene cyclases of the bacterial squalene-hopane cyclase (SHC) and eukaryotic
oxidosqualene-lanosterol cyclase (OSC) families are known for both their broad substrate selectivity
and their extreme product diversity in vitro [73–76]. This product diversity is related to the
proton-initiated mechanism of cyclization. Carbocation-mediated rearrangements occur frequently,
and similar substrates may be cyclized differently depending on where they are protonated, which
depends on both substrate and enzyme and shape. Despite this, cyclization is a highly stereospecific
reaction, resulting in characteristic configurations about the chiral bridgehead and methyl-substituted
carbons. The fit of the substrate within the cyclase active site likely plays a large role in determining the
arrangement of the rings in the final product. Many adociasulfates display sterol-like stereochemistry
within rings A-C, indicative of the “prechair” conformation assumed by group I and II adociasulfates
prior to cyclization that is characteristic of both sterol and hopene cyclizations (Figure 4) [73]. Group III
and IV adociasulfates exhibit bicyclic skeletons, which are also products of SHC/OSCs in vitro [73,76].
As sponge merotriterpenoids display features characteristic of proton-initiated cyclization, including
complex rearrangements and substrate-dependent patterns of carbon skeletons (Figure 2), an SHC- or
OSC-like cyclase is likely involved in their synthesis.

Class II terpene cyclases do not utilize linear meroterpenoid substrates in nature, but are
nonetheless capable of performing the chemistry required of a putative adociasulfate cyclase. Both
SHCs and OSCs can cyclize linear hydroquinone meroterpenoids in vitro [75,77–79]. In these examples,
SHCs are able to cyclize the prenyl side chain of the linear meroterpenoid substrate, but their products
lack fusion of the aromatic moiety to the terpene ring system [77,79]. The OSC lupeol synthase
(LUP1) from Arabidopsis thaliana, however, is capable of fusing the aromatic indole ring of its epoxide
substrate to the prenyl side chain [78]. This is similar to the epoxide-dependent aromatic ring fusion
observed for group I and II adociasulfates (Figures 4 and 5). This would suggest that the presence
and position of epoxides determine which type of skeleton will be formed. In this way, a single class
II terpene cyclase could be responsible for the production of all sponge merotriterpenoids. In an
example of substrate-dependence on cyclization, tetraprenyl-β-curcumene cyclase of Bacillus subtilis
is capable of utilizing both a linear, monocyclic C35 terpenoid substrate to generate a fused four-ring
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skeleton strongly resembling group I and II adociasulfates, and squalene to produce a fused bicyclic
drimane-like skeleton similar to group III and most group IV adociasulfates [80]. In this case, the
structural differences between the linear, head-to-tail tetraprenyl-β-curcumene and the tail-to-tail
squalene direct the outcome of the cyclization event. Adociasulfate cyclizations sometimes involve
heterocycle formation, presumably involving hydroxyls produced by epoxide ring openings. SHCs are
capable of heterocycle formation in this way [81]. In general, SHCs exhibit greater substrate flexibility
than OSCs and can accept a variety of terpene substrates in vitro, including 2,3-oxidosqualene [73,82].
Thus, it is likely that a bacterial SHC-like enzyme is responsible for adociasulfate cyclization.

Though one could envision the adociasulfate biosynthetic pathway containing an SHC-like
terpene cyclase, natural product pathways often include atypical enzymes capable of performing
similar chemistry rather than the more recognizable class II terpene cyclases. For example,
several fungal indole meroterpenoid pathways utilize a novel family of small, membrane-bound
meroterpenoid cyclases (MTCs) capable of proton-initiated cyclization [83]. One of these enzymes,
PaxB, has been shown to cyclize doubly epoxidized substrates similar to those predicted for group
II sponge merotriterpenoids [84]. The resulting compound, paspaline, is remarkably similar to
adociasulfates in that it, too, contains a heterocycle formed after an initial epoxide opening cyclization
event, using the resulting hydroxyl group in the second cyclization reaction. MTCs have thus far only
been reported to cyclize merosesquiterpenoid and meroditerpenoids, but it appears plausible that such
enzymes could catalyze longer cyclizations, such as that predicted for 8 (Figure 7D).

3.4. Epoxidation

Epoxidation of squalene in eukaryotes is carried out by squalene monooxygenase (SM),
a membrane-bound flavin-dependent protein that requires molecular oxygen and reduced NADPH, as
well as a P450 reductase partner [85]. The requirement for a P450 reductase is unique to SM amongst
FMOs, as there is no structural relationship between SM and P450s, but several groups of FMOs are
known to require other flavin reductase partners [55]. There is evidence that a second, non-P450 type
flavin reductase may be also be able to supply reduced NADPH to SM [86]. There is also a precedent
for SM in secondary metabolism. The diterpene phenalinolactone, produced by a Streptomyces strain,
includes an SM homolog in its biosynthetic gene cluster [87]. This SM homolog is believed to introduce
an epoxide at the terminal olefin of the C20 geranylgeranyl diphosphate substrate. SM produces
a single isomer of oxidosqualene, introducing an oxirane ring at the terminal 2,3-alkene in the (S)
configuration. However, due to the rigid specificity of SM for terminal olefins it is more likely that an
unrelated monooxygenase is involved in sponge merotriterpenoid epoxidation. For example, non-SM
FMOs related to oxidative genes of the ubiquinone pathway have been identified in fungal indole
terpenoid gene clusters, such as that of xiamycin [2,88]. Additionally, P450 monooxygenases are
involved in oxidative tailoring reactions in numerous natural product pathways and are capable of
performing a wide variety of chemical modifications on diverse substrates, including epoxidation.
All P450s obtain reduced flavin via a P450 reductase partner, similar to SM [89]. Owing to their
incredible diversity in both function and substrate specificity, either FMOs or P450s are a more likely
candidate for epoxidation than SM in the adociasulfate pathway.

3.5. Sulfation

The final step in the synthesis of adociasulfates is sulfation of the hydroquinone moiety.
In eukaryotes, sulfation is carried out by sulfotransferases (SULTs) that utilize 3′-phosphoadenosine
5′-phosphosulfate (PAPS) as a sulfonate (SO3

−) donor. Though SULTs are less prevalent in bacteria
than in eukaryotes, sulfation has been incorporated into secondary metabolism. SULT domains have
been identified within polyketide synthases to generate sulfated products, or, in one case, sulfation
activates a substrate for decarboxylation [90]. The role of sulfation in adociasulfate activity can
only be guessed, as the native biological function of adociasulfates is not known. However, with
regard to kinesin, the sulfates only prevent membrane penetration and do not affect inhibition [12,91].
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Sulfation could be a mechanism for elimination from the sponge to avoid toxicity associated with
kinesin inhibition, or it could enhance secretion to facilitate exposure to predators. Not all sponge
merotriterpenoids are sulfated, however, but these compounds have not been tested for kinesin
inhibition [5,6]. It has been suggested that an analog of 14 containing an esterified glycolic acid
moiety and lacking sulfation might be membrane permeable and still inhibit kinesin, making it a
good anticancer lead [12]. 21 and haliclotriol triacetate closely resemble this hypothetical analog and
should be screened for kinesin inhibition [6]. Nonetheless, sulfation is not essential for adociasulfate
biosynthesis, and the genes involved need not reside in the same gene cluster or even the same genome
as the rest of the pathway. While a microbial symbiont may produce adociasulfates, the host could be
responsible for their sulfation.

4. Concluding remarks

To date, adociasulfates remain the only known natural product kinesin inhibitors that compete
with MTs for binding. Until recently adociasulfates were thought to form MT-mimicking aggregates,
bringing into question their potential as drugs or mechanistic probes [92]. It is now understood that
adociasulfates bind kinesin in a 1:1 interaction [12]. In light of these findings, it is crucial to point out
the unlikeliness of kinesin inhibitors RBL and NSC 622124 to behave as expected in biochemical or
cell-based investigations. Adociasulfates are the only experimentally validated inhibitors to compete
with MTs for binding kinesin at a single-molecule level. Thus, there exists some urgency to achieve
sustainable adociasulfate production.

A general biogenetic hypothesis can be made based on the proposed structural relationships
between hydroquinone merotriterpenoids (Figure 9A). Proton-initiated cyclization from variable
substrates, including non-epoxides, suggests a squalene-hopene cyclase. The positions of the
epoxides in the linear precursors suggest that an FMO or P450 may be responsible. The head-to-tail
linear triterpene precursor supports the idea that a polyprenyl synthase supplies the precursor of
cyclization. These observations, which encompass the more distinct features of the adociasulfate
structure, imply a bacterial origin (Figure 9B). This biogenetic hypothesis is supported by the recent
discovery of a meroterpenoid pathway from marine cyanobacteria, which are often involved in
symbioses with sponges and other invertebrates [93]. The merosterols are meroditerpenoids that
greatly resemble adociasulfates. Their biosynthetic pathway incorporates elements of the MEP
pathway for isoprene production, and both carbohydrate and tyrosine metabolism for synthesis
of the PHB moiety. An UbiA-like PTase and SHC-like cyclase were shown to generate a cyclized
meroterpenoid product, and several genes encoding oxidative proteins are present, including two
P450s, presumably to introduce modifications to the aromatic ring. Despite these similarities, no
biosynthetic pathways for sponge meroterpenoids have ever been identified for comparison. In only
one case has a producing organism been claimed to have been identified—for the production of avarol,
a merosesquiterpenoid, by the sponge Dysidea avara. In these studies, avarol was traced to a specific
sponge cell type and production was later observed from an axenic primary sponge culture [94,95].
However, no publications have followed these studies in nearly 18 years. Thus, while the possibility
exists that adociasulfates and related meroterpenoids are sponge-derived, or that merosesquiterpenoid
biosynthesis may differ substantially with that of merotriterpenoids, the biosynthetic origin of sponge
merotriterpenoids that is most consistent with their structure is bacterial.

Though the structure of adociasulfates favors symbiont- over host-derived production, no clear
verdict can be reached without experimental investigation. Clues as to what types of enzymes are
responsible have been described here. Targeted searches of genes with these functions could help to
identify the adociasulfate pathway. Metagenomic approaches may complicate data interpretation in
that several to hundreds of gene homologs may be identified within a single metagenome, especially
for those genes related to primary pathways, such as ubiA. A comparative metagenomics approach may
resolve these issues, in which the metagenomes of nonproducing Chalinidae sponges are sequenced
alongside adociasulfate-producing specimens. Care must be taken to collect and prepare separate
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samples for analysis by chemical and DNA sequencing approaches. Following the guidelines for
pathway identification laid out in this review may result in successful recognition of a meroterpenoid
pathway, paving the way for biosynthetic approaches to solve the supply problem that surrounds
these valuable compounds. More importantly, a thorough analysis of compound structure can reveal
valuable information regarding the compound’s origin. This strategy can be used as a general approach
in the discovery of natural product biosynthetic pathways.

A biogenetic hypothesis

B hypothetical bacterial adociasulfate gene cluster

trans
gene

AS-2

Figure 9. A biogenetic hypothesis for the adociasulfates. (A) A biosynthetic scheme summarizing the
proposed biogenetic hypothesis for the origin of adociasulfates. (B) A hypothetical adociasulfate gene
cluster was constructed based on the most probable biosynthetic origin, as addressed in this review.
In this scenario, the pathway is assumed to be part of a bacterial genome. Black genes represent those
directly involved in biosynthesis, white genes are those indirectly involved in biosynthesis, and those
bordered with a dashed line have the potential to be entirely absent from the cluster.
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Abstract: Natural products from marine actinomycetes remain an important resource for drug
discovery, many of which are produced by the genus, Streptomyces. However, in standard
laboratory conditions, specific gene clusters in microbes have long been considered silent or
covert. Thus, various stress techniques activated latent gene clusters leading to isolation
of potential metabolites. This study focused on the analysis of two new angucycline
antibiotics isolated from the culture filtrate of a marine Streptomyces pratensis strain NA-ZhouS1,
named, stremycin A (1) and B (2) which were further determined based on spectroscopic
techniques such as high resolution time of flight mass spectrometry (HR-TOF-MS), 1D,
and 2D nuclear magnetic resonance (NMR) experiments. In addition, four other known
compounds, namely, 2-[2-(3,5-dimethyl-2-oxo-cyclohexyl)-6-oxo-tetrahydro-pyran-4yl]-acetamide
(3), cyclo[L-(4-hydroxyprolinyl)-L-leucine] (4), 2-methyl-3H-quinazoline-4-one (5), and menthane
derivative, 3-(hydroxymethyl)-6-isopropyl-10,12-dioxatricyclo[7.2.1.0]dodec-4-en-8-one (6) were
obtained and elucidated by means of 1D NMR spectrometry. Herein, we describe the “Metal Stress
Technique” applied in the discovery of angucyclines, a distinctive class of antibiotics that are
commonly encoded in microbiomes but have never been reported in “Metal Stress” based discovery
efforts. Novel antibiotics 1 and 2 exhibited antimicrobial activities against Pseudomonas aeruginosa,
methicillin resistant Staphylococcus aureus (MRSA), Klebsiella pneumonia, and Escherichia coli with
equal minimum inhibitory concentration (MIC) values of 16 μg/mL, while these antibiotics showed
inhibition against Bacillus subtilis at MIC value of approximately 8–16 μg/mL, respectively. As a result,
the outcome of this investigation revealed that metal stress is an effective technique in unlocking the
biosynthetic potential and resulting production of novel antibiotics.

Keywords: marine microorganisms; Streptomyces pratensis; polyketide antibiotics; metal stress
technique; antimicrobial activity

1. Introduction

In the microbial world, secondary metabolites may act as natural antibiotics, enzyme inhibitors,
pigments, and toxins for microbial protection or behave as signaling agents depending on
their concentrations [1–4]. In spite of the fact that above half of all medications are based
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on terrestrial natural products platforms, the marine habitat that comprises 71% of the Earth’s
surface may provide an exceptional possibility to explore novel therapeutics because of its unusual
chemical diversity and growth conditions [5]. The exploration of new natural products from
marine resources led to the isolation of about 15,000 novel secondary metabolites during the
period of 2001–2015 [6]. Marine microorganisms usually thrive under distinctive conditions like
temperature, pressure, dissolved oxygen, and nutrient availability, leading to the production
of structurally and biologically interesting compounds. As such, marine actinomycetes have
been revealed as an incredible source of novel secondary metabolites with various biological
activities [7–15]. More specifically, marine Streptomyces derived compounds have demonstrated
their potency to exhibit cytotoxic, anticancer, antifungal, and antimicrobial effects such as
warkmycin, 12-deoxo-12-hydroxy-8-O-methyltetrangomycin, marizomib, and salinosporamide
A [16–19]. Abiotic strategies such as chemical stress (heavy metal), biotic stress (co-cultivation),
and changes in fermentation conditions (light, pH, temperature, and various media) are long known
to induce notable changes or function to unlock cryptic biosynthetic gene clusters in the microbial
metabolome [4,20]. Standard laboratory culture conditions have proven to hinder activation of specific
gene clusters which, in turn, hamper the generation of secondary metabolites. Previous work which we
have conducted demonstrates the successful utility of the “metal stress” strategy for activating silent
gene clusters and subsequent isolation of unique natural products which exhibit potent antimicrobial
properties [5,21–23].

The angucycline group of antibiotics belongs to a specific group of polycyclic aromatic polyketides
derived from naturally occurring quinone saccharide antibiotics, which exhibit mainly anticancer
and antimicrobial activities [24,25]. This type of antibiotic was first discovered as a tetrangomycin
isolated from Streptomyces rimosus in 1965 and was shown to have a C–C bond connectivity with C-9
linked sugar moieties [17,26]. A large number of angucyclines are produced as C-glycoside antibiotics,
and displaythis element as one of the most distinctive and typical structural characteristics. It is
also known that theseantibiotics are produced by actinomycetes with Streptomyces as the major
producer [27].

In order to discover new secondary metabolites and extend the use of the “Metal Stress” strategy
that stimulates the cryptic gene cluster of marine microorganisms, different metal ions were applied to
the marine Streptomyces strain NA-ZhouS1. Under one of these implemented conditions, referred to
herein as heavy metal nickel (100 μM) followed by their antibacterial capacities together with a
comparison of extract in high performance liquid chromatography (HPLC) profile, grasped our
consideration, and facilitated interaction with new compounds stremycin A (1) and B (2). The results
in the comparison revealed that the addition of metal induction would streamline natural product
development efforts. Further, this study deals with the isolation, structure elucidation and bioactivities
of two new aromatic polyketides 1 and 2, in addition to known compounds 3–6. The structures are
shown in Figure 1.

67



Mar. Drugs 2018, 16, 331

Figure 1. Chemical structures of stress metabolites 1–6.

2. Results

Streptomyces pratensis strain NA-ZhouS1 was isolated from marine sediment in the waters along
the Zhoushan Coast in East China. Throughout this study, the strain was treated with the abiotic stress
reagents, such as NiCl2·6H2O; CoCl2·6H2O; ZnSO4·7H2O; CrCl3·6H2O; MnCl2·6H2O at concentrations
of 100, 200, 400, 800 μM, respectively. As a consequence, based on HPLC guided profile, 100 μM
nickel ion (NiCl2·6H2O) was chosen as the best elicitor of stress in the S. pratensis strain toward the
production of antibiotics in comparison to conditions used for normal growth of the strain (Figure 2).
The 30 L of nickel treated culture broth was extracted with ethyl acetate (EtOAc) and subjected to
reverse phase column using C18 silica gel, Sephadex LH-20, followed by further purification with
preparative HPLC (flow rate 10 mL/min, ultraviolet (UV) detector 210 nm), which successfully led
to the isolation of two new aromatic polyketides, namely, stremycin A (1) and B (2) together with a
known compound 3. Moreover, the other culture extract of the same strain, which was induced by zinc
ion to a concentration of 100 μM, subjected to analytical HPLC (flow rate 0.8 mL/min, eluted mode
0~30 min 20%~100% (H2O/MeOH), 30–50 min 100% MeOH, UV detector 210 nm) led to the isolation
of three known compounds 4–6.
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Figure 2. HPLC analysis metabolic profile of NA-ZhouS1 under nickel ion stress condition.

Structural Elucidation of Novel Compounds

Stremycin A (1) was detected and isolated as a yellow powder, giving the molecular formula
of C48H65NO21 according to the HR-TOF-MS analysis in positive ion mode at m/z 1014.3937 for
[M + Na]+ (Calcd. 1014.3941) and in negative ion mode at m/z 990.3964 for [M − H]− (Calcd.
990.3976), (Supplementary Material (SM), Figures S26 and S27). Carefully analysis of 1H and
13C NMR spectroscopic data exhibited features characteristic of tetracyclic benz[α]anthracene core,
with the 1-position O-glycosylated and 9-position C-glycosylated, which were characterized by
resonances corresponding to twenty methines, fourteen quaternary carbons, six methylene, and nine
methyl groups (Table 1). These signals were comparable to those of warkmycin and P371A1 [16,28].
Although the structure of 1 was analogous to warkmycin whilea difference was observed in the
substituent pattern, i.e., the presence of a carbamoyl group -CONH2in the region of sugar D instead
of sugar A ofwarkmycin [16]. This was further confirmed following observation of heteronuclear
multiple bond correlation (HMBC) cross peaks from H-4D to a carbamoyl carbon at (δC 159.6).
Another difference wasnoted at C-4 (δC 36.3) position in the aglycone of 1, where the methylene
protons were seen at δH [1.99, 2.36 (d, J = 17.6)] instead of an oxygenated methine [δH 5.36, δC 68.1
(CH-4)] in warkmycin.Hence, the entire assignment of all the 1H and 13C NMR data of 1 was finally
performed by the correlative analysis of its 1H-1H correlated spectroscopy (COSY), heteronuclear
single quantum correlation (HSQC), HMBC, and nuclear overhauser effect spectroscopy (NOESY)
experiments (SM, Figures S4–S6 and S8). The 1H NMR spectrum displayed a set of ortho-coupled
aromatic proton signals appeared at δH 7.87, 7.64 (d, J = 7.9 Hz, H-10/11), two oxygenated methine
protons at δH 5.84, 4.92 (d, J = 6.8 Hz, H-5/6), and an olefinic proton signal at δH 5.63 (1H, s, H-2),
which were associated with the carbons resonated at δC 134.2 (C-10), 120.1 (C-11), 76.2 (C-5), 69.9 (C-6),
and 76.2 (C-2), as seen via the HSQC spectrum results. These ortho-coupled protons (H-10/H-11
and H-5/H-6), showed diagnostic COSY contacts with typical 1H-1H coupling constants, which was
extended by HMBC correlations from H-10 to C-7a, C-8, and C-11a; H-11 to C-7a, C-9, C-10, and C-12;
H-5 to C-6; H-6 to C-5, C-6a, and C-12a to establish the connectivity of rings. The fusing pattern of
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another ring was deduced by observing the HMBC correlations from H2-4 to C-4a, C-5, and from H-1
to C-2, C-4a, and C-12b to complete the assignment of aglycone skeleton. In addition, a typical quinone
analogs system was identified from the significant carbonyl chemical shifts, which were visible at δC

187.24 (C-12) and δC 190.52 (C-7) in the 13C NMR spectrum. A substituted singlet methyl resonance
noticeable at (δH 1.68, δC 23.58) was confirmed at C-3 δC 136.61 by HMBC correlations of δH 1.68 to C-3,
C-4, while an acetyl group resonated at δC 172.39 (5-COMe) was assigned to an oxygenated methine at
[δH 5.84, δC 76.24 (CH-5)] by cross-peak correlations observed in the HMBC spectrum from H-5 to a
quaternary carbon δC 172.39. As a consequence, a detailed analysis of two-dimensional (2D) nuclear
magnetic resonance spectroscopy data was performed as compared to previously published literature.
This revealed the cis arrangement with a strong correlation in between H-5 and H-6. Since H-4 showed
a diagnostic NOESY cross peak with H-5, it indicated that the acetyl group was in an α-configuration.
Since H-5 was α-oriented, no NOESY connection would be present between H-5 and H-4 owing to the
bulky OAc group which stayed as equatorial, pushing H-5 away from both H-4. The coupling constant
J5–6 = 6.8 Hz revealed the hydroxyl group at C-6 to be α-oriented.

Table 1. NMR spectrum data for stremycin A (1), 1H NMR (500 MHz, δ in ppm), 13C NMR (125 MHz,
δ in ppm) in MeOD.

Position δC, Type δH (Mult., J in Hz) HMBC COSY

1 82.1, CH 4.34, d (4.2) C-1A, C-2, C-12b, C-4a H-2
2 120.8, CH 5.63, s C-3 H-1
3 136.6, C - - -
4 36.3, CH2 1.99, d (17.6); 2.36, d (17.6) Me-3, C-4a -

4a 75.6, C - — -
5 76.2, CH 5.84, d, (6.8) C-6, COMe H-6
6 69.9, CH 4.92, d, (6.8) C-5, C-6a, C-12a H-5
6a 145.2, C - - -
7 190.5, C - - -
7a 115.6, C - - -
8 158.6, C - - -
9 139.3, C - - -
10 134.2, CH 7.87, d (7.9) C-7a, C-8, C-1B, C11a H-11
11 120.1, CH 7.64, d (7.9) C-7a, C-9, C-12 H-10
11a 132.6, C - - -
12 187.2, C - - -
12a 146.0, C - - -
12b 78.5, C - - -

3-Me 23.5, CH3 1.68, s C-3, C-4 -
5-COMe 172.3, C - - -

20.9, CH3 2.20, s - -

Sugar A

1A 100.6, CH 4.60, d (4.0) C-1, C-3A, C-5A H-2A
2A 30.6, CH2 1.31, overlapped; 1.88, m - H-1A, H-3A
3A 78.4, CH 3.29, m OMe-3A H-4A
4A 66.9, CH 3.49, m - H-5A
5A 63.4, CH 4.29, m - H-6A
6A 16.8, CH3 1.18, d (6.6) C-5A H-5A

OMe-3A 57.5,C 3.24, s - -

Sugar B

1B 72.4, CH 4.89, s C-10, C-9, C-8, C7a, C-2B,
C-3B, C-4B, C-5B H-2B

2B 38.6, CH2
1.42, d (12.6);2.50, dd (12.1,

4.2) - H-1B, H-3B

3B 82.5, CH 3.84, m C-1C H-4B
4B 76.8, CH 3.11, t (8.9) - H-5B
5B 77.7, CH 3.46, m C-6B H-6B
6B 18.8, CH3 1.38, d (6.1) - -
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Table 1. Cont.

Position δC, Type δH (Mult., J in Hz) HMBC COSY

Sugar C

1C 99.3, CH 4.78, dd (9.9, 1.8) C-3B, C-2C H-2C
2C 45.6, CH2 1.68, overlapped; 1.95, m C-3C, C-4C H-1C
3C 71.5, C - - -
4C 90.5, CH 3.19, d (9.6) C-5C, C-6C, C-1D H-5C
5C 71.9, CH 3.55, m - H-6C
6C 18.5, CH3 1.31, d (6.1) C-5C H-5C

Me-3C 22.6, CH3 1.25, s C-3C, C-4C -

Sugar D

1D 104.5, CH 4.62, s C-4C, C-2D, C-3D H-2D
2D 31.4, CH2 1.64, m; 1.99, overlapped - H-3D
3D 28.9, CH2 1.57, m; 2.14, m - H-4D
4D 73.9, CH 4.24, dd (10.0, 4.4) C-6D, CONH2 H-5D
5D 75.3, CH 3.65, m - H-6D
6D 18.2, CH3 1.22, d (6.2) C-5D -

4D-CONH2 159.6, C - C-4D -

In the 1D (1H, 13C) NMR spectrum, three acetal carbon resonances observed at δC 99.31 (C-1C),
δC 100.64 (C-1A) and δC 104.57 (C-1D), as well as four doublet methyl proton resonances appeared at
δH 1.18 (3H, d, J = 6.6 Hz, H-6A), 1.38 (3H, d, J = 6.1 Hz, 6B), 1.31 (3H, d, J = 6.1 Hz, H-6C), and 1.22
(3H, d, J = 6.2 Hz, H-6D) revealed the existence of four deoxy sugars, three of which O-linked and one
needed to be C-glycosidically linked to the aglycone of 1.

A thorough analysis of the 2D NMR experiment was carried out to clarify the connection of four
sugar units (A–D) attached to aglycone as shown in Figure 3. As such, in the substituent of sugar A,
a small coupling constant (J = 4.0 Hz) of an anomeric proton resonated at δH 4.60 (H-1A) proved that
this unit was α-O-glycosidically linked to angucycline core. Further, the observed 3JC-H long-range
correlations from H-1A to C-1 (δC 82.1) and H-1 to C-1A (δC 100.6) in the HMBC spectrum confirmed
the connection of C-1-O-C-1A between the aglycone and oleandrose. The NOESY cross peaks of H-1
and H-1A revealed an axial orientation of H-1. Similarly the 1H-1H COSY correlations of H-1A/H-2A,
H-3A/H-4A, H-5A/H-6A, and the HMBC correlations of H-1A to C-3A, C-5A revealed the presence of
a six-membered deoxy sugar. Moreover, the singlet methoxy group resonated at (δH 3.24, δC 57.50)
was confirmed at CH-3A by HMBC 3JC-H long-range cross peaks. Comparison of our conclusions with
those found in the literature that the sugar A is a known unit, namely, α-O-5-epi-oleandrose [16].

 
Figure 3. The key 1H-1H COSY, HMBC correlations of stremycin A (1).
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As such, the significant HMBC long-range correlations from the anomeric methine proton (CH-1B)
resonated at (δH4.89, δC 72.43) to C-8, C-9, and C-10 inferred the presence of C-glycosidic bond (C9-C1B)
between the aglycone and olivose sugar moiety. The resonance of H-1B showed an overlapped
peak in the 1H NMR spectrum, thus it was not possible to determine the exact coupling constant.
Correspondingly, the coupling constant (J = 8.9 Hz) of a methine proton resonated at δH 3.11 (H-4B)
revealed that sugar B assumes the acetal carbon (C-1) conformation in which all protons were axially
oriented excluding the H-5B and H-6B. The hydroxyl group at CH-5B (δH 3.46, δC 77.7) and the
methyl group of H-6B considered being equatorial when compared to those of warkamycin [16].
Further analysis was observed by 1H-1H COSY correlations in between H-1B/H-2B, H-2B/H-3B,
H-3B/H-4B, H-4B/H-5B, and H-5B/Me-6B, followed by the HMBC correlations of H-1B to C-2,
C-3, C4, and C-5 confirmed the presence of the sugar olivose. Hence, the combined results with
comparison of published literature led to the identification of sugar B as β-C-olivose linked to C-9 on
the angucycline core.

Similarly, the substituent of sugar C displayed large coupling constants JH-1C = 9.9, 1.8 Hz and
JH-4C = 9.6 Hz resonated at δH 4.78 and at δH 3.19, signifying this unit as β-glycosidically bonded
to sugars by also revealing an axial orientation. In addition, the connectivity of sugar B and C as
O-glycosidic linkage C-3B-O-C-1C was deduced by HMBC long-range correlationsof H-3B to C-1C
(δC 99.31). Moreover, the 1H-1H COSY correlations of H-1C/H-2C, H-4C/H-5C, H-5C/H-6C, and the
HMBC correlations of H-1C to C-2 (δC 45.6), H2-2C to C-3 (δC 71.5), and C-4C (δC 90.5), and H-4C to
C-5C (δC 71.9), and C-6C (δC 18.5)verified the presence of the sugar unit olivomycose. The NOESY
spectrum further confirmed the correlations between H-1C to H-2C, H-1C to methyl proton at H-3C,
H-4C to methyl proton at H-6C and established this unit with comparison of previously published
literature as β-olivomycose.

Likewise, the unit of sugar D displayed large coupling constant (JH-1D = 9.1 Hz) resonated
at δH 4.62 revealed an axial orientation of H-1D and confirmed as β-glycosidically boundsugar.
The O-glycodsidic connectivity of sugar C to D(C-4C-O-C-1D) was determined on the basis of HMBC
correlations of H-4C to C-1D and H-1D to C-4C. Further, the 1H-1H COSY correlations ofH-1D/H-2D,
H-2D/H-3D, H-3D/H-4D, H-4D/H-5D, and H-6D, and the HMBC cross peaks of H-1D to C-2D
(δC 31.4) and C-3D (δC 28.9); H-4D to CONH2 (δC 159.6) and C-6D (δC 18.2)revealed the presence of
sugar amicetose. The structure of 1 exhibited the substituent of a carbamoyl group at δH 4.24 (H-4D, dd,
J = 10.0, 4.4 Hz) which highlighted the novelty of this compound. Therefore, sugar D was established
as 4-O-carbamoyl-β-amicetose.

To further confirm the new structure, ESI MS/MS fragmentation experiment of compound 1

was carried out (Figure S28). As such, the positive ion MSnspectrum of the structure gave the major
[M + Na]+ ion at m/z 1014. As shown in Figure 4, the fragmentation of this precursor ion yielded
an interesting product ion at m/z 953, which was attributed to the elimination of a neutral molecule
CH3NO2 (61 Da) from the precursor ion at m/z 1014. The product ions at m/z 870 and 709 were generated
by the loss of 144 and 161 Da, which were reasonably assigned as the elimination of C7H12O3 and
C7H15NO3, respectively. Further, the fragment ion was observed at m/z 852, which indicated the
neutral loss of 162 Da (assigned to C7H14O4). Similarly, the product ions at m/z 792, 774, and 456
were produced by the loss of 60, 18, and 318 Da, which were selected as the elimination of acetic acid
(C2H4O2), H2O, and C19H10O5, respectively. Another major product ion peak with high intensity
was observed at m/z 713, generated by the loss of 301 Da, specified as the elimination of C14H23NO6.
The fragments at m/z 569, 551, 533, 491, and 473, which were in close agreement with the presence
of C-glycosidic linkage at C-9 position, observed with continuous loss of 144, 18, 18, 60, and 18 Da,
assigned to the removal of C7H12O3, H2O, and acetic acid (C2H4O2), respectively. The structure of 1,
being a new aromatic polyketide was thus termed as stremycin A.
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Figure 4. The key plausible MSn fragmentation pathway of stremycin A (1) was confirmed by
electrospray ionization mass spectroscopy (ESI-MS/MS) analysis in positive mode.
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Stremycin B (2) was obtained as a yellow powder. The HR-TOF-MS analysis of 2 yielded a
molecular ion peak at m/z 1030.3860 [M + Na]+ (Calcd. 1030.3890) in positive mode and at m/z 1006.3987
[M − H]− (Calcd. 1006.3925), giving the molecular formula C48H65NO22 (SM, Figures S29 and S30).
The general feature of 1D and 2D NMR (1H, 13C, 1H-1H COSY and HMBC) spectrum (Table 2)
closely resembled that of 1, thus strongly suggesting that the structure of 2 was highly similar to
the new compound 1 (Figure 1). The main difference between 1 and 2 was 16 Da, suggesting the
presence of a hydroxyl group at the C-4 position in 2 instead of a methylene in 1. According to the
1D NMR spectrum, one proton was seen at δH 4.17 (s, H-4), representing CH for compound 2 while
two protons were seen at δH [1.99, 2.36 (d, J = 17.6 Hz, H-4)] representing CH2 for compound 1.
These deductions were further confirmed on the basis of the HSQC spectrum, where the cross peak
notedin between the resonances of H-4 to C-4 (δC 70.5), and extended by HMBC correlations from
H-4 to C-3, 3-Me, C-4a, and C-12b. Hence, these findings confirmed the presence of a hydroxyl
group attached at C-4 to the aglycone unit of 2. Further confirmation and analysis were carried out
by 1H-1H COSY, HMBC, and NOESY experiments, where the correlations of a proton and carbon
were in very close agreement to that of compound 1 and clearly confirmed the suggested structure
of 2. However, no NOESY correlation was found between Hβ-5 and H-4. The hydroxyl group at C-4
was determined as β-oriented. It was also found that the structure of 2 was highly similar to that of
4-O-deacetyl-warkmycin, previously reported by Helaly et al., 2015 [16], which was the synthesized
version obtained under acidic conditions. Nevertheless, both structures were distinctive in sugar
moieties. Finally, based on the results, the structure of 2 was elucidated as a new benz[α]anthracene
glycoside and named as stremycin B.

Table 2. NMR spectrum data for stremycin B (2), 1H NMR (500 MHz, δ in ppm), 13C NMR (125 MHz,
δ in ppm) in MeOD.

Position δC, Type δH (Mult., J in Hz) HMBC COSY

1 81.8, CH 4.43, d (3.8) C-1A, C-2, C-3, C-12b, C-4a H-2
2 123.1, CH 5.72, d (3.2) 3-Me, C-4 H-1
3 138.7, C - - -
4 70.5, CH 4.17, s 3-Me, C-3, C-4a, C-12b -
4a 76.2, C - - -
5 75.9, CH 5.76, d (6.8) C-6, COMe H-6
6 69.8, CH 4.91, m (6.8) C-5, C-6a, C-12a H-5
6a 144.5, C - - -
7 190.8, C - - -
7a 115.6, C - - -
8 158.7, C - - -
9 139.4, C - - -
10 134.2, CH 7.85 d (7.7) C-8, C-1B, C11a H-11
11 120.0, CH 7.61, d (7.7) C-7a, C-9, C-12 H-10
11a 132.5, C - - -
12 187.3, C - - -
12a 146.7, C - - -
12b 79.7, C - - -

3-Me 21.9, CH3 1.95, s C-3, C-4 -
5-COMe 173.0, C - - -

20.6, CH3 2.02, s - -

Sugar A

1A 100.9, CH 4.57, d (4.4) C-1, C-3A, C-5A H-2A
2A 30.3, CH2 1.32, overlapped; 1.85, m C-1A H-1A, H-3A
3A 78.4, CH 3.27, m C-4A H-4A
4A 67.5, CH 3.47, m - H-5A
5A 63.7, CH 4.10, d (6.5) - H-6A
6A 16.8, CH3 1.17, d (6.6) C-5A H-5A

OMe-3A 57.7, C 3.30, s - -
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Table 2. Cont.

Position δC, Type δH (Mult., J in Hz) HMBC COSY

Sugar B

1B 72.4, CH 4.87, m (overlapped) C-9, C-10 H-2B
2B 38.6, CH2 1.42, m; 2.49, dd (12.3, 4.6) C-3B, C-4B H-1B, H-3B
3B 82.3, CH 3.84, m C-4B, C-1C H-4B
4B 76.9, CH 3.11, dd (11.1, 6.7) C-3B, C-5B, C-6B H-5B
5B 77.7, CH 3.44, dd (6.9, 3.5) C-6B H-6B
6B 18.8, CH3 1.37, d (6.1) C-5B -

Sugar C

1C 99.3, CH 4.77, d (9.9) C-3B, C-2C H-2C
2C 45.6, CH2 1.95, overlapped; 1.67, m C-3C, C-4C H-1C
3C 71.5, C - - -
4C 90.5, CH 3.18, d (9.6) Me-3C, C-5C, C-6C, C-1D H-5C
5C 72.0, CH 4.81, d (6.5) — H-6C
6C 18.5, CH3 1.30, d (6.1) C-5C H-5C

Me-3C 22.6, CH3 1.25, s C-3C, C-4C -

Sugar D

1D 104.5, CH 4.61, d (9.2) C-4C, C-2D, C-3D H-2D
2D 31.4, CH2 1.99, m; 1.63, m - H-3D
3D 28.9, CH2 2.14, m; 1.59, m - H-4D
4D 73.9, CH 4.24, dd (9.7, 5.5) C-6D, CONH2 H-5D
5D 75.3, CH 3.62, m - H-6D
6D 18.2, CH3 1.22, d (6.1) C-5D -

4D-CONH2 159.6, C - C-4D -

Among the isolates, the known antibiotic 2-[2-(3,5-dimethyl-2-oxo-cyclohexyl)-6-oxo-tetrahydro-
pyran-4yl]-acetamide (3) from nickel-treated extract was determined by detailed analysis of 1D
NMR spectroscopy along with the comparison of data in literature [29]. Moreover, three target
stress-induced compounds from the zinc treated filtrate of the same strain NA-ZhouS1 were isolated,
namely, cyclo[L-(4-hydroxyprolinyl)-L-leucine] (4), 2-methyl-3H-quinazoline-4-one (5), and menthane
derivative, 3-(hydroxymethyl)-6-isopropyl-10,12-dioxatricyclo[7.2.1.0]dodec-4-en-8-one (6) which were
obtained and further elucidated by a detailed analysis of 1D NMR spectroscopy along with the
comparison of data in literature [30–32].

The novel structures of 1 and 2 showed moderate antibiotic activities in comparison to the
positive control tetracycline with equal MIC values of 16 μg/mL against Pseudomonas aeruginosa,
methicillin resistant Staphylococcus aureus (MRSA), Klebsiella pneumonia, and Escherchia coli, while against
Bacillus subtilis, both compounds showed the inhibition at MIC value of around 8–16 μg/mL,
respectively. In earlier bioassay-guided approach it was determined that most of the angucycline
related antibiotics possess moderate antibacterial activities against Gram-positive pathogens like
warkmycin, chattamycin B, tetrangomycin, and vineomycin A1, while found mayamycin and
seitomycin selective inhibit the Gram-negative pathogens [14,16,17,25,33,34]. However, all biologically
active angucyclines reported previously are observed to be dependent on the length of the sugar
moieties [24]. Similarly, the known antibiotic 3 exhibited antibiotic activity around 16–32 μg/mL
against MRSA, P. aeruginosa, and K. pneumonia. According to previous studies, the antibiotic
2-[2-(3,5-dimethyl-2-oxo-cyclohexyl)-6-oxo-tetrahydro-pyran-4yl]-acetamide (3) was known to be
bone resorption inhibitor and found to be an active herbicidal component [29,35,36].

3. Discussion

Compound 1 and 2 arestructural analogs that possessa similar polyketide aglycone, which is a
tetracyclic benz[α]anthracene core like in angucycline-type antibioticsalong with hydrolyzable sugar
units which is well known to comprise a large number of diverse representatives. As such, the structural
diversity of angucyclines mainly comes from hydroxy substitution, epoxidation, and carbonyl
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substitutions in the region of C-4, C-5, C-6a, C-7, C-12, C-12a/C-5, C-6 or C-6a, C-12a/C-7, C12,
respectively [16,28,37,38]. Moreover, other examples include the amino acid incorporations as in
urdamycins and jadomycins, ring cleavages as in grincamycins and gilvocarcins, and the glycosylation
at various positions, such as O-8 or O-3 and C-9 in the landomycins and saquayamycins [27,39–42].
Accordingly, the carbohydrate composition of landomycins and saquayamycins were based
on the multiple trisaccharide unit’s as β-D-olivose-(4→1)-β-D-olivose-(3→1)-α-L-rhodinose to a
said regions of the angucycline backbone. Besides, urdamycin exhibited two glycosylation
positions at C-9 and 12b, while warkmycin, chattamycin B, and P371A1 displayed the C- and
O-glycosylation with positions at C-9 and C-1. As such, the warkmycin antibiotic isolated from
Streptomyces sp. Acta 2930 possessed β-olivose-(4→1)-β-olivomycose-(3→1)-β-amicetose at C-9 region
and 4-O-carbamoyl-α-5-epi-oleandrose at the C-1 region. In the same way, the structures of 1 and 2

werealso found to possess the C- and O-glycosylated sugar units belonging to the aquayamycin-type
of angucyclines with angular oxygen found in stronger relationship to warkmycinand P371A1
antibiotics. However, the compounds 1 and 2 differed from previous known compounds in the
substituents of sugar moieties as β-olivose-(4→1)-β-olivomycose-(3→1)-4-O-carbamoyl-β-amicetose.
Moreover, it was observed that the sites of attachment of these carbohydrates to the aglycone were
the same, albeit, the structures of 1 and 2 had a carbamoyl/carbamate group at sugar D, named,
4-O-carbamoyl-β-amicetose. On the contrary, it was found that the antibiotic warkmycinhad the same
group at sugar A (4-O-carbamoyl-α-O-5-epi-oleandrose) while antibiotic P371A1 had a ureido group
at sugar C (D-β-amicetose). Another difference was noted in the region of aglycone at a -4 position
when compared to warkmycin. The warkmycin possessed anoxygenated methine [δH 5.36, δC 68.1
(CH-4)] whereacetyl group (OAc) was present as a substituent, while 1 displayed a methylene and 2

possessed a hydroxyl group.
Many metabolites previously isolated from Streptomyces are known to be active against pathogens

and display antibacterial activities which are desperately needed on the front line in combating
microbial infections. Due to the increasing threat of antibiotic resistance pathogens, scientists are
urged to focus on the isolation of more antimicrobial compounds along with the investigation of
their mechanisms of action and biosynthetic pathways. As illustrated in this study, heavy metals
being applied as elicitors, here referring to the heavy metal nickel ion revealed a distinct HPLC
guided profile when compared to the normal one, showing an influence on the secondary metabolome
of the Streptomyces pratensis strain NA-ZhouS1. We hypothesize that these results are indicative
of cryptic gene cluster activation consequential to the metal stress imposed on the strain under
study, ultimately resulting in the production of two novel compounds with activity against pathogenic
bacterial isolates. It was also observed that the normal products displayed in the untreated culture were
considerably lowered when stressed by metals (Figure 2), showing that nickel ion not only stimulates
a nonactivated biosynthetic pathway but also impacts the normal biosynthetic capabilities of the strain.
We observed that normal growth of S. pratensis was repressed when the nickel ion concentration
reached around 800 μM, likely having a global effect on processes which occur under normal condition.
Moreover, research is required to scrutinize more effective elicitors or ways/techniques for elicitation of
cryptic genes clusters of marine microbes may lead to the production of unexpected, albeit potentially
potent natural products.

4. Materials and Methods

4.1. General Experimental Procedures

Electrospray ionization mass spectrometry (ESIMS) were recorded on an Agilent 6460 Triple
Quade Liquid Chromatography with Mass Spectrometry (Agilent, Beijing, China). HPLC analysis used
was composed of a Waters 717 plus Autosampler, a Waters 600 Controller, a Waters 996 Photodiode
Array Detector and a Waters Millog workstation (Waters, Shingawa, Tokyo, Japan), while preparative
HPLC was performed on an Agilent-1100 system (ChuangXintongheng, Beijing, China) equipped with
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a Venusil MP-C18 column (10 mm × 250 mm, Agila Technologies, Tianjin, China). Reverse phase
column chromatography was performed. 1H NMR (recorded on 500 MHz), 13C NMR (recorded on
125 MHz), DEPT-135, 1H-1H COSY, HMQC, HMBC, and NOESY spectra were measured at 25 ◦C on a
Bruker ADVANCE DMX 500 NMR spectrometer with TMS as internal standard (Bruker, Fällanden,
Switzerland). Methanol was used as solvent for NMR experiments. The organic solvents used in
chromatographic separation were of analytical grade purchased from Sayfo Technology (Tianjin, China)
and chromatographic grade for HPLC analysis purchased from Tedia, Fairfield, OH, USA. Deionized
water was prepared by Reverse osmosis Milli-Q water (18 MW) (Millipore, Bedford, MA, USA) and
used for all solutions and dilutions. Agar powder for plate culture and other heavy metals including
nickel (NiCl2·6H2O) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

4.2. Isolation and Identification of Streptomyces sp. NA-ZhouS1

The strain NA-ZhouS1 was isolated from a marine sediment sample, collected from the East
China Sea, Zhoushan. The plate dilution method was used to isolate actinomycetes from the sample
suspension. Approximately 0.5–1 g of each fresh sediment sample was directly inoculated into the
presterilized glass tubes and diluted with artificial sea water. Serially diluted samples were plated
in the gauze’s (GS), starch casein nutrient (SCN) and Aspergillus minimal (AMM) agar medium in
triplicate. All the plates were supplemented with nystatin (0.05 g/L) to prevent fungal contamination.
The plates were incubated at 28 ◦C and actinomycete colonies counted from the 7th day onwards up
to the 25th days. Single colony of actinomycete was picked up and grown separately for inoculation
an agar slant containing the same isolation medium. 16S ribosomal DNA gene was used to identify
the strain. The strain NA-ZhouS1 showed 99.93% resemblance to Streptomyces pratensis. Sequences
were then searched by online database listed in (SM, Table S29). This species was found with off-white
to grey aerial spores on gauze’s medium and carried smooth-surfaced spores in straight or flexuous
spore chains. This actinomycete sp. was previously known as Streptomyces flavogriseus, but then
was reclassified as Streptomyces pratensis [43,44]. A neighbor-joining tree was constructed using
software package of Molecular Evolutionary Genetics Analysis (MEGA), version 7.0, Pennsylvania
State University, United States for further phylogenetic analysis (SM, Figure S32).

4.3. Analysis of Normal Culture and Metal Stress Cultivation

For screening and initial analysis of normal culture, the spores of NA-ZhouS1 strain were
inoculated in 500-mL Erlenmeyer flasks containing 200-mL liquid Gauze’s medium (20 g soluble
starch, 1 g KNO3, 0.5 g K2HPO4, 0.5 g MgSO4·7H2O, 0.01 g FeSO4·7H2O, 35 g sea salt per liter
at pH 7.4) and was grown on a rotatory shaker at 180 rpm for 7 days at 28 ◦C. Afterwards,
the same actinomycete strain NA-ZhouS1 was stressed under different metal conditions like cobalt
(CoCl2·6H2O), nickel (NiCl2·6H2O), zinc (ZnSO4·7H2O), chromium (CrCl3·6H2O), and manganese
(MnCl2·6H2O), while each metal was applied with four different concentrations of 100, 200, 400,
and 800 μM, respectively. The mycelium was removed and the filtrate was extracted twice with
an equal volume of ethyl acetate (EtOAc). Finally, extracts were subjected to analytical reversed
phase HPLC-UV for further screening by comparing treated and untreated extracts. Consequently,
the comparison of the RP-HPLC profiles of the extracts from the strain NA-ZhouS1 revealed the
formation of new metabolites following use of 100 μM nickel ion (NiCl2·6H2O), and thus grabbed
our attention as a strong contributing factor toward activation of cryptic gene clusters. Additionally,
the extract of both normal and stressed cultures, were assayed after overnight incubation at 37 ◦C for
their antibacterial capacities which boost up our judgment to enlarge 100 μM nickel ion (NiCl2·6H2O)
culture due to its effective inhibitory abilities.

4.4. Large Scale Fermentation, Extraction and Isolation

The strain NA-ZhouS1 was cultured in the presence of 100 μM nickel treated agent for extraction
into 500-mL Erlenmeyer flasks in 200 mL liquid gauze’s medium. A total of 25 L fermentation
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containing 100 μM nickel ions was carried out at 28 ◦C on a rotary shaker at 180 rpm for 10 days.
Thereafter, the fermentation broth was combined and filtered. Subsequently, the filtrate was extracted
with (EtOAc) ethyl acetate (2 × 200 mL) twice and dried in vacuo, to provide an organic extract of (3 g).

The crude extract (3 g) was filtered and dissolved in methanol. The extract was then subjected to
silica gel column (reverse phase column), using MeOH-H2O as an eluent at the ratio of (20:80 → 100:00)
to yield 8 fractions. As such, the main fractions obtained were dissolved in methanol and centrifuged
at 12,000 rpm for 10 min. The first major fraction was further subjected to preparative HPLC (flow rate
10 mL/min, UV detector 210 nm Ruijia company, Hangzhou, China), using MeOH-H2O as an eluent,
to yielded compound 1 (6.1 mg, 60:40, tR 22 min) and compound 2 (7.3 mg, 60:40, tR 21 min). The second
yielded fraction was further purified by preparative HPLC (flow rate 10 mL/min, UV detector 210 nm),
using MeOH-H2O as an eluent, to give a known antibiotic 3 (4.5 mg), previously isolated from a soil
Streptomyces sp. SPRI-70014 and SANK 61296. Similarly, three more known compounds 4, 5, and 6

were isolated from the zinc treated (100 μM) crude extract of the same strain using analytical HPLC
[flow rate 0.8 mL/min, eluted mode 0~30 min 20%~100% (H2O/MeOH), 30–50 min 100% MeOH,
UV detector 210 nm].

Stremycin A (1): Yellow powder; 1H NMR and 13C NMR, see Table 1; HR-TOF-MS m/z 1014.3937
[M + Na]+ (Calcd. for C48H65NNaO21, 1014.3941).

Stremycin B (2): Yellow powder; 1H NMR and 13C NMR, see Table 2; HR-TOF-MS m/z 1030.3860
[M + Na]+ (Calcd. for C48H65NNaO22, 1030.3890).

4.5. Antimicrobial Activity of Stressed Metabolites

Microbial activity was assessed using the conventional broth dilution assay with Gram-positive
and Gram-negative clinical pathogens, namely, K. pneumoniae [CMCC (B) 46117], methicillin resistant
S. aureus (MRSA), B. subtilis [CMCC(B) 63501], E. coli [CMCC(B) 44102], and P. aeruginosa [CMCC(B)
10104]. These pathogens were cultured in nutrient agar medium and left overnight incubation
at 37 ◦C for 12–18 h. Each pathogenic culture was then diluted in 0.9% saline to an inoculum
density of 5 × 105 cfu by comparison with a McFarland standard. Tetracycline was used as
positive control while the solvent methanol was used as negative control. Methanolic solution of
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT; Lancaster, PA, USA) was used
to observe pathogenic growth by a change in color. 125 μL Muller Hinton broth was distributed into
the 96-well plates. Similarly, samples were dispensed into well 1 and serially diluted across the well
followed bacterial inoculation. Finally, the plates were incubated at 37 ◦C for 18 h and the results for
bacteriostatic abilities of the compounds were noted in triplicate as MICs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/9/331/s1,
Figures S1, S9, S16, S19, S21 and S24: 1H NMR for compounds 1, 2, 3, 4, 5, and 6. Figures S2, S10, S17, S20, S22 and
S25: 13C NMR for compounds 1, 2, 3, 4, 5, and 6. Figures S3, S11, S18 and S23: DEPT135 for compounds 1, 2, 3
and 5. Figures S4 and S12: COSY for compounds 1 and 2. Figures S5 and S13: HMQC for compounds 1 and 2.
Figures S6, S7 and S15: HMBC for compounds 1 and 2. Figures S8 and S15: NOESY for compounds 1 and 2.
Figures S26, S27, S29 and S30: HR-TOF-MS in positive and negative mode for compounds 1 and 2. Figure S28:
MSn spectrum of compound 1. Figure S31: 16S ribosomal DNA gene, full sequence of Streptomyces sp.
(strain NA-ZhouS1). Figure S32: Neighbor-joining phylogenetic tree based on 16S rDNA sequence for strain
NA-ZhouS1. Table S1: Biological activities of compounds 1–5 (MIC values are given in μg/mL).
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Abstract: The solar salterns located in the Odiel marshlands, in southwest Spain, are an excellent
example of a hypersaline environment inhabited by microbial populations specialized in thriving
under conditions of high salinity, which remains poorly explored. Traditional culture-dependent
taxonomic studies have usually under-estimated the biodiversity in saline environments due to the
difficulties that many of these species have to grow at laboratory conditions. Here we compare two
molecular methods to profile the microbial population present in the Odiel saltern hypersaline water
ponds (33% salinity). On the one hand, the construction and characterization of two clone PCR
amplified-16S rRNA libraries, and on the other, a high throughput 16S rRNA sequencing approach
based on the Illumina MiSeq platform. The results reveal that both methods are comparable for
the estimation of major genera, although massive sequencing provides more information about the
less abundant ones. The obtained data indicate that Salinibacter ruber is the most abundant genus,
followed by the archaea genera, Halorubrum and Haloquadratum. However, more than 100 additional
species can be detected by Next Generation Sequencing (NGS). In addition, a preliminary study to
test the biotechnological applications of this microbial population, based on its ability to produce and
excrete haloenzymes, is shown.

Keywords: halo-extremophyles; archaea; 16S rRNA metagenomics; haloenzymes; Odiel marshlands

1. Introduction

The study of the microbial population inhabiting extreme saline environments has gained
increasing interest in the last years due to its usually uncompleted characterization, which is essential
to understand the ecology of these ecosystems [1] and also because archaea have revealed themselves
as the key to understand the origin of eukaryotic cells [2]. Furthermore, these halo-extremophyles
microorganisms can be an excellent source of useful compounds and proteins with special properties
and potential industrial applications [3,4] such as antioxidant pigments [5,6], haloestable enzymes [7],
antimicrobial compounds [8] or antitumor agents [9]. Haloenzymes have unique characteristics that
allow them to be stable and functional at saline concentrations as high as 5 M and tolerate high
temperatures without losing their activity [10]. This fact makes halotolerant archaea a potential source
of enzymes for food, textile, pharmaceutical or chemical industries [11].

The extreme conditions that prevail in salt brines, which include high light intensity, UV radiation,
elevated temperatures and salt concentrations near saturation, support a considerable diversity of
halophilic microorganisms belonging mainly to the haloarchaea group [12]. Traditional ecological
studies, based on serial dilutions or streaking on agar plates for single-cell isolation, have usually
underestimated this biodiversity due to the difficulties of some species to grow at lab conditions.
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Examples of this are the unsuccessful attempts to culture some generally abundant archaea genera,
such as the square-shaped Haloquadratum [13]; or the discrepancy commonly found between the
characterization of microbial communities by culture-independent and culture-dependent methods.

The application of molecular techniques, based on the comparison of highly conserved DNA
reference sequences, such as the genes encoding for ribosomal RNA (16S rRNA, 5S rRNA), has allowed
to overcome this limitation, making possible the comparison of different microbial communities and
the discovery of a good number of uncultured new species. Examples of these culture-independent
methods include: random fragment length polymorphisms (RFLP) [14], fluorescence in situ
hybridization with rRNA-targeted probes [15], denaturing gradient gel electrophoresis (DGGE) [16]
and more recently metagenomic approaches [17,18], which have facilitated the profiling of complex
microbial communities. Culture-independent characterization of the microbial assemblages in different
halophilic habitats has shown that diversity within the domain archaea is broader than that previously
inferred from culture-dependent surveys [19].

The solar salterns located in the Odiel Marshlands (Huelva), at the southwest of Spain, are an
excellent example of a hypersaline environment inhabited by microbial populations specialized in
thriving under conditions of high salinity, which remains poorly explored [20]. In this work, we have
used two independent methods to study the prokaryotic diversity present in these salterns. We have
constructed and characterized two libraries of PCR amplified 16S rRNA genes obtained using genomic
DNA extracted from a water sample of the brines as template; and we have used a high throughput
16S rRNA massive sequencing approach based on the Illumina MiSeq platform to profile the same
genomic sample. This double approach has allowed us, not only to explore the microbial diversity
of this water environment but also to validate the results of the PCR gene library by comparison
with the NGS approach. Furthermore, the ability of this microbial population to produce and excrete
haloenzymes with applied interest has been studied.

2. Results

2.1. Construction of a 16S rRNA Library and Identification of the Obtained Sequences

Two 16S rRNA libraries clone libraries, one for archaea and another one for bacteria, were
constructed from an environmental water sample collected at the end of the summer, in the crystallizer
ponds located in the Marshlands of the Odiel river in the southwest coast of Spain. The procedure
for the libraries construction is detailed in Section 4.4 and the specific primers used listed in Table S1
(Supplementary Material). The main chemical characteristics of the water at the collection time are
summarized in Table 1. The salt composition was similar to that reported for other thalassohaline
marine solar salterns at this degree of salinity, which was 33.2% at the time of sample collection.

Table 1. Chemical composition of the water sample collected from the evaporation ponds located in
the Natural Reserve of Odiel Marshlands in the southwest Spain.

Density (g·mL−1)
Brine Composition (g·L−1)

Total Salinity
CaSO4 MgSO4 MgCl2 NaCl KCl NaBr

1.212 1.40 23.06 34.08 265.38 7.51 0.84 332.30

A selection of 50 clones from both clone libraries, 25 clones per each library, were analysed.
The preliminary comparison of the obtained sequences with the National Center for Biotechnology
Information database (NCBI) revealed that many of the clones in the 16S rRNA libraries were
redundant. In the archaeal library, the 25 clones studied corresponded to 11 different species, belonging
to six genera (Figure 1). Most clones corresponded to the archaea genus Halorubrum, followed by the
peculiar square-shaped haloarchaea Haloquadratum [13,21]. These two genera represented respectively
32% and 28% of the total archaeal clones obtained, followed by Halonotius (12%) and Halobellus (8%).
The least abundant genera identified were Haloarcula and Halorientalis, each one represented 4% of
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the total clones (Figure 1). Three clones could not be directly affiliated to any currently described
genera, since they did not reach the 95% of sequence identity with any of the sequences of the database.
The Shannon biodiversity index was calculated as previously reported [22], obtaining a value of 2.07.
Despite the small number of clones analysed this score indicates a wide range of diversity.

Figure 1. Distribution of the clones from the archaeal 16S rRNA clone library among different genera.
16S rRNA fragments obtained by amplification with archaeal specific primers were cloned into pGEMT
vector for the construction of a clone library. The inserted sequence of 25 of the obtained clones
were analysed and compared with the NCBI to identify the original genera. Data are expressed as
percentages of the total archaeal population. Only sequences that shared over 95% 16S rRNA sequence
identity with a known one was assigned to a specific genus.

To obtain additional information, a molecular phylogenetic analysis has been done including
all the 16S rRNA encoding sequences obtained from the analysis of the archaeal library and several
reference sequences obtained from the NCBI data base. The evolutionary history was inferred by using
the Maximum Likelihood method based on the General Time Reversible model [23] (Figure 2).

Some of the amplified 16S rRNA sequences obtained in the archaea library showed 100% of
identity or were closely related, showing ≤3% sequence divergence, with species already classified
and could be assigned at species level. As it is shown in Figure 2, the sequences Col.10/11/12
and Col. 1/4/14/15/18/19/20 can be assigned to the species Halonotius pteroides and Haloquadratum
walsbyi, respectively. The Haloquadratum sequences found (Col.1/14/15/18/19/20) displayed sequence
divergences lower than 1% with H. walsbyi. By contrast, sequences related to Halorubrum genus
(Col.21/25, Col.13/22, Col.23/24, Col.3, Col.16), Halobellus genus (Col.6/9) and Haloarcula genus
(Col.17) showed high percentage of identity with several reference species. In addition, sequences
clustering within Halorientalis genus (Col.7) presented more than 3% divergence with the reference
sequences; being impossible their assignation to a particular species in these cases. Finally, two of the
sequences which could not be directly assigned to a genus (Col.5, Col.8) clustered within the Haloarcula
clade, while Col.2 is strongly related to the genus Hallobelus.
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Figure 2. Molecular Phylogenetic Analysis by Maximum Likelihood method. The tree represents
the relationship among the 16S rRNA sequences from strains isolated from the saltern ponds of the
Odiel Marshlands and reference archaeal sequences. Multiple alignments were generated by MUSCLE
and the tree was constructed with MEGA 7, using 1000 bootstrap replicates. The name and the NCBI
access number are indicated for all the reference sequences. Black diamonds represent 16S rDNA
Sequences from the isolates and “Col. N” denotes the colony number. When an identical sequence was
obtained from different colonies it was denoted as “Col. N1/N2.” The tree is drawn to scale, branch
lengths represent the number of substitutions per site. Scale bar indicate 5% sequence divergence.
The sequence of Methanococcus vulcanus was used as the outgroup.
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By contrast, all the clones isolated from the bacterial gene library contained 16S rRNA sequences
with 99–100% sequence identity to a unique bacterial species, Salinibacter ruber, which is usually
present in hypersaline ponds [24]. The chosen primers have been shown to be very specific for each
prokaryotic group studied, since archaea sequences have not been obtained in the bacterial library, nor
have bacterial sequences been detected in the archaeal library. This specificity makes impossible the
use of these primers to create a common bacterial/archaeal library.

2.2. Metagenomic Microbial Profiling by High-throughput 16S rRNA Sequencing

As a second approach, the identification of the microbial population present in the hypersaline
water from the Odiel saltern ponds was performed by next-generation sequencing of the 16S rRNA
gene, using the Illumina MiSeq platform as detailed in Materials and Methods. The analysis was set up
in quadruplicate by two independent sequencing services, Stabvida (SBV) and Life Sequencing (LFS).
Bioinformatic processing with the software pipelines described in Materials and Methods allowed
us to cluster the obtained reads into a limited number of operational taxonomic units, between 117
and 356, depending on the sequencing reaction and the bioinformatic treatment of the obtained
sequences (Table 2). The mean quality of the processed sequences was denoted by the Q scores and the
Shannon biodiversity index (H’), calculated including the whole prokaryotic population and following
previously described procedures [22,25].

Table 2. Sequence data statistics.

Reaction
Raw Sequence

Reads
Mean Read
Length (bp)

Sequences after
Denoising

Mean Quality
(Q Score)

OTUs
Shannon

Index

SBV-1 349 726 250 49 100 >28 177 2.75
SBV-2 204 766 250 19 537 >28 117 2.65
LFS-1 57 148 299.8 25 479 37.16 228 2.77
LFS-2 156 520 299.6 71 623 37.25 356 3.03

The number of sequences and Operational Taxonomic Units (OTUs) obtained from Stabvida (SBV) and Life
Sequencing (LFS) are shown. The mean quality, expressed as Q scores and the Shannon biodiversity index for each
sequencing run have also been included.

Both 16S rRNA NGS analysis indicate that the most abundant reads correspond to the halophilic
bacteria Salinibacter and the archaeal genera Halorubrum, Haloquadratum and Halonotius, although there
are significant discrepancies between their relative abundance. Salinibacter represents between 38%
and 42% of the total reads. Halorubrum (13–19%), Haloquadratum (9–18%) and Halonotius (8–9%) are the
main archaeal genera, followed by Halobellus (3–4%), Natronomonas (2.5–3%). Haloplanus and Halohasta
each represent around 3% of the total sequences after the analysis of Life Sequencing and only trace
amounts (0.1%) in the data from Stabvida. Halomicroarcula, Salinivenus, Halovenus, Halomicrobium,
Halorientalis, Haloarcula and Halosimplex, with relative abundances between 0.7% and 1.5%, are also
present in both analyses. Genera with relative abundances lower than 0.2% have not been shown in
Figure 3, but the complete list of sequenced genera is shown in Supplementary Material (Table S2).

It is interesting to note that the NGS analysis revealed the presence of trace amounts of genus
such as Spiribacter (0.1%), a moderate halophilic bacteria usually found in medium salinity habitats [26]
and other minor bacteria, not revealed in the clone library approach (Table S2).
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Figure 3. Relative abundance of the genera found by the metagenomic approaches. Operational
Taxonomic Units (OTUs) distribution in Odiel saline ponds (33% salinity) obtained from Illumina
MiSeq sequencing of the 16S rRNA V3, V4 hypervariable regions. Four data sets were obtained from
two different sequencing services. The graphic shows the percentage of the genera with more than 0.2%
abundance. Minor genera include all the genera below 0.2%. The sequences that clustered together but
could not been affiliated to a genus are named as “clusters” and have been divided in “Major clusters”
(>0.2%) and “Minor clusters” (<0.2%). “No hit” represents the sequences which did not cluster with
any other obtained sequence.

2.3. Comparison of Clone Library and 16S rRNA Metagenomic Approaches to Identify the Archaeal Microbiota
of the Odiel Saltern Ponds Water

The relative abundances of the main genera obtained from the two NGS platforms are compared
with those obtained by affiliation of the 25 sequences gathered from the archaeal clone library (Figure 4).
Despite the low number of sequences retrieved from the clone library, there was a considerable degree
of agreement between the main genera obtained by this method and by the NGS approaches, as it is
supported by a correlation coefficient of 0.97 when comparing clone library results versus the mean of
NGS results. Similarly, a correlation coefficient of 0.96 was obtained when we compared both NGS
methods (Mean LSF vs. Mean SVB).

The estimated percentage of Halorubrum and Haloquadratum obtained by the clone library approach
are almost identical to those obtained by the Stabvida analysis, being the standard deviation (SD) for
these values 2 and 0.34 respectively, while the percentages of Halonotius and Halobellus are of the same
order than those obtained by Life Sequencing (SD 2.48 and 0.35, respectively) or Stabvida (SD 1.78
and 1.41, respectively). Halorientalis and Haloarcula which represented about 4% of the library clones
are also present in the massive 16S rRNA analysis but at lower percentage than that estimated by the
clone library approach. Standard deviations in these cases were respectively 1.42 and 1.77, comparing
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the results of the clone library with the Life Sequencing results; and 2.82 and 2.12 respectively, when
comparing with Stabvida results. Massive sequencing provides more information about the less
abundant species, although the analysis of higher number of archaeal clones could have allowed the
identification of more minor genera by the clone library approach.
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Figure 4. Comparison of the main archaeal genera present in the Odiel saline ponds. Percentage of the
different archaea genera over the total archaea population found in the Odiel saline ponds obtained by
the two different culture-independent approaches previously described: construction of a clone library
(Library) and massive 16S rRNA sequencing, including the two replicates from each Metagenomic
Service (LFS and SBV). Only the most abundant genera are shown.

2.4. Evaluation of Halocin Activity

Massive 16S rRNA sequencing has revealed an extremely low representation of the genus Haloferax
(0.021%) in the Odiel Saltern ponds (Table S2). However, Haloferax is a metabolically versatile genus,
able to grow on complex substrates and degrade polymeric substances with a wide salt tolerance in
laboratory cultures [27]. To investigate the possible reasons for the low presence of Haloferax in the
Odiel saltern water, we studied the potential ability of the biomass isolated from the Odiel saterns to
specifically inhibit the growth of the control Haloferax species, Haloferax lucetense. The results show the
inhibition of H. lucetense growth in the presence of the concentrated biomass isolated from the Odiel
saltern ponds, indicating the presence of halocin activity (Figure 5A), which could be an important
factor to explain the practically absence of species of the Haloferax genus in the hypersaline water from
the Odiel saltern ponds.

2.5. Haloenzymes Production by the Archaeal Enriched Biomass Isolated from the Odiel Saltern Ponds

Simple and sensitive plate assays were optimized for the detection of archaeal extracellular
enzymes produced by the biomass isolated from the hypersaline water (33%) of the Odiel salterns.
The biomass was enriched, concentrated and dropped on agar plates supplemented with different
carbon sources to detect the excretion of α-amylase, protease, lipase, cellulase and laccase as described
in Materials and Methods.

The amylase (Figure 5B), protease (Figure 5C) and lipase (Figure 5D) activities, assayed as
described in Material and Methods following the degradation of starch, skimmed milk and Tween
80, respectively, were positive. Cellulase and exo-lacasse activities, assayed in the presence of
carboxymethyl cellulose (Figure 5E) and bromophenol blue (Figure 5F), were also detected.
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Figure 5. Detection of extracellular halocin and enzymatic activities in the enriched archaeal biomass
by plate assay. The biomass obtained from the Odiel salterns water was enriched and concentrated as
detailed in Material and Methods and used to test extracellular: halocin (A), amylase (B), protease (C),
lipase (D), cellulase (E) and laccase (F) activities by the plate assays described in Materials and Methods.

3. Discussion

3.1. Microbiological Diversity in Hypersaline Solar Saltern Ponds

Despite the existence of many studies about the microbiota inhabiting thalassosaline water
ponds all around the word, it is difficult to establish comparisons among them, due to the variety of
experimental procedures used to determine microbial composition and the dramatic influence of the
water salinity, which can range between the 3.5% of the sea water to the 37% of NaCl saturation.

Numerous studies have described the prokaryotic communities that inhabit saltern crystallizer
ponds as distant as the Mediterranean coast of Spain [15,18], Australia [28] or Mexico [29], among
others. However, the microbial profile of the Odiel salterns, differently from that of other Spanish
salterns, such as Santa Pola in Alicante [24,30] or Isla Cristina in Huelva [18], has been poorly studied.
To our knowledge, the only survey about the microbiota of the Odiel Marshlands is a recent study
by Vera-Gargallo and Ventosa [20], which focused on studying the assemblage and the metabolic
strategies of the microbiota thriving in these hypersaline soils but no information about the aquatic
microbial composition of this location has been previously reported.

Most hypersaline ponds, regardless their location, are dominated by the archaeal genera
species Haloquadratum and Halorubrum [31], which coexists and compete for the same hypersaline
environments. Haloquadratum was the predominant genus followed by Halorubrum, in three crystallizer
ponds as geographically distant as Australia at 34% salinity [28], Santa Pola (Spain) at 32% salinity [18]
and in Bingöl (Turkey) at 25% salinity [32]. Conversely, our results at 33% salinity suggest that in
Odiel Salters this relation is inverse, being the most abundant archaeal genus Halorubrum followed
by Haloquadratum, which often dominates the microbial communities in hypersaline waters and
was not cultured in a laboratory until 2004 [13,21]. This difference could be attributed to changes
in environmental conditions, due to the diverse geographical situations [18]. There are also some
interesting exceptions, such as the Maras salterns in the Peruvian Andes, in which around 31% of
the detected sequences were related to the usually low abundant Halobacterium and no Halorubrum
was detected [33]; the Adriatic solar saltern crystallizers studied by Pašić et al. [34], where the
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presence of the usually abundant Haloquadratum was rare; or the Pomorie Salterns (Bulgaria) where
the predominant archaea genus was Halanaeroarchaeum, which reached 28% of the total archaeal
community [35]. The aforementioned study carried out by Vera-Gargallo and Ventosa about saline
soils from Odiel saltmarshes reveals that Haloquadratum was not found in these soils; in contrast to our
results from hypersaline water in the same location, which suggest that this is one of the dominant
archaeal genus. However, other genera identified in our work, such as Halorubrum, Haloarcula and
Halobellus, are also present in the soil samples studied [20]. The predominant microbial genera and their
estimated composition in other hypersaline ponds with salinity similar to our study are summarized
in Table 3. The most complete studies have been done in Santa Pola, in the Mediterranean coast of
Spain and showed that Haloquadratum was the most abundant microorganism and that its relative
abundance increased with salinity. In hypersaline ponds in Australia (34%) [28] the three most
abundant haloarchaeal genera were the same that we observed in the Odiel ponds. However, it is
important to notice that in this study and in the study carried out by Kambourova et al. in Bulgaria [35],
the bacterial contribution to the prokaryotic community was not considered because the study was
based on clone libraries with archaeal specific primers. This comparison confirms that although there
are some common genera, which are found in almost all hypersaline ponds, such as Halorubrum or
Haloquadratum, the relative abundance of hypersaline genera is specific of each geographic location.
In addition, identifications at species level returned unique lineages which appeared to be specific of
the investigated environments.

Salinibacter ruber, was first identified in Santa Pola, Spain (Alicante, Spain) and, despite not being
an archaea, it is usually one of the most abundant microorganisms present in hypersaline waters [24].
In Santa Pola ponds with salinities of 19%, 33% and 37% the abundance of Salinibacter was reported
to be 6.4%, 4.7% and 9.1%, respectively [18]. Our results suggest that the bacteria Salinibacter ruber is
the dominant microorganism in the Odiel saltern water with a salinity of 33%, reaching around 40%
of the total prokaryotic community (Figure 3), which is the highest Salinibacter abundance reported
in solar salterns to our knowledge. The libraries for the metagenomics studies were built with the
universal primers, which have been designed to target V3 and V4 hypervariable regions from both
bacterial and archaeal 16S rRNA [36]; however, additional research is needed to determine if the high
percentage of reads corresponding to Salinibacter obtained in our metagenomic study corresponds
to such a percentage of the bacterium abundance or can be influenced by a potential bias in the
library construction.

It is interesting to note the low abundance that we have found for the genus Haloferax in the
Odiel evaporation pond. Although it grows optimally at 2.5 M NaCl (15% salinity) [37], Haloferax has
been described to grow at salinities of 33.7% with growth rates higher than any other comparable
extreme halophile [27]. Despite these characteristics, Haloferax is usually found at low percentage,
around 1%, in solar saltern ponds with medium and high salinity (10–37%), as described for
example in Santa Pola, Spain [30]. Curiously, the relative abundance that we have found in the
Odiel evaporation pond for Haloferax is even lower, reaching about 0.021% of the total prokaryotic
community. There are several studies that have shown the excretion of halocins or archeocins by
archaeal species [38,39], demonstrating the importance of such halocins for interspecies competition
in hypersaline environments. The results of our growth inhibitory studies support the possible
production of halocins against Haloferax by the dominant species and give a possible explanation to
the limited presence in the Odiel salterns of Haloferax, which should be apparently more qualified to
dominate hypersaline ecosystems than the usual dominant species [27].

90



Mar. Drugs 2018, 16, 332

Table 3. Comparison of prokaryotic diversity at genus level in the Odiel hypersaline pond (33%) and
other hypersaline ponds with similar salinity.

Sample Santa Pola (Spain) Santa Pola (Spain) Odiel Salterns (Spain) * Pomorie (Bulgaria) ** Bajool (Australia) **

Salinity 33% 37% 33% 34% 34%

Ref. [18,30] [30] This study [35] [28]

%

Haloquadratum 29.5
Haloruburm 23.1
Natronomonas 5.7
Salinibacter 4.7
Haloplanus 3.4

Haloquadratum 58
Salinibacter 9.1
Nanosalina 4.0
Haloruburm 3.2
Nanosalinarum 1.7
Halomicrobium 1

Salinibacter 37.8
Halorubrum 15.5
Haloquadratum 12.8
Halonotius 8.3
Halobellus 3.8
Natromonas 3.4
Haloplanus 2
Halohasta 1.7
Halorientalis 0.96
Haloarcula 0.67

Halanaeroarchaeum 27.8
Halorubrum 24
Halonotius 15.7
Halobellus 6.5
Halovenus 6.5
Natronomonas 2.8

Haloquadratum 47
Halorubrum 17.6
Halonotius 11.7
Haloplanus-like 11.7
Natronomonas 2.9

* Mean of four 16S rRNA NGS data sets. ** In these studies, only archaea were considered.

3.2. PCR Library versus 16S rRNA Massive Sequencing

Cloning-based methods have been successfully used for years [40], however the availability of
new benchtop NGS technologies has made more popular the use of 16S rRNA high-throughput for
sequencing and profiling of microbial communities including that of hypersaline habitats [41].

Here we demonstrate that, although NGS 16S rRNA sequencing offers a more complete view
of the microbial community inhabiting the saline ponds of the Odiel Marshlands, providing more
information about the less abundant genera, both NGS and 16S rRNA clone library approaches are
comparable regarding the estimation of the major genera found in the sample. This is in agreement
with the results obtained by other authors, such as González-Pimentel [42], who compared both
approaches to study the microbial diversity in lava tubes from Canary Islands.

We have observed that there is a good general agreement in the relative abundance of the main
genera distribution obtained in both NGS analysis (SBV and LFS), however there are discrepancies for
some genera. Since both massive sequence services have used the same platform (My Seq Illumina),
primers and starting genomic DNA, the small discrepancies and the higher sensitivity of LFS analysis
can be greatly attributed to differences in the bioinformatic analysis and other factors such as details of
PCR libraries preparation. Furthermore, we observed that the use of different tools for the denoising
and clustering step (i.e., using DADA2 instead of DEBLUR plugging) caused the removal of potentially
valid sequences and yield different results from the same raw data (data not shown).

Shannon index value, which indicates the uniformity of species and its abundance in the obtained
OTUs, increases as both the richness and the evenness of the community increase [43]. The Shannon
index values calculated for our NGS studies were on average 2.9 for LFS replicates and 2.7 for SVB
replicates (Table 2), while the Shannon index calculated for the clone library data was 2.07. This
value is in accordance with previous studies carried out by clone library approaches, which reported
values between 1.64 and 2.10 in Australia (34% salinity) [28], 1.8 (37% salinity) and 1.6 (38% salinity) in
Mexico [29], while Shannon indexes from NGS are substantially higher. This difference is probably
due to the small number of sequences analysed by the clone library technique when compared to NGS.
It is necessary to remember that both, clone library and 16S rRNA massive sequencing, methods are
based on the PCR amplification of a fraction of the highly conserved reference sequence 16S rRNA.
Consequently, both methods share the possible bias inherent to PCR amplification of a single gene
and the limitations of 16S rRNA for the resolution of closely related species [44]. Some authors have
pointed the higher sensitivity and accuracy of whole genome metagenomic sequencing approach [44].
However, the lower cost of the massive sequencing of 16S rRNA and the existence of wide information
and databases for the 16S rRNA sequences have converted this approach in the most commonly used
method for exploring bacterial communities. It is important to note that to obtain accurate values in
the characterization of microbial communities by single gene amplification methods primers must
be validated [45], as were the IlluAdp16S primers (Table S1 in Supplementary Material) used in this
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study [36]; and robust bioinformatic pipelines should be chosen to process the sequencing data, since
different bioinformatic treatments usually yield different relative genera abundances.

3.3. Archaeal Halo-Exoenzymes

Haloarchaeal hydrolases are halophilic and usually thermostable exoenzymes able to catalyse
clean and ecologically-friendly processes with high specificity. They have interesting features
which make them very attractive for many industrial applications, such as paper, textile, food,
detergent and pharmaceutical industries [46]. In addition, lipases and esterases could be used in
biofuel production [47], while cellulases and laccases could be of interest for the conversion of plant
biomass into fuel and renewable products [48] and the detoxification of the treated lignocelluloses
substrates [49,50], respectively. Despite all these interesting studies no application of archaeal
haloenzymes at industrial scale has been described so far [10,51].

Halophilic termoestable α-amylases have been found in different genera, including Haloferax [52],
Haloterrigena [53] and Halomonas [54]. Some haloarchaeal isolates, such as Haloarcula marismortui,
produce salt-dependent thermoactive lipases and esterases [55]. Extracellular organic-solvent tolerant
proteases have been found in Halobacterium sp. [56] and Natrialba magadii [57]. However, only few
cellulases [58–60] and laccases [61,62] producing halophiles have been reported.

In this work, we have demonstrated that the enriched biomass analysed presents different
hydrolases activities, including α-amylase, protease, lipase/esterase, cellulose and laccase. Further
studies will focus on the isolation and identification of the strains which show the higher activity for
each enzyme, followed by the characterization of the parameters that enable the best activity.

4. Materials and Methods

4.1. Sample Collection and Chemical Composition of the Brine

Samples were obtained at the end of the summer from the salt evaporation ponds located in the
natural reserve of Odiel Marshlands, at the estuary of the Odiel and Tinto rivers in the Southwest Spain
(Latitude: 37.2395, longitude: −6.95287). The salt concentration in the crystallizer pond was 33.2%
at the collection time. Climatological features of the location are characteristic of the Mediterranean
maritime climate with hot dry summers and rainy autumns and winters. The mean insolation rate
exceeds 3000 h per year, the average annual rainfall and air temperature are 506 mm and 18.3 ◦C,
respectively [20]. The ionic composition and the main physicochemical parameters of the seawater
brine at the time of sample collection were determined according to following standard methods: ISO
2480-1973 “Determination of sulphate contents-barium sulphate gravimetric method”; ISO 2481-1973
“Determination of halogens expressed as chlorine-mercuric method”, ISO 2482-1973 “Determination of
calcium and magnesium contents-EDTA complexometric method”; ECSS/SC 2482-1979 “Determination
of potassium content by flame atomic absorption spectrophotometric method”.

4.2. Genomic DNA Extraction

For genomic DNA extraction, fresh biomass was harvested by centrifugation of a 500 mL water
sample at 11,000 rpm. The resulting pellet was washed with ammonium formate 4 M, freeze-dried
and used for genomic DNA extraction with the GeneJET Genomic Purification kit (Thermo Fisher
Scientific, Waltham, MA, USA), following the instructions of the manufacturer. Quantification of the
genomic DNA obtained and assessment of its purity was done on a Nanodrop Spectrophotometer
ND-1000 (Thermo Fisher Scientific).

4.3. Amplification of 16S rRNA Encoding Gene and Construction of Clone Libraries

16S rRNA fragments were amplified with the primer sets: Arc340F/Arc1000R [6,63] for archaea
and 341F/907R [64,65] for bacteria (Table S1) using 1 μL of genomic DNA, isolated as previously
described, as template. Polymerase chain reactions (PCR) were performed in a total volume of 25 μL
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containing 1 μL of genomic DNA, 10 pM of each primer, 0.2 mM dNTPs, 0.5 U Taq DNA polymerase
from Bioline, 2.5 μL of specific 10X buffer and 1.5 μL of 2.5 mM MgCl2 buffer using an Eppendorff
thermo-cycler. The PCR program was 0.5 min at 96 ◦C, 0.5 min at 50 ◦C and 1 min at 72 ◦C for 30
cycles, followed by 10 min of final primer extension.

4.4. Construction and Analysis of Clone Libraries

The PCR products, obtained with both bacterial and archaeal primer sets, were subjected to
agarose electrophoretic separation. The bands obtained for each PCR reaction (with around 660 bp for
archaea and 560 bp for bacteria) were purified with the GeneJET Gel Extraction Kit (Thermo Fisher
Scientific), ligated to pGEM-T vector (Promega, Madison, WI, USA) according to the manufacturer’s
instructions and cloned into Escherichia coli DH5α competent cells to establish two clone libraries, one
for archaea and another one for bacteria. A selection of 50 clones, 25 per each library, were analysed
by extraction of the plasmidic DNA, Sanger-sequencing of the 16S rRNA DNA encoding fragments
(Stabvida, Lisbon, Portugal) and comparison of the obtained sequences with the National Center
for Biotechnology Information 16S rRNA database (NCBI, http://www.ncbi.nih.gov) by using the
advanced BLASTN search tool. Sequences with more than 98% length coverage and more than 95%
of sequence identity were assigned to a described genus. Sequences with high identity (>97%) were
assigned to specific species. Sequences which showed percentage of identity lower than 95% can be
potential novel species or genera but further evidence is needed to confirm it.

4.5. High-Throughput 16S rRNA Sequencing

For High-throughput 16S rRNA based microbial profiling, the same genomic DNA was analysed
on the Illumina MiSeq platform. Analysis was set up in quadruplicate by two independent Sequencing
services: Life Sequencing (Valencia, Spain) and Stabvida (Lisbon, Portugal). In both cases the PCR
libraries were prepared by targeting the V3-V4 hypervariable regions of the 16S rRNA [36] with the
previously validated [66] IlluAdp16S primers (Table S1) and sequenced using the Illumina MiSeq
Reagent kits, V2× 250bp or V3× 300 bp, following Illumina recommendations for Library preparation
and metagenomic sequencing. R1 and R2 reads were overlapped using PEAR program version
0.9.1 [67]. Raw data were processed for denoising, filtering (minimum quality threshold of Q20) and
clustering using different approaches.

Samples sequenced by STABVIDA (SBV) were processed with QIIME2 v2018.02 [68] and Deblur
plugin [69]. The resulting sequences were clustered in operational taxonomic Units (OTUs) and
taxonomic assignments were done by scikit-learn naïve Bayes machine learning, which was trained
using the SILVA database (version 128) with a clustering threshold of 97% similarity. Samples
sequenced by Life Sequencing (LFS) were processed with CUTADAPT 1.8.1 [70] and UCHIME [71]
programs. The resulting sequences were clustered in operational taxonomic Units (OTUs) with a
threshold of 97%. Those clean FASTA files were BLAST [66] against NCBI 16s rRNA database using
BLASTN version 2.2.29+. The resulting XML files were processed using a Python script developed by
Life sequencing S.L.-ADM (Paterna, Valencia, Spain) in order to annotate each sequence at different
phylogenetic levels.

The Q scores, which represent the probability that a base call is erroneous in a logarithmic base
and the Shannon biodiversity index (H’), which indicates the uniformity of species and its abundance
in the obtained OTUs were calculated following previously described procedures [22,25] and included
as sequence quality indicators.

4.6. Extracellular Hydrolases Test

Biomass from the saltern water samples was harvested by centrifugation at 11,000 rpm and
resuspended in the archaea enrichment medium (ATCC 1176 medium). Typically, 5 L of environmental
water were centrifuged to obtain 50 mL of culture, which was incubated at 37 ◦C and 100 rpm for 7 days.
The biomass growth was quantified by measuring the O.D. at 580 nm in a UV–Vis spectrophotometer
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Ultrospec 3100 pro. Culture media contained (per litre): 10 g Glucose, 156 g NaCl, 13 g MgCl2·6H2O,
20 g MgSO4·7H2O, 1 g CaCl2·6H2O, 4 g KCl, 0.2 g NaHCO3, 0.5 g NaBr, 5 g yeast extract. The pH
of medium was adjusted to 7 before autoclaving. After 7 days of growth, the culture was collected
by centrifugation at 11,000 rpm and the pellet was resuspended (1/100) using the aforementioned
medium. This enriched-concentrated archaea mixture was used to detect different hydrolase activities
by platting 20 μL drops of the concentrated biomass on 1% agar plates with the indicated medium
supplemented with starch, skim milk, carboxymethylcellulose, bromophenol blue and Tween 80 as
substrates to test for α-amylase, protease, cellulase, laccase and lipase activities, respectively.

To test for amylase activity, starch (1% w/v) was added to the glucose-less agar ATCC 1176
medium. After incubation, the plates were flooded with Lugol reagent solution. The presence of a
clear zone around the cells indicated starch hydrolysis. The biomass was screened for proteolytic
activity by using ATCC 1176 agar medium supplemented with skimmed milk (1% w/v). Protease
activity detection was based on the presence of a clear zone around the cells growth due to casein
hydrolysis. Screening of cellulase production was done on ATCC 1176 agar medium containing
carboxymetylcellulose (0.5% w/v) instead of glucose as carbon source. Plates were flooded with 0.1%
Congo red dye for 20 min followed by treatment with 1 M NaCl for 15 min and finally with 1 M
HCl for 5 min in order to increase the halo contrast as described by Sazci et al. [72]. The presence of
clearance zones around the cells, as a result of carboxymetylcellulose hydrolysis, indicated production
of cellulase. Laccase activity assay was carried out on agar Petri dishes containing the ATCC 1176
medium supplemented with the dye bromophenol blue (0.02% w/v), according to Tekere et al. [73].
The formation of discoloration halos around the cells caused by dye degradation showed laccase
activity. Lipase activity was screened on nutrient agar plates containing per litre: 10 g peptone, 150
g NaCl, 1 g CaCl2·2H2O Tween 80 (0.1% v/v). Opaque halos around the cells resulting from the
precipitation of calcium oleate revealed lipase activity [74].

All the plates were incubated at 37 ◦C and the results were checked periodically from the 3th to
10th day of assay, by measuring the diameters of clearance zones or halos around each archaeal drop.
All the tests were done in triplicate.

4.7. Growth Inhibition Test

Halocin activity was determined by observing growth inhibition of a presumably susceptible
archaea strain. The enriched biomass, obtained as described for hydrolase activities, was tested against
Haloferax lucetense (CECT 5871), which was purchased from CECT (Spanish Collection of Culture Type).
H. lucetense was grown on the medium specified by the CECT (MHE 25 Medium; CECT 188) and
1 mL of the culture was completely spread across the surface of a Petri dish. When the plate was
totally dried, a 20 μL drop of the enriched biomass was spotlessly placed in the centre of the Petri dish.
The inhibition of H. lucetense growth was measured by the formation of a clearance zone around the
enriched biomass drop added.
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Abstract: Rare actinobacterial species are considered as potential resources of new natural products.
Marisediminicola antarctica ZS314T is the only type strain of the novel actinobacterial genus
Marisediminicola isolated from intertidal sediments in East Antarctica. The strain ZS314T was
able to produce reddish orange pigments at low temperatures, showing characteristics of carotenoids.
To understand the biosynthetic potential of this strain, the genome was completely sequenced for
data mining. The complete genome had 3,352,609 base pairs (bp), much smaller than most genomes
of actinomycetes. Five biosynthetic gene clusters (BGCs) were predicted in the genome, including
a gene cluster responsible for the biosynthesis of C50 carotenoid, and four additional BGCs of
unknown oligosaccharide, salinixanthin, alkylresorcinol derivatives, and NRPS (non-ribosomal
peptide synthetase) or amino acid-derived compounds. Further experimental characterization
indicated that the strain may produce C.p.450-like carotenoids, supporting the genomic data analysis.
A new xanthorhodopsin gene was discovered along with the analysis of the salinixanthin biosynthetic
gene cluster. Since little is known about this genus, this work improves our understanding of its
biosynthetic potential and provides opportunities for further investigation of natural products and
strategies for adaptation to the extreme Antarctic environment.

Keywords: Marisediminicola; Antarctica; carotenoid; actinobacteria; natural products; gene cluster

1. Introduction

Actinobacteria are considered as one of the most important producers of natural products for
drug discovery. To date, more than half of antibiotics were produced by the genus Streptomyces [1].
However, the re-discovery of known natural products, especially from the genus Streptomyces due to the
so-called diminishing marginal effect, has become an issue [1,2]. Meanwhile, the increased prevalence
of multi-drug resistance pathogens and the emergence of cross-resistance to antibiotics have driven
researchers to seek for novel natural products [3]. Therefore, rare actinobacteria (non-Streptomyces),
especially those from underexplored extreme environments, draw increasing attention for discovering
novel bioactive compounds [4]. Antarctica, a frozen continent surrounded by the Southern Ocean, is
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characterized by extremely low temperatures, strong ultraviolet radiation and a relatively isolated
ecosystem [5]. It represents one of the most under-investigated environments. Hence, it was considered
as a huge reservoir of microorganisms with biosynthetic potential of novel natural products.

The genus Marisediminicola belonging to rare actinobacteria was first proposed nine years ago [6],
with the only type species Marisediminicola antarctica and the only type strain M. antarctica ZS314T. The
strain ZS314T was isolated from intertidal sediments of the coast off the Chinese Antarctic Zhongshan
Station in East Antarctica (69◦22′13” S, 76◦21′41” E). To date, no other type strains have been reported
belonging to this species or this genus. However, many 16S rRNA sequences sharing over 99%
identities have been deposited in the NCBI GenBank database, with most of them from the Arctic,
Antarctica or glacier-associated environments. It suggests that M. antarctica is a phylotype adapted
and probably specific to extreme environments. The strain ZS314T was psychrophilic, with the growth
temperature range of 0–26 ◦C (optimum 18–23◦C). It developed a bright reddish orange color, which
is usually caused by various carotenoid pigments. Carotenoids are a group of natural isoprenoid
pigments mainly isolated from a wide variety of plants, algae, fungi and bacteria [7–12]. The major
functions of known carotenoids are to prevent cells from oxidative damage [8], protect against UV
radiation and modulate membrane fluidity in bacteria [7]. Therefore, carotenoids are important not
only for the survival of the organisms but also for industrial applications.

To investigate the biosynthetic abilities of M. antarctica ZS314T, we performed genome sequencing
and bioinformatics data mining. Further experiments including HPLC/TOF-MS (high-performance
liquid chromatography/time-of-flight mass spectrometry) and anti-oxidation assays were carried out to
characterize the pigments, as supported by the presence of a carotenoid biosynthetic gene cluster and
the indicative color. M. antarctica was identified and reported nine years ago, but still little is known
about this novel genus/species. Here, we report the findings through wet lab experiments and data
mining of the genome to increase our understanding of this novel Antarctic actinobacterium. This
study represents the first investigation of the novel Antarctic Marisediminicola genus for its potential in
natural product biosynthesis, and also the first complete genome of the genus for future studies.

2. Results and Discussion

2.1. General Feature of the Genome

The complete genome of M. antarctica ZS314T was circular, containing 3,352,609 bp with an average
GC content of 67.17% (Figure S1). Compared with other actinobacteria, M. antarctica species tended
to have a relatively small genome (3.35 Mb vs. the largest actinobacterial genome of 13.05 Mb from
Nonomuraea sp. ATCC 55076) and low GC content (67.17% vs. the highest GC content of 74.8 % in
Streptomyces). To get an idea of the average genome size of the phylum Actinobacteria, a total of
1674 genomes (complete genomes and genomes assembled to the chromosome level) available in the
GenBank database were analyzed. The resulting average genome size was 4.52 Mb. Meanwhile, the
average GC content was 64.12% and the average number of CDSs was around 3937. Therefore, M.
antarctica ZS314T has a genome size below average but a GC content slightly higher than average.
A total of 2992 (below average) protein-encoding genes were annotated in the genome, with up to
36% genes annotated as hypothetical proteins or without significant similar matches in the NCBI nr
(non-redundant) database. Up to 44%, 41%, 36%, and 23% of genes had no match in the Swiss-Prot,
gene ontology (GO), Kyoto encyclopedia of genes and genomes (KEGG) and clusters of orthologous
groups (COG) databases, respectively. Two rrn operons and 44 tRNA genes were detected in the
genome. The complete genome can be further analyzed for genome evolution and genetic adaptation
to the extreme environment.

2.2. Prediction of Secondary Metabolite Biosynthetic Gene Clusters

Five secondary metabolite BGCs were predicted by the antiSMASH software (Table 1 and Table S1,
and Figure 1). Since most BGCs are large (over 20 kb to around 100 kb), more BGCs are usually found in
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larger genomes (e.g., about 20 to 40 BGCs are generally predicted in Streptomyces genomes over 9 Mb).
Although fewer BGCs were found in the genome of M. antarctica ZS314T compared with Streptomyces,
the difference of relative abundance of BGCs normalized to genome size is small. In the relatively
small genome of M. antarctica ZS314T, the presence of the five gene clusters suggests their importance
to the strain.

Table 1. Five secondary metabolite biosynthetic gene clusters predicted in M. antarctica ZS314T genome.

Cluster ID Type Gene Number
Most Similar Known

Gene Cluster
Percentage of
Similar Genes

1 T3PKS 7 Alkylresorcinol 100%
2 Terpene 7 Carotenoid 50%
3 Terpene 6 NA * 0
4 NRPS 7 NA * 0
5 Oligosaccharide 30 NA * 0

* NA indicates not available.

 

Figure 1. The five gene clusters predicted in the genome of M. antarctica ZS314T. Core biosynthetic
genes are indicated in red, additional biosynthetic genes in black, transporter genes in blue, regulator
genes in green, and hypothetical protein-encoding genes or unrelated genes in white.

2.2.1. Cluster 1: T3PKS

After manual analysis, cluster 1 (Figure 1) was found to contain three core biosynthetic genes
encoding stilbene synthase (srsA, orf7), isoprenylcysteine carboxyl methyltransferase (srsB, orf6) and
monooxygenase (srsC, orf5), sharing 51–63% amino acid identities with the srs operon of Streptomyces
griseus NBRC 13350 [13]. Two putative transporter-encoding genes (orf1 and orf2) were detected in
the opposite orientation upstream of orf3 and orf4, encoding a hypothetical protein and a haloacid
dehalogenase. The two genes (orf3 and orf4) seem not to be related to the srs operon since the
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three core genes (srsABC) alone can biosynthesize alkylresorcinols. SrsA is a specialized type III
polyketide synthase (PKS), catalyzing the formation of alkylresorcinols from acyl-CoAs of various
chain lengths [13,14]. The alkylresorcinols are further modified by SrsB and SrsC through methylation
and hydroxylation [13]. SrsA plays a key role in determining the structure of alkylresorcinols. The
most similar record of SrsA from M. antarctica ZS314T in the NCBI nr database was a stilbene synthase
from Agreia sp. leaf244, sharing 65% amino acid identity. However, SrsA from M. antarctica ZS314T

was separated from the known stilbene synthases including the most similar one, as shown in the
phylogenetic tree of related stilbene synthases found in the NCBI nr database (Figure S2). It suggests that
this specialized type III PKS is distinct from the known enzymes, and hence indicates the production of
alkyresorcinols with potential new chemical structure. Alkyresorcinols, a type of non-isoprenoid lipids
with an aromatic ring, have important antibiotic activities [13,14]. Alkyresorcinols are relatively rare in
nature, with plants as the major sources. Some species of bacteria are known to produce alkyresorcinols,
such as Streptomyces griseus [13], Azotobacter and Pseudomonas species [15]. The detection of this putative
alkyresorcinol biosynthetic gene cluster extends its distribution to this novel genus.

2.2.2. Cluster 2: Terpene

Cluster 2 was predicted to produce terpene type compounds, a large and diverse group of natural
products [2]. Cluster 2 shared some similarity in structure and sequence with four C50 carotenoid
synthetic gene clusters from Dietzia sp. CQ4, Corynebacterium glutamicum, Leifsonia xyli and Agromyces
mediolanus (Figure 2 and Table 2). The three genes (orf2 to orf4) in cluster 2 of M. antarctica ZS314T shared
34–61% amino acid identities with geranylgeranyl pyrophosphate synthase gene (crtE), phytoene
synthase gene (crtB) and phytoene desaturase gene (crtI) of the four gene clusters, respectively (Table 2).
The three genes crtEBI were reported to be core genes responsible for biosynthesis of C40 carotenoid
lycopene. In addition, two genes (orf5 and orf6) encoding C50 carotenoid cyclases and orf7 encoding
a lycopene elongase were predicted in cluster 2, sharing 35–65% amino acid identities with those in
the other four gene clusters (Table 2). These three genes (orf5 to orf7) were expected to convert C40

carotenoid lycopene to C50 carotenoids, by elongating the carbon chain and forming cyclized end
groups finally, as reported in previous studies [9,12]. In certain instances, one C50 carotenoid cyclase
encoding gene could be fused with the lycopene elongase gene, such as lbtBC in Dietzia sp. CQ4
(Figure 2). A few additional genes were present in some of the clusters. For example, both cluster 2 of
M. antarctica ZS314T and the cluster from Agromyces mediolanus contained a gene (orf1/idi) encoding
isopentenyl-diphosphate Delta-isomerase, which is responsible for isoprenoid biosynthesis. The cluster
of Dietzia sp. CQ4 contained crtX encoding a glycosyl transferase, likely involved in the glucosylation
of C50 carotenoids [12]. In addition, a transcriptional regulator was encoded with opposite orientation
in the gene cluster of Agromyces mediolanus. Similarly, a putative transcriptional regulator of MarR
family was detected close to the core biosynthetic genes in cluster 2 with opposite orientation.
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Figure 2. The C50 carotenoid synthesis gene clusters of M. antarctica ZS314T, Dietzia sp. CQ4,
Corynebacterium glutamicum, Leifsonia xyli and Agromyces mediolanus. Homologous genes are presented
in the same colors. Genes unrelated to the biosynthesis are denoted in white.

Table 2. A comparison of key genes within the carotenoid biosynthetic gene clusters based on amino
acid sequence identities.

Cluster 2 M. antarctica ZS314T Corynebacterium
glutamicum Dietzia sp. CQ4 Leifsonia xyli Agromyces

mediolanus

Gene Annotation Gene Identity Gene Identity Gene Identity Gene Identity

orf 2 Geranylgeranyl
pyrophosphate synthase crtE 34% crtE 34% crtE 44% crtE 43%

orf 3 Phytoene synthase crtB 46% crtB 49% crtB 58% crtB 61%
orf 4 Phytoene desaturase crtI 52% crtI 61% crtI 61% crtI 58%
orf 5 Lycopene cyclase crtYe 41% lbtA 40% crtYe 65% lctA 50%
orf 6 Lycopene cyclase crtYf 38% lbtBC1 46% lctB 35% lctB 43%
orf 7 Lycopene elongase crtEb 56% lbtBC2 59% crtEb 61% lctC 64%

lbtBC1, the N-terminal region of LbtBC (1 to 134 residues) is homologous with lycopene cyclase domain. lbtBC2, the
C-terminal region of LbtBC (135 to 432 residues) is homologous with lycopene elongase domain.

Although the gene clusters responsible for C50 carotenoids were quite similar, the final products had
different structures. The final product of the gene cluster in Dietzia sp. CQ4 was C50 β-cyclic carotenoid
(C.p.450 monoglucoside) [12], while the final products of the two clusters in Corynebacterium glutamicum
and Agromyces mediolanus were the same, i.e., C50 ε-cyclic carotenoid (decaprenoxanthin) [12,16]. The
final product of the gene cluster in Leifsonia xyli was predicted to be a putative C50 carotenoid, without
further identification [12]. As previously reported, the C50 carotenoid cyclase was the key to determine
the final structure and may have multiple catalytic functions [9]. Usually, the C50 carotenoid cyclase in
Gram-positive bacteria was reported to be encoded by two genes, forming a heterodimeric complex to
catalyze the cyclization reaction leading to carotenoids with different end groups [9,17]. Phylogenetic
analysis of the C50 carotenoid cyclases showed that the two monomers formed two different groups
in the tree (Figure 3). The C50 carotenoid cyclases (encoded by orf5 an orf6) of M. antarctica ZS314T

clustered with LbtA and LbtBC of Dietzia sp. CQ4, respectively (Figure 3). It suggests that cluster
2 of M. antarctica ZS314T may produce C50 β-cyclic carotenoid-like products, as in Dietzia sp. CQ4.
However, it is hard to predict the final products of the gene cluster 2 of M. antarctica ZS314T solely
based on the gene cluster analysis.
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Figure 3. Maximum likelihood phylogenetic tree of C50 carotenoid cyclases based on amino acid
sequences. Bootstrap values below 50 were not shown.

2.2.3. Cluster 3: Terpene

Cluster 3 was predicted to be a terpene-producing gene cluster due to the presence of a core
biosynthetic gene (orf3) encoding lycopene cyclase (Figure 1 and Table S1). Next to the orf3 was a
gene encoding xanthorhodopsin (orf2). Xanthorhodopsin is a light-driven proton pump with a dual
chromophore, containing one retinal and one salinixanthin [18,19]. Xanthorhodopsin is more effective
than bacteriorhodopsin for collecting light due to the presence of salinixanthin. Salinixanthin is a C-40
acyl glycoside carotenoid, a kind of rare carotenoid produced mostly from haloarchaea and halophilic
bacteria [20]. However, the biosynthesis of salinixanthin has not been reported yet, according to our
knowledge. A gene annotated as β-carotene 15,15’-monooxygenase (orf4) was found downstream of
the core biosynthetic gene (orf3), which was reported to catalyze the breakdown of β-carotene into
two molecules of retinal. A putative pathway for salinixanthin and retinal biosynthesis was hence
proposed (Figure 4), according to reactions in the KEGG database and the genes existed in cluster
3 and the genome. Lycopene, which can be biosynthesized by the three genes crtEBI in cluster 2,
was further converted to 3,4-dehydrolycopene by CtrI. The later was cyclized at one end to form
torulene by most likely the lycopene cyclase in cluster 3. The reactions from lycopene to torulene were
the same as the steps in the biosynthesis of neurosporaxanthin [21]. From torulene to salinixanthin,
hydroxylase, dehydrogenase or ketolase, glucosyltransferase, and acyltransferase were proposed to
catalyze the reactions, according to similar reactions in the biosynthesis of canthaxanthin [22] and
myxol [23] (Figure 4). Gene candidates encoding for these enzymes have been annotated in the
genome, however, not in cluster 3. We also performed metabolic pathway reconstruction for the
biosynthesis of salinixanthin using PathPred, a web-based server integrated into the KEGG database to
predict plausible enzyme-catalyzed reaction pathways using the information of biochemical structure
transformation patterns and chemical structure alignments of substrate-product pairs [24]. The
reconstructed pathway from lycopene to the core structure of salinixanthin without glucoside ester
modification was shown in Figure S3 (since pathway reconstruction from lycopene to salinixanthin
was frequently disrupted due to some unknown reason). The predicted pathway was quite complex,
involving up to 19 reactions different from the pathway we proposed. It is unknown whether both
pathways are possible without further experimental verification. Genetic manipulation and chemical
identification are encouraged to verify the hypothetical pathways and identify the enzymes responsible
for the catalysis of these reactions. Moreover, genome-scale metabolic pathway reconstruction can be
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used to further discover new metabolic pathways and analyze metabolic networks of M. antarctica
ZS314T, as shown in previous studies [25,26].

Figure 4. Proposed pathways for the biosynthesis of the two chromophores, salinixanthin and retinal,
of xanthorhodopsin from M. antarctica ZS314T.

Xanthorhodopsin was first discovered in Salinibacter ruber, a halophilic bacterium [18]. Later,
two Octadecabacter strains from the Antarctic and the Arctic were reported to have a new subgroup
of xanthorhophosins and were predicted to be an adaptation advantage to icy environments [27].
The xanthorhodopsin from M. antarctica ZS314T clustered with those from Actinobacteria within
the subgroup I as proposed previously (Figure 5) [27]. However, it was separated from the known
xanthorhodopsin genes within the subgroup I with the highest similarity of around 57%, indicating
that it was a new xanthorhodopsin gene. Although xanthorhodopsin genes were horizontally
transferred, it seems that Actinobacteria shared a common ancestor distinct from non-actinobacterial
genes. The residues involved in keto-carotenoid binding identified in Salinibacter ruber DSM 13855
were not conserved, except for two residues highlighted in red boxes (Figure 5b). It suggests that
xanthorhodopsins may adopt different mechanisms for chromophore binding.
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Figure 5. Comparison of xanthorhodopsins from M. antarctica ZS314T and other representative microbial
groups used in a previous study [27]. (A) Neighbor-joining tree of xanthorhodopsins based on amino
acid sequences. Bootstrap values below 50 were not shown. (B) Multiple alignments of the putative
keto-carotenoid-binding region of the xanthorhodopsins in (A), as identified previously [27,28]. Same
as in the previous study [27], residues are marked by the letters r, c, g, and k to indicate contact with the
ring, chain, glucoside and keto group of the carotenoid. The alignment was made using the ClustalW
program online (https://www.genome.jp/tools-bin/clustalw) and shaded by the BoxShade program
(https://embnet.vital-it.ch/software/BOX_form.html). Similar and identical residues in the alignment
are highlighted with grey and black colors on the background, respectively.

2.2.4. Cluster 4: NRPS

A putative cluster containing an NRPS gene as the core biosynthetic gene (orf4) was predicted
right next to cluster 3 (Figure 1 and Table S1). However, the NRPS only contained an adenylation (A)
domain, a peptidyl carrier protein (PCP) domain, and a termination (T) domain, lacking the required
condensation (C) domain for elongation. In addition, the NRPS gene is much smaller than those
multimodular assembly lines for non-ribosomal peptide compound biosynthesis. A peptidase M1
gene (orf5) followed the NRPS gene. No other biosynthetic gene was detected in the cluster (Figure 1).
Therefore, it seems that cluster 4 may not produce large non-ribosomal peptide compounds or may
produce single amino acid-derived compounds. However, homologs of this NRPS gene were found in
other bacteria including mostly Cryobacterium species within Microbacteriaceae of Actinobacteria, with
76.86% as the highest amino acid identity. It is unclear whether this NRPS gene is inactivated or not.
The function of this NRPS gene requires further investigation.
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2.2.5. Cluster 5: Oligosaccharide

Cluster 5 was predicted to biosynthesize oligosaccharides, including genes encoding
polysaccharide biosynthesis protein, glycosyltransferases and epimerases etc. (Figure 1 and Table S1).
However, no known gene cluster was found to be similar. Currently, only a few gene clusters
biosynthesizing oligosaccharides have been identified, such as gene clusters producing orthosomycins,
moenomycins, saccharomucins, and acarviostatins [29]. In general, these gene clusters are complex and
large, usually including multiple genes for sugar synthesis and modification. For example, there are 39
biosynthetic related genes in the gene cluster producing avilamycin (a member of orthosomycins),
including four glycosyltransferases, 22 sugar synthesis and tailoring genes, and other genes involved in
further modification, resistance, regulation, and transport [30]. Due to the complexity of oligosaccharide
producing gene clusters, the biosynthesis of oligosaccharides is lagged behind. Indeed, oligosaccharide
natural products are under-represented in pharmacopeia compared with other classes, although
oligosaccharides have a wide range of biological activities and high structural diversity [29]. Possible
reasons were proposed including low levels of expression in nature, difficulties in detecting, isolation,
and identification, as well as low stability [29]. Since oligosaccharide secondary metabolite BGCs are
rarely identified and biochemically characterized, the prediction of these gene clusters in genomes
is also less frequent than other classes of natural products. Therefore, further identification of the
putative oligosaccharide gene cluster 5 is important but challengeable.

2.3. Analysis of the Pigments from M. antarctica ZS314T

As revealed by the genomic data mining, a putative carotenoid biosynthetic gene cluster was
detected, suggesting the production of carotenoids. The physiological characteristics indicated the
production of carotenoid-like pigments as well. Colonies of M. antarctica ZS314T were reddish orange
on Marine Agar 2216 (Difco) (Figure 6A). The supernatant of liquid culture was almost colorless, and
the cell pellets were reddish orange after centrifugation (Figure 6B,C). It suggested that the pigments
were stored in the cells rather than being secreted into the broth. The UV-visible absorption spectrum
of the concentrated methanolic extracts showed three major absorption peaks at 450, 472, and 500 nm,
with the highest at 472 nm (Figure 7A). The shape of the absorption spectrum resembled that of
carotenoids in general, and the wavelengths fell within the range of carotenoids as well, indicating the
presence of carotenoids in the extracts. The concentrated methanolic extracts were separated by using
HPLC, resulting in three major peaks (peak 1, peak 2 and peak 3) at retention times of 24.786 min,
29.661 min and 33.284 min (Figure 7B). The three peaks showed UV-visible absorption spectrum
characteristic of carotenoids, indicating that carotenoids may exist in the peaks. The absorption spectra
of the three peaks were slightly different from the overall spectrum of total methanolic extracts. Peak
1 showed maximum absorptions at around 468 nm, 490 nm, and 520 nm (Figure 7C). Peaks 2 and
3 had similar absorption spectra, with three maximum absorptions at around 448 nm, 472 nm, and
505 nm (Figure 7C). In order to isolate putative carotenoids indicated by HPLC, three pooled fractions
showing indicative color and relatively good purity were obtained after column chromatography with
silica gel and Sephadex LH-20. Fraction 1 had one peak showing characteristic absorption spectrum
of carotenoids (λmax 452 and 480) (data not shown), with the major MS signal MH+ at 704.54898
(Figure S4), which is close to the molecular mass of C.p.450, sarcinaxanthin and flavuxanthin [9,12]. In
addition, the same absorption spectrum was reported for C.p.450, rather than the other two carotenoids.
Therefore, the preliminary data suggested that fraction 1 was likely C.p.450. Fraction 2 had one
putative carotenoid-like peak (λmax 450 and 475) (data not shown), showing the major MS signal MH+

at 866.59451 (Figure S4). Fraction 3 had two putative carotenoid-like peaks, showing similar absorption
spectra (λmax 450 and 475 for the first peak, and λmax 452 and 477 for the second peak) (data not shown).
The major MS signal MH+ for the first peak was at 866.58174, while it was at 865.57678 for the second
peak (Figure S4). The major MS signals in fractions 2 and 3 had close m/z value and absorption spectra,
which generally agreed with that of C.p.450 glucoside (MH+: 867). However, it should be interpreted
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with caution, since high-resolution mass spectrometry accepts small deviation and the reported MS
data of these C50 carotenoids were obtained using low resolution mass spectrometry. As suggested
by cluster 2, M. antarctica ZS314T is expected to produce C50 carotenoids probably similar to C.p.450
and its glucoside derivatives, the products of Dietzia sp. CQ4. Considering the analysis of the gene
cluster and the preliminary characterization of the pigments, the carotenoids produced by M. antarctica
ZS314T are most likely C.p.450 and its glucosylated derivatives.

Figure 6. Reddish orange pigments produced by M. antarctica ZS314T as observed on Marine Agar
2216 plate (A) and in Marine Broth 2216 before (B) and after (C) centrifugation.

 

Figure 7. Analysis of the concentrated methanolic extracts of M. antarctica ZS314T. (A) UV-visible
absorption spectra of total methanolic extracts. (B) HPLC chromatogram of the concentrated methanolic
extracts showing three peaks (1, 2, 3) with typical UV absorption spectra of carotenoids. (C) The
UV-visible absorption spectra of peaks 1, 2, and 3. (D) The anti-oxidation assay (FRAP assay) of total
methanolic extracts.
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Carotenoids have many biological activities and biotechnological applications, including
antioxidant activity, absorbing light and energy, transporting oxygen, antitumor activity and enhancing
antibody production etc. [31,32]. The most apparent activity of carotenoids is their excellent antioxidant
activity, due to their electron rich polyene chains proficient in quenching reactive oxygen species [8].
The formation of iron ferrocyanide (Prussian blue) in the ferric reducing antioxidant power (FRAP)
assay due to the presence of the reddish orange pigment extracts suggested antioxidant activity of the
pigments, compared with the blank control showing yellow color of potassium ferricyanide solution
(Figure 7D). The absorbance of iron ferrocyanide (Prussian blue) at 700 nm (A700) further supported
the above observation, with A700 of 1.045 in the pigment group on average vs. A700 of 0.085 in the
control group on average. The A700 was significantly elevated in the experimental group compared
with the control group, with p value < 0.01 (Student’s t-test). Since M. antarctica ZS314T inhabits the
intertidal sediments in Antarctica, it has to deal with UV radiation, increased oxidative stress and all
other challenges caused by low temperature. Therefore, the production of carotenoids contributes to
survival and increases the fitness of M. antarctica ZS314T under the extreme environmental conditions
by increasing the antioxidant capability. Moreover, the carotenoids produced by M. antarctica ZS314T

may be further explored for potential applications in biotechnology. Since M. antarctica ZS314T has few
biosynthetic gene clusters and hence a relatively simple background, carotenoids are the major products
in the crude extracts, as indicated by the HPLC analysis as well (Figure 7B). Therefore, it simplifies
further purification and isolation of carotenoids from M. antarctica ZS314T for industrial purposes.

3. Materials and Methods

3.1. Strain and Culture Conditions

M. antarctica ZS314T was isolated on Marine Agar 2216 (Difco) from intertidal sediments of the
coast off the Chinese Antarctic Zhongshan Station in East Antarctica. For further morphological
observation, the strain ZS314T was grown on Marine Agar 2216 (Difco) and in Marine Broth 2216
(Difco) at 20 ◦C for 7 days. For analysis of reddish orange pigments, the strain ZS314T was cultured in
Erlenmeyer flasks containing one liter of Marine Broth 2216 (Difco) at 20 ◦C for seven days, under
rigorous shaking at 200 rpm.

3.2. Genome Sequencing and Data Mining of M. antarctica ZS314T

Genomic DNA was extracted using QIAamp® DNA Mini kit (QIAGEN, Shanghai, China).
The genome was sequenced by a combination of Illumina Hiseq 4000 and PacBio RSII sequencing
platforms. Two genomic libraries with inserts of 500 bp and 10 kb were constructed for Illumina and
PacBio sequencing, respectively. Clean data from Illumina and PacBio sequencing were assembled
using SOAPdenovo software version 2 [33] and RS_HGAP assembly version 3 included in the SMRT
Analysis version 2.3.0 (https://github.com/PacificBiosciences/SMRT-Analysis). Circularization of the
assemblies was evaluated based on overlaps and using SSPACE-LongRead software [34]. Genes were
predicted by using Glimmer version 3.0.2 [35]. Gene annotations were obtained by querying the
databases of GenBank non-redundant protein [36], Swiss-Prot [37], KEGG [38], COG [39], GO [40],
and carbohydrate-active enzymes database (CAZy) [41]. The presence of rRNA and tRNA was
predicted by using rRNAmmer [42] and tRNAscan [43], respectively. The secondary metabolite BGCs
were predicted by the antiSMASH program, using the relaxed parameters recommended by the
program [44]. Circular map of the genome was drawn using the Circos package [45]. Phylogenetic
trees were constructed by using the MEGA 7.0 software with bootstrap replication set at 1000 [46].
Metabolic pathway reconstruction was performed using the web-based server PathPred, following the
reference pathway of biosynthesis of secondary metabolites (plants) with default parameters [24].
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3.3. Extraction and Analysis of Reddish Orange Pigments

Five liters of liquid Marine Broth 2216 cultures were centrifuged at 7,000 rpm at 4 ◦C for 10 min.
After centrifugation, the supernatant was almost colorless, and the cell pellets were reddish orange.
The pigments were then extracted repeatedly with methanol from freeze-dried cell pellets. To avoid
any chemical change caused by light, all manipulations during the extraction of the pigments were
carried out in the dark and the containers were wrapped in aluminum foil. The extracts were then
pooled and concentrated by rotary evaporation at 45 ◦C.

The UV-visible absorption spectra scan of concentrated methanolic extracts was performed by
using Epoch spectrophotometer system with the spectrum range of 330–700 nm. The extracts were
analyzed by HPLC (waters e2695) using a C18 reversed-phase column (3.5 μm, 4.6 × 150 mm, waters)
with a flow rate of 1 ml·min−1 and detection wavelength at 480 nm. The mobile phase was a gradient
of 10 to 100% acetonitrile with 0.1% formic acid for 10 min followed by 100% acetonitrile with 0.1%
formic acid for 30 min, with a flow rate of 1 mL·min−1. The extracts were isolated and purified by
column chromatography with silica gel (200–300 mesh, Merck, Darmstadt, Germany). Thin-layer
chromatography (TLC) was used to check the presence and purity of carotenoid-like compounds in
the fractions separated by column chromatography before pooling. TLC was performed in TLC Silica
gel 60F plates (Merck, Germany), and was developed with a 3:2 (v/v) solvent mixture of acetone and
petroleum ether. Carotenoids were indicated by yellow and red colors on TLC plates (Figure S5).
Fractions containing putative carotenoids were further purified by column chromatography with
Sephadex LH-20 (Pharmacia Biotech, Uppsala, Sweden). Purified fractions were identified using an
Agilent 6224 TOF LC/MS spectrometer, with C18 reversed-phase column (3 μm, 4.6 × 75 mm, YMCSep.
Technol., Japan). The mobile phase was a gradient of 20 to 100% acetonitrile with 0.1% formic acid for
12 min, followed by 100% acetonitrile with 0.1% formic acid for 48 min, with a flow rate of 0.3 mL·min−1.
The eluted compounds were monitored at 480 nm using a diode array detector (DAD) detector.

3.4. Anti-Oxidation Assay of Reddish Orange Pigments

The anti-oxidation ability of the reddish orange pigments was measured via the ferric reducing
antioxidant power (FRAP) assay [47]. The mixture of 50 μL of concentrated methanolic extracts and
50 μL of 1% potassium ferricyanide K3Fe[CN]6 were incubated in the dark for 20 min at 50 ◦C. Then,
50 μL of 10% trichloroacetic acid was added to the above mixture, and centrifuged for 10 min at
7000 rpm at 4 ◦C. After centrifugation, 20 μL of sterile deionized-distilled H2O and 20 μL of 0.1%
ferric chloride were added to the supernatant, resulting in the production of iron ferrocyanide, i.e.,
Prussian blue. The absorbance of Prussian blue at 700 nm was measured by Epoch spectrophotometer
system. Methanol was used as a blank control and was manipulated at the same time under the same
conditions. Both the experimental group and the blank group were performed in triplicate.

3.5. Data Accessibility

The complete genome of M. antarctica ZS314T has been deposited in the GenBank database under
the accession number CP017146.

4. Conclusions

M. antarctica ZS314T represents a novel type of under-investigated Actinobacteria. The presence
of the five putative secondary metabolite gene clusters suggested the genetic potential of M. antarctica
ZS314T in producing terpenes, alkylresorcinols, salinixanthin, oligosaccharides or amino acid-derived
compounds. Combined with further experimental characterization and the gene cluster analysis
provided evidence for the production of C.p.450-like carotenoids. In addition, a new xanthorhodopsin
gene was discovered during the analysis of cluster 3. This work contributes to the investigation of
natural product biosynthesis of M. antarctica ZS314T. The report of the complete genome also provides
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opportunities for further investigation of the novel actinobacterium in adaptation to the extreme
Antarctic environment.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/7/388/s1,
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M. antarctica ZS314T and close deposits in the NCBI non-redundant protein sequences (nr) database., Figure S3:
Reconstructed biosynthetic pathway of the core structure of salinixanthin without the glucose ester modification
from lycopene., Figure S4: Mass spectrometry of the purified fractions from the methanolic extracts of the pigments
produced by M. antarctica ZS314T., Figure S5: TLC profile of carotenoid-like pigments indicated by yellow and red
colors., Table S1: Gene organization of the five gene clusters predicted in the genome of M. antarctica ZS314T.
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Abstract: Polycyclic tetramate macrolactams (PTMs) biosynthetic gene cluster are widely distributed
in different bacterial types, especially in Streptomyces species. The mining of the genomic data of
marine-derived Streptomyces sp. SCSIO 40010 reveals the presence of a putative PTM-encoding
biosynthetic gene cluster (ptm′ BGC) that features a genetic organization for potentially producing
5/5/6 type of carbocyclic ring-containing PTMs. A fermentation of Streptomyces sp. SCSIO 40010 led
to the isolation and characterization of six new PTMs 1–6. Comprehensive spectroscopic analysis
assigned their planar structures and relative configurations, and their absolute configurations were
deduced by comparing the experimental electronic circular dichroism (ECD) spectra with the reported
spectra of the known PTMs. Intriguingly, compounds 1–6 were determined to have a trans-orientation
of H-10/H-11 at the first 5-membered ring, being distinct from the cis-orientation in their known PTM
congeners. PTMs 1–5 displayed cytotoxicity against several cancer cell lines, with IC50 values that
ranged from 2.47 to 17.68 μM.

Keywords: Streptomyces sp. SCSIO 40010; marine; genome mining; polycyclic tetramate macrolactams;
cytotoxicity

1. Introduction

Polycyclic tetramate macrolactams (PTMs) are a unique class of natural products that consist of a
tetramate-embedding macrocyclic lactam core and a varying carbocycle with 5/6, 5/5, 5/6/5, or 5/5/6
ring system [1]. PTMs display a wide range of antifungal, antibiotic, antiprotozoal, and antitumor
properties [2–5], and they have significant potential for applications in agricultures and medicines [1,6].
HSAF (also known as dihydromaltophilin) [7], a typical representative of 5/5/6 type of PTMs, exhibits a
broad spectrum of antifungal activities and it has been used as an antifungal agent to control plant
diseases [8]. The anticancer agent ikarugamycin [9], a typical 5/6/5 type of PTMs, shows activity as
an inhibitor of clathrin-mediated endocytosis [10]. Therefore, PTMs draw the attention of synthetic
chemists; however, multiple chiral centers in PTMs greatly enhance the structure diversity and
increase the difficulty for the total synthesis [11–14]. In a sharp contrast, in nature, a conserved
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and compact biosynthetic pathway has been evolved to simply assemble such kinds of complex
structures [1]. Recent studies reveal that PTMs are derived from a conserved hybrid polyketide
synthase (PKS)/non-ribosomal peptide synthethase (NRPS) pathway [1,15]. The PKS portion of the
hybrid PKS/NRPS enzyme is iteratively used to produce two separate polyketide chains, which are
respectively condensed with the α- and δ-amino groups of an l-orinithine that is tethered in the
NRPS portion to generate a common polyene tetramate precursor [7,15–21]. Afterwards, a set of
oxidoreductases catalyzes divergent cyclization reactions to control the formation of diverse carbocyclic
ring systems in PTMs [18,20,22–24]. Particularly, the iterative assembly of two separate polyketide
chains by the same single-module bacterial polyketide synthase has been demonstrated in vitro in
the biosynthesis of HSAF [16], and the biocatalytic total synthesis of ikarugamycin has been recently
achieved [22].

Genome Mining has been successfully utilized to discover new PTMs [9,15,17,20,25,26].
For example, we have reported the activation of a silent PTM biosynthetic gene cluster (BGC)
by promoter engineering in marine-derived Streptomyces pactum SCSIO 02999 to produce a series of
new PTMs pactamides with a 5/5/6 ring system [20]. In addition, we have characterized three new
PTMs containing a 5/6/5 ring system from a South China Sea-derived Streptomyces sp. SCSIO 40060
while using a genomics-guided approach [26]. We identified a mangrove-derived Streptomyces sp.
SCSIO 40010 harboring a putative PTM BGC during our continuous search for PTM-producing strains.
Herein, we reported the isolation, structural elucidation and biological evaluation of six new PTMs 1–6

(Figure 1).

Figure 1. Chemical structures of polycyclic tetramate macrolactams (PTMs). Compounds 1–6 were
isolated from Streptomyces sp. SCSIO 40010. The known compounds 7–12 with the same planar
structures as those of 1–6, respectively, are shown here for comparison.

2. Results and Discussion

2.1. Genome Mining of a PTM Biosynthetic Gene Cluster

The strain SCSIO 40010 was isolated from the mangrove sediment in Penang, Malaysia, and it
was identified to be a Streptomyces species on the basis of its 16S rDNA sequence (GenBank accession
number MN224032). The mining of the sequenced genome of Streptomyces sp. SCSIO 40010 reveals
the presence of a putative PTM BGC (ptm′, GenBank accession number MN234160) that displays
high similarity to the ptm BGC in S. pactum SCSIO 02999 (Figure 2a) [20]. This ptm′ BGC encodes
six conserved enzymes, including the hybrid PKS/NRPS PtmA′, the FAD-dependent oxidoreductase
PtmB1′, PtmB2′, the alcohol dehydrogenase PtmC′, the hydroxylase PtmD′, and the P450 enzyme
PtmE′. In addition to the scaffold constructing enzymes PtmA′, PtmB1′, PtmB2′, and PtmC′, two
modifying enzymes PtmD′ (resembling the C-25 hydroxylase FtdA [15], 63% identity) and PtmE′
(resembling the P450 enzyme FtdF [15], 59% identity) were also found in the ptm′ BGC in Streptomyces
sp. SCSIO 40010.
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Figure 2. (a) Bioinformatics analysis of 5/5/6 type of PTM biosynthetic gene clusters (BGCs). (b) The
proposed biosynthetic pathway for six new 5/5/6 type of PTMs.

Our preliminary genome mining of Streptomyces sp. SCSIO 40010 indicates that it should be a
potential producer of PTMs with a 5/5/6 carbocyclic ring system [1,15]. Thus, we mined the available
genome sequences for PTM BGCs and made a bioinformatics analysis of the PTM BGCs, typically
for 5/5/6 type of PTMs [1,15]. Our analysis shows that the BGCs for 5/5/6 type of PTMs should fall
into two categories (Figure 2a), depending on the number of oxidoreductases that are involved in the
construction of the 5/5 ring system (two for Group I and three for Group II).

The PTM BGCs of Group I are mainly distributed in Streptomyces species (Figure 2a). Some of
these Streptomyces strains have been demonstrated to produce 5/5/6 and/or 5/5 type of PTMs, such as
pactamides in S. pactum SCSIO 02999 [20], compounds a–d in S. griseus NBRC 13350 [17], alteramides
in S. albus J1074 [25], and frontalamides in Streptomyces sp. SPB78 [15]. In contrast, no PTMs have
been reported from S. flavogriseus ATCC 33331 and S. roseosporus ATCC 11379 that contain Group I of
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PTM BGCs (Figure 2a) [15]. In addition to Streptomyces species, Actinoalloteichus sp. ADI127-7 and
AHMU CJ201 also contain Group I of PTM BGCs (Figure 2a), while no PTMs have been reported from
them. Actinoalloteichus cyanogriseus WH1-2216-6 was reported to produce HSAF and its analogues [27];
however, its genome sequence is not yet publicly available.

Biosynthetically, it has been experimentally demonstrated in S. pactum SCSIO 02999 that two
oxidoreductases PtmB1 and PtmB2 are responsible for the sequential formation of the 5/5 ring system
in pactamide A, with the formation of the first 5-membered ring by PtmB2 and the second 5-membered
ring by PtmB1 [20]. Subsequently, formation of the inner 6-membered is catalyzed by the alcohol
dehydrogenase PtmC [20].

The PTM BGCs of Group II are mainly found in bacterial strains of Lysobacter (Figure 2a).
The strains Lysobacter enzymogenes C3 and strain YC36 are validated to produce HSAF and related
PTMs [7,16,19,23]. The strains Lysobacter gummosus strain 3.2.11 and Lysobacter capsici strain 55 are
indicated as HSAF producers [28]. Unlike Group I PTM BGCs, three oxidoreductases (such as OX1,
OX2, and OX3 in Lysobacter enzymogenes) from the PTM BGCs of Group II are involved in the formation
of the 5/5 ring system [23]. It has been shown that OX3 is responsible for the first 5-membered ring
formation in lysobacterene A, while OX1 and OX2 catalyze the formation of the second 5-membered
ring, but with different stereo selectivity [23]. In a similar fashion to PtmC, OX4 catalyzes the formation
of the inner 6-membered ring in HSAF (7, Figure 1) [23,24].

The metabolite profiles of Streptomyces sp. SCSIO 40010 were investigated by cultivation in
four different media, including modifed-A1BFe+C [29], AM6, AM6-4, and modifed-ISP3 [26]. HPLC
analyses showed that compounds exhibiting UV-visible absorption spectra that were similar to PTMs
were better produced in the modifed-A1BFe+C medium (Supplementary Figure S1). Subsequently, a
20-L fermentation of Streptomyces sp. SCSIO 40010 was performed in the modifed-A1BFe+C. Butanone
extracts of the 20-L fermentation cultures were subjected to multiple chromatographic methods to
provide six new PTMs 1–6.

Compound 1 was isolated as a white powder. The molecular formula of 1 was determined as
C29H40N2O6 by HRESIMS ([M + H]+, m/z 513.2960, calcd for 513.2965, Supplementary Figure S2).
The planar structure of 1 was determined to be the same as that of HSAF (7, Figure 1) [27,30], by
comparing NMR spectroscopic data of 1 (Tables 1 and 2; Supplementary Figures S3–S9) and HSAF
(7) [27,30]. The geometries of double bonds in 1 were determined to be trans (E) or cis (Z) on the basis of
their coupling constants (ZΔ2,3 J2,3 11.5 Hz; EΔ17,18 J17,18 15.5 Hz; Table 1). The relative configurations
of 1 were assigned by NOESY correlations and then compared with pactamide A [20] and HSAF (7) [30]
(Figure 3a). It should be noted that a trans-orientation of H-10 and H-11 was assigned for 1, because
of the obvious NOESY correlations of H-8/H-10, H10/H-12, and H-11/H-29b (Figure 3). Previously,
a trans-orientation of H-10 and H-11 was reported for pactamide A [20], aburatubolactam A (X-ray
crystallography structure available [31]), combamide D [32], deOH alteramides, and lysobacterene
B [33]. In the recently reported 5/5 type of PTMs umezawamides, the relative orientation of H-10 and
H-11 was not determined [34]. However, a cis-orientation of H-10 and H-11 was determined in 7 [30].
As described by Cao et al. [9] and Hoshino et al. [34], the small vicinal coupling constant between H-23
and H-25 strongly indicated the relative configuration between H-23 and H-25 to be (23S*, 25S*) in
1 (3JH-23/H-25 1.2 Hz, Table 1). The configuration of C-23 was deduced to be 23S upon the proposed
biogenesis from an l-orinithine [7,15–21]. Recently, a crystallographic study unequivocally determined
the absolute configuration as 23S, 25S in hydroxylikarugamycin A [26]. Thus, when considering
the biosynthetic similarity between 1 and hydroxyikarugamycin A, 1 was deduced to also have the
stereochemistry of 23S, 25S. Given that 1 and 7 (5R, 6S, 8S, 10R, 11R, 12R, 13S, 14R, 16R, 23S, 25S [30])
displayed an almost identical electronic circular dichroism (ECD) spectra (Supplementary Figure S10),
the absolute configuration of 1 was deduced as 5R, 6S, 8S, 10S, 11R, 12R, 13S, 14R, 16R, 23S, 25S, which
was only different from 7 by adopting an opposite configuration at C-10 (Figure 1). Thus, compound 1

was designated 10-epi-HSAF.
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Figure 3. (a) Key COSY, HMBC correlations for 1, and selected NOE correlations for 1 and 3. (b) Key
NOE correlations to support a trans-orientation of H-10/H-11 in 1 and 3.

Table 1. 1H NMR (700 MHz) Data for PTMs 1–6 in dimethyl sulfoxide (DMSO)-d6 (δH, mult, J in Hz).

No. 1 2 3 4 5 6

2 5.70, dd,
(2.3, 11.5)

5.73, dd,
(1.9, 11.4)

5.72, dd,
(2.2, 11.3)

5.75, dd,
(2.0, 11.5)

5.75, dd,
(2.1, 11.3)

5.77, dd,
(2.0, 11.5)

3 5.90, td,
(1.8, 11.2)

5.9, td,
(2.2, 11.1)

5.92, td,
(2.1, 11.0)

5.92, td,
(2.1, 11.1)

5.96, td,
(2.1, 11.1)

5.96, td,
(2.2, 11.1)

4a 1.89, m 1.92, m 2.00, m 2.04, m 2.03, m 2.05, m
4b 3.52, m 3.49, m 3.62, m 3.62, m 3.65, m 3.64, m
5 1.28, m 1.27, m 1.90, m 1.90, m 1.87, m 1.88, m
6 1.64, m 1.27, m 2.09, m 2.10, m 2.56, m 2.57, m
7a 0.86, m 0.87, m 1.05, m 0.85, m 0.98, m 1.01, m
7b 1.96, m 1.97, m 2.05, m 2.06, m 2.11, m 2.14, m
8 2.35, m 2.35, m 2.35, m 2.35, m 2.03, m 2.03, m
9a 0.80, m 0.79, m 0.84, m 1.06, m 0.68, m 0.69, m
9b 2.01, m 2.01, m 2.05, m 2.06, m 2.02, m 2.03, m
10 1.33, m 1.32, m 1.37, m 1.37, m 1.53, m 1.53, m
11 1.27, m 1.64, m 1.09, m 1.09, m 1.21, m 1.22, m
12 1.75, m 1.77, m 2.21, m 2.21, m
13 1.10, m 1.09, m 2.37, m 2.37, m 2.32, m 2.32, m
14 3.25, m 3.25, m
15a 1.24, m 1.24, m 2.11, m 2.11, m 2.12, m 2.13, m
15b 1.74, m 1.75, m 2.59, m 2.59, m 2.59, m 2.60, m
16 2.06, m 2.07, m 2.38, m 2.40, m 2.44, m 2.47, m
17 6.57, dd,

(10.5, 15.5)
6.55, dd,

(10.5, 15.5)
6.63, dd,

(10.3, 15.6)
6.61, t, (15.5) 6.60, dd,

(10.3, 15.5)
6.59, dd,

(11.5, 15.5)
18 6.86, d, (15.5) 6.95, d, (15.5) 6.87, d, (15.6) 6.96, d, (15.5) 6.88, d, (15.5) 6.96, d, (15.5)
22 NH, 8.68, s NH, 8.68, s NH, 8.95, s NH, 8.73, brs NH, 8.96, s NH, 8.75, s
23 3.86, d, (1.2) 3.81, d, (5.7) 3.87, d, (1.4) 3.83, s 3.87, d, (1.1) 3.84, d, (6.1)
25a 3.81, dt,

(1.5, 6.1)
1.74, m 3.81, dt,

(1.4,6.2)
1.74, m 3.82, dt, (2.0,

6.4)
1.74, m

25b 1.84, m 1.86, m 1.86, m
26a 1.18, m 1.15, m 1.18, m 1.17, m 1.20, m 1.15, m
26b 1.38, m 1.32, m 1.39, m 1.35, m 1.39, m 1.34, m
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Table 1. Cont.

No. 1 2 3 4 5 6

27a 2.57, m 2.39, m 2.59, m 3.23, m 2.58 m 2.40, m
27b 3.25, m 3.22, m 3.26, m 2.39, m 3.24, m 3.23, m
28 NH, 7.96, t,

(5.7)
NH, 7.82, t,

(5.3)
NH, 7.98, t,

(5.6)
NH, 7.86, s NH, 8.00, t,

(5.6)
NH, 7.88, t,

(5.6)
29a 1.04, m 1.04, m 1.03, m 1.03, m 0.99, m 1.02, m
29b 1.55, m 1.55, m 1.53, m 1.54, m 1.51, m 1.52, m
30 0.85, t (7.4) 0.85, t (7.4) 0.84, t (7.4) 0.84, t (7.4) 0.84, t (7.4) 0.84, t (7.4)
31 1.06, d (6.4) 1.06, d (6.4) 0.96, d (6.5) 0.96, d (6.5) 0.94, d (6.7) 0.94, d (6.8)

Table 2. 13C NMR (176 MHz) Data for PTMs 1–6 in DMSO-d6, (δC, type).

No. 1 2 3 4 5 6

1 165.5, C 165.5, C 165.5, C 165.6, C 165.5, C 165.6, C
2 124.1, CH 124.2, CH 124.4, CH 124.5, CH 124.5, CH 124.7, CH
3 139.1, CH 138.9, CH 138.4, CH 138.3, CH 138.2, CH 138.1, CH
4 28.0, CH2 28.1, CH2 27.7, CH2 27.7, CH2 27.4, CH2 27.4, CH2
5 43.5, CH 43.5, CH 43.2, CH 43.2, CH 43.0, CH 43.0, CH
6 47.4, CH 46.4, CH 51.1, CH 51.2, CH 47.9, CH 48.0, CH
7 37.2, CH2 37.3, CH2 38.4, CH2 39.7, CH2 36.5, CH2 36.5, CH2
8 41.5, CH 41.4, CH 40.4, CH 40.4, CH 51.3, CH 51.3, CH
9 40.3, CH2 40.3, CH2 39.6, CH2 38.5, CH2 38.1, CH2 38.1, CH2

10 53.5, CH 53.5, CH 53,2, CH 53,2, CH 50.4, CH 50.4, CH
11 46.5, CH 47.6, CH 46.7, CH 46.7, CH 49.3, CH 49.3, CH
12 58.1, CH 58.1, CH 50.4, CH 50.4, CH 89.7, CH 89.7, CH
13 59.1, CH 59.1, CH 63.0, CH 63.0, CH 64.2, CH 64.2, CH
14 72.7, CH 72.7, CH 207.4, C 207.4, C 210.1 C 210.2, C
15 41.9, CH2 41.9, CH2 45.6, CH2 45.6, CH 46.0, CH2 46.0, CH2
16 45.7, CH 45.6, CH 47.7, CH 47.8, CH 47.1, CH 47.2, CH
17 150.1, CH 149.6, CH 147.8, CH 147.4, CH 147.5, CH 147.2, CH
18 121.3, CH 121.5, CH 122.0, CH 122.1, CH 122.1, CH 122.2, CH
19 172.2, C 171.8, C 171.9, C 175.1, C 171.8, C 171.2, C
20 100.4, C 100.7, C 100.7, C 101.1, C 100.7, C 101.0, C
21 175.7, C 175.3, C 175.6, C 171.4, C 175.6, C 175.1, C
23 68.6, CH 61.0, CH 68.5, CH 61.1, CH 68.6, CH 61.1, CH
24 193.0, C 195.8, C 193.0, C 195.8, C 193.0, C 195.9, C
25 70.1, CH 26.2, CH2 70.1, CH 26.2, CH2 70.1, CH 26.1, CH2
26 31.1, CH2 20.4, CH2 31.0, CH2 20.4, CH2 31.0, CH2 31.1, CH2
27 36.4, CH2 38.0, CH2 36.4, CH2 38.0, CH2 36.4, CH2 36.4, CH2
29 25.8, CH2 25.8, CH2 25.5, CH2 25.5, CH2 25.3, CH2 25.3, CH2
30 12.6, CH3 12.6, CH3 12.4, CH3 12.4, CH3 12.0, CH3 12.0, CH3
31 18.4, CH3 18.4, CH3 17.6, CH3 17.6, CH3 11.5, CH3 11.5, CH3

Compound 2 was obtained as a white powder and it was assigned the molecular formula of
C29H40N2O5 on the basis of HRESIMS ([M + H]+, m/z 497.3010, calcd for 497.3015, Supplementary
Figure S11). A detailed comparison of one-dimensional (1D) and two-dimensional (2D) NMR
spectroscopic data of 2 (Tables 1 and 2, Supplementary Figures S12–S18) and deOH-HSAF (8, Figure 1)
revealed the same planar structure for 2 and 8 [27,30]. The relative configuration of 2 was deduced by
proton coupling constants (ZΔ2,3 J2,3 11.5 Hz; EΔ17,18 J17,18 15.5 Hz; Table 1) and careful analysis of
NOESY correlations (Figure 4, Supplementary Figures S17 and S18). Similar to 1, a trans-orientation
of H-10/H-11 was determined in 2 (Figure 1), by deducing from NOESY correlations of H-8/H-10,
H10/H-12, H12/Me-31, and H-11/H-29b. This was different from the cis-orientation of H-10/H-11 in 8

(Figure 1) [30]. 2 was deduced to have the absolute configuration of 5R, 6S, 8S, 10S, 11R, 12R, 14R, 13S,
16R, and 23S because of the almost identical ECD spectra of 1 and 8 (Supplementary Figure S10), and
thus compound 2 was designated 10-epi-deOH-HSAF.
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Figure 4. Key COSY, HMBC, and selected NOE correlations for 2–6.

Compound 3 was isolated as a reddish and amorphous powder. The molecular formula of 3 was
determined as C29H38N2O6 by HRESIMS ([M−H]−, m/z 509.2642, calcd for 509.2657, Supplementary
Figure S19). Careful analysis of the 1D and 2D NMR data of 3 (Tables 1 and 2, Supplementary Figures
S20–S26) revealed that 3 was an isomer of maltophilin (9, Figure 1) [27]. The trans-orientation of
H-10/H-11 in 3, which differed from the cis-orientation of H-10/H-11 in 9, was supported by NOESY
correlations of H-8/H-10, H-10/H-12, and H-12/Me-31 (Figure 3, Supplementary Figures S25 and
S26). When considering the similar ECD spectra of 3 and 1 (Supplementary Figure S10), the absolute
configuration of 3 was deduced as 5R, 6S, 8S, 10S, 11R, 12R, 13S, 16R, 23S, and 25S, and thus 3 was
designated 10-epi-maltophilin.

Compound 4 was obtained as a white powder and it was assigned the molecular formula as
C29H38N2O5 by HRESIMS ([M + H]+, m/z 495.2846, calcd for 495.2859, Supplementary Figure S27).
Detailed comparison of NMR spectroscopic data of 4 (Tables 1 and 2, Supplementary Figures S28–S34)
and xanthobaccin C (10, Figure 1) uncovered that 4 was an isomer of 10 [27]. The key NOESY
correlations of H-8/H-10, H-10/H-12, and H-12/Me-31 in 4 (Figure 4, Supplementary Figure S34)
supported a trans-orientation of H-10/H-11 in 4. The absolute configuration of 4 was deduced as 5R, 6S,
8S, 10S, 11R, 12R, 13S, 16R, and 23S by comparing the ECD spectra of 4 and 2 (Supplementary Figure
S10). Therefore, 4 was designated 10-epi-xanthobaccin C.

Compound 5 was obtained as a reddish powder. The molecular formula of 5 was assigned as
C29H38N2O7 by HRESIMS ([M + H]+, m/z 527.2757, calcd for 527.2757, Supplementary Figure S35).
A detailed comparison of NMR spectroscopic data of 5 and hydroxymaltophilin (11, Figure 1) suggested
that both compounds should have the same planar structure (Tables 1 and 2, Supplementary Figures
S36–S42) [27]. However, distinct from the cis-orientation of H-10/H-11 in 11 [27], a trans-orientation
of H-10/H-11 was indicated in 5 by key NOE correlations of H-8/H-10, H10-/H-12, and H-11/H-29b
(Figure 4, Supplementary Figures S41 and S42). Based on the similar ECD spectra of 5 and 11

(Supplementary Figure S10), 5 was suggested to have the configuration of 5R, 6S, 8S, 10S, 11R, 12R,
13S, 16R, 23S, and 25S, and it was thus designated 10-epi-hydroxymaltophilin.

Compound 6 was isolated as a yellowish solid. The molecular formula of 6 was determined
to be C29H38N2O6 by HRESIMS ([M +H]+, m/z 511.2800, calcd for 511.2808, Supplementary Figure
S43). An analysis of 1D, COSY, and HMBC correlations (Supplementary Figures S44–S48) showed that
the planar structure of 6 was the same as that of FI-2 (12, Figure 1), an intermediate in frontalamide
biosynthesis [15,27]. A trans-orientation of H-10/H-11 was indicated in 6 by key NOE correlations of
H-8/H-10, H-10/H-12, and H-11/H-29b (Figure 4, Supplementary Figures S49 and S50), different from
the cis-orientation of H-10/H-11 in 12 [27]. The high similarity in the ECD spectra of 6 and 12 indicated
that 6 should be a 10-epimer of 12, designated 10-epi-FI-2.
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2.2. Biological Activities

The in vitro cytotoxicities of compounds 1–5 (compound 6 was not tested due to limited amount)
were evaluated against four human cancer cell lines, including SF-268, MCF-7, A549, and HepG2, by
the SRB method since most reported PTMs exhibits cytotoxic activities [1] (Table 3). Compounds 1–5

showed moderate activities against these four cancer cell lines with half inhibitory concentration (IC50)
values of 2.47–17.68 μM, which were comparable to those of the positive control cisplatin (Table 3). It
should be noted that pactamide A, differing from 2 only by lacking C-14 OH, displayed much better
cytotoxicities (IC50 values ranging from 0.2–0.5 μM against these four cancer cell lines) than 2 [20].

Table 3. Cytotoxicities of PTMs 1–5.

IC50 (μM)

SF-268 MCF-7 A549 HepG2

1 3.83 ± 0.13 2.47 ± 0.05 5.99 ± 0.15 3.48 ± 0.17
2 10.62 ± 0.45 3.84 ± 0.07 11.01 ± 1.09 10.34 ± 0.88
3 4.57 ± 0.18 3.18 ± 0.13 3.75 ± 0.62 6.30 ± 0.34
4 7.53 ± 0.27 3.54 ± 0.24 10.45 ± 0.46 17.86 ± 0.62
5 3.21 ± 0.18 6.83 ± 0.36 3.28 ± 0.04 3.12 ± 0.11

a CP 3.26 ± 0.29 3.19 ± 0.12 1.56 ± 0.08 2.42 ± 0.14
a Cisplatin, positive control.

2.3. Biosynthetic Implications

Based on bioinformatics analysis, the ptm′ BGC in Streptomyces sp. SCSIO 40010 was highly similar
to that of frontalamides (ftd) in Streptomyces sp. SPB78 and it should be classified into the Group I of
5/5/6 type of PTM BGCs (Figure 2a). Subsequently, six new PTM analogues with moderate antitumor
activities were isolated from Streptomyces sp. SCSIO 40010 and the absolute configuration at C-10 in
these PTMs was identified as being 10S, opposite to their known PTM congeners. These observations
further highlight the importance of Streptomyces species as prolific sources for bioactive compounds
and they indicate the worth of genome mining in marine-derived Streptomycetes [35]. Similar to the
well-established biosynthetic pathway for 5/5/6 type of PTMs [20,23,33], PtmA′ catalyzes the formation
of a common polyene tetramate precursor, which is sequentially cyclized by PtmB2′/PtmB1′ into an
intermediate with the 5/5 carbocyclic ring system (Figure 2b). It has been hypothesized that OX3,
which is a PtmB2′ homologous enzyme, is involved in controlling the formation of products with both
cis- and trans-orientated H-10/H-11 in HSAF (7) biosynthesis [23]. However, it appears that PtmB2′
only generates products with trans-orientated H-10/H-11. Additionally, it has been proposed that C-14
oxidation occurs during the OX2 (PtmB1′ analogue)-catalyzed formation of the second five-membered
ring [23], and a recent in vivo combinatorial study has confirmed that the second ring formation is
coupled with the C-14 hydroxylation in the biosynthesis of HSAF and analogues [33]. However, the
detailed biochemistry and enzymology responsible for such transformations have not been elucidated.
Next, PtmC’ generates the inner six-membered ring in 2 (Figure 2b). Finally, different oxidations of 2

by PtmD’ (a C-25 hydroxlase, analogous to FtdA for frontalamides [15], SD for HSAF [36]) and PtmE’
(a putative C-12 hydroxylase and C-14 dehydrogenase, analogous to FtdF for frontalamides [15]) lead
to the formation of products 1 and 3–6 due to the substrate promiscuity of PtmD’ and PtmE’ (Figure 2b).

2.4. Conclusion

Conclusively, on the basis of a genome mining approach, we isolated six new PTMs 1–6 from
the marine-derived Streptomyces sp. SCSIO 40010. The 10S absolute configuration is the unique
feature of these new PTM analogues, which is distinct from the 10R configuration in their known
congeners. PTMs 1–5 display moderate cytotoxic activities toward four human cancer cell lines.
Although a biosynthetic pathway for PTMs 1–6 is proposed, the precise biochemistry and enzymology
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involved in the polycyclic ring formation and the stereochemistry selectivity remains elusive and
awaits further investigations.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured using a 341 Polarimeter (Perkin-kinelmer, Inc., Norwalk, CT,
USA). The CD spectra were measured on a Chirascan circular dichroism spectrometer (Applied
Photophysics, Ltd., Surrey, UK). UV spectra were measured on a U-2900 spectrophotometer (Hitachi,
Tokyo, Japan). IR spectra were recorded on an Affinity-1 FT-IR spectrometer (Shimadzu, Tokyo,
Japan). The 1D and 2D NMR spectra were recorded on a Bruker AV-700 MHz NMR spectrometer
(Bruker Biospin GmbH, Rheinstetten, Germany) with tetramethylsilane (TMS) as the internal standard.
Mass spectrometric data were obtained on a quadrupole-time-of-flight mass spectrometry (Bruker
Maxis 4G) for HRESIMS. Column chromatography was performed while using silica gel (100–200 mesh,
300–400 mesh; Jiangyou Silica gel development, Inc., Yantai, China), Sephadex LH-20 (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden). HPLC was carried out while using a reversed-phase column
(Phenomenex Gemini C18, 250 mm × 4.6 mm, 5 μm; Phenomenex, Torrance, CA, USA) with UV
detection at 270 nm and 320 nm. Semi-preparative HPLC was performed on a Hitachi HPLC station
(Hitachi-L2130) with a Diode Array Detector (Hitachi L-2455) using a Phenomenex ODS column
(250 mm × 10.0 mm, 5 mm; Phenomenex, Torrance, CA, USA) with UV detection at 320 nm.

3.2. Strain, Screening and Culture Methods

Streptomyces sp. SCSIO 40010 was isolated from the Mangrove sediment obtained from Penang,
Malaysia, and it was identified by 16S rDNA sequence analysis. The strain SCSIO 40010 was maintained
in 40% glycerol aqueous solution at −80 ◦C in Research Center for Marine Microbiology Culture
Collection Center of South China Sea Institute of Oceanology, Chinese Academy of Sciences. It was
found that the strain SCSIO 40010 was best maintained on 38#-Agar medium containing 3% sea salt
for optimal growth and sporulation. A single colony was inoculated into 50 mL of four different
media, including modifed-A1BFe+C (soluble starch 1.0%, yeast extract 0.4%, tryptone 0.2%, CaCO3

0.2%, sea salts 3%, pH 7.2–7.4) [29], AM6 (soluble starch 2.0%, glucose 1.0%, tryptone 0.5%, yeast
extract 0.5%, CaCO3 0.2%, sea salts 3%, pH 7.2–7.4) [37], AM6-4 (glycerol 0.1%, bacterial peptone 0.5%,
glycine 0.01%, alanine 0.01%, CaCO3 0.5%, sea salts 3%, pH 7.2–7.4) [37], and modifed-ISP3 (oat meal
1.5%, FeSO4 0.0001%, MnCl2 0.0001%, ZnSO4 0.0001%, sea salts 3%, pH 7.2–7.4) [37], in 250 mL
Erlenmeyer flasks, and then incubated on a rotary shaker (200 rpm) at 28 ◦C for seven days. The culture
broths were extracted with an equal volume of n-butanol and the extracts were then monitored by
HPLC-DAD. HPLC analyses were carried out under the following program: solvent system (solvent A,
10% acetonitrile in water supplemented with 0.08% formic acid; solvent B, 90% acetonitrile in water);
5% B to 100% B (linear gradient, 0–18 min.), 100% B (18–23 min.), 100% B to 5% B (23–27 min.), 5% B
(27–32 min.); flow rate at 1 mL/min. A single colony was inoculated into 30 mL of modifed-A1BFe+C
medium and incubated at 28 ◦C for 2–3 days. Then, a total of 20 L fermentation cultures were performed
by inoculating 30 mL of the seed culture into a 1000 mL Erlenmeyer flask containing 200 mL of the
modifed-A1BFe+C medium to cultivate on a rotary shaker (200 rpm) at 28 ◦C for 7 days.

3.3. Genome Mining and Bioinformatics Analysis

The strain SCSIO 40010 was inoculated into modifed-A1BFe+C medium and incubated at 28 ◦C for
48 h. Then the mycelia were collected by centrifugation. Genomic DNA was released from the mycelia
by lysozyme and proteinase K digestion, which was extracted with Phenol-chloroform, followed
by anhydrous ethanol precipitation. The draft genome of Streptomyces sp. 40010 was sequenced
by using Illumina HiSeq 2500. The reads were de novo assembled by using SOAPdenovo ver 2.04
(http://soap.genomics.org.cn/soapdenovo.html). Gene sequences were predicted and annotated by the
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Rapid Annotations using Subsystems Technology (RAST) server [38]. The putative PTM biosynthetic
gene clusters in the genome were predicted with antiSMASH 4.0 [39]. The DNA sequences of the
ptm′ gene cluster were deposited under GenBank accession number MN234160. The function of
gene products was predicted with protein blast and/or blastx program (https://blast.ncbi.nlm.nih.
gov/Blast.cgi). The PTM BGCs were obtained from GenBank database for bioinformatics analysis:
Streptomyces sp. SCSIO 40010 (MN234160); Streptomyces pactum SCSIO 02999 (KU569222); Streptomyces
griseus NBRC 13350 (AP009493); Streptomyces albus J1074 (ABYC01000481); Streptomyces flavogriseus
ATCC 33331 (NZ_ACZH01000010); Streptomyces roseosporus ATCC 11379 (ABYX01000252); Streptomyces
sp. SPB78 (NZ_ACEU01000453 and NZ_ACEU01000454); Actinoalloteichus sp. ADI127-7 (CP016076);
Actinoalloteichus sp. AHMU CJ021 (CP025990.1); Lysobacter enzymogenes C3 (EF028635.2); Lysobacter
enzymogenes strain YC36 (CP040656.1); Lysobacter gummosus strain 3.2.11 (CP011131.1); Lysobacter capsici
strain 55 (CP011130.1).

3.4. Extraction, Isolation and Purification

The 20 L of culture broth of Streptomyces sp. SCSIO 40010 were pooled and centrifuged at 3900 rpm
for 15 min. at 25 ◦C. The mycelia were extracted three times, each with 2 L acetone. The acetone extracts
were concentrated under reduced pressure to afford an aqueous residue, which was extracted four
times with equal volume of n-butanone. The supernatants were extracted four times with equal volume
of n-butanone. The butanone extracts were combined and concentrated under reduced pressure to
afford the crude extracts (11.5 g). The crude extracts were subjected to the column chromatography
over silica gel eluting with a gradient of CHCl3/MeOH mixtures ranging from 100/0, 95/5, 90/10,
80/20,50/50 and 0/100 (v/v) yielded six fractions (Fr.1–Fr.6). Then Fr.2 (0.72 g) was further purified via
MPLC (Medium Pressure Preparative Liquid Chromatography) with reverse phased C-18 column
(14.5 × 2.5 cm i.d., 5 mm Agela Technologies) by eluting with a linear gradient of H2O/MeOH (0–100%,
15 mL/min, 300 min) give fractions Fr.2.1–Fr.2.18. Fractions Fr.2.14–15 (170 mg) were further purified
by semi-preparative HPLC while using a mobile phase of MeCN-H2O (65:35, v/v) to give compounds 2

(3.4 mg), 3 (10.8 mg), and 4 (3.6 mg). The fraction Fr.3 (0.83 g) was purified by Sephadex LH-20 (120
× 3.5 cm i.d.), eluting with CHCl3/MeOH (5:5, v/v) to give fractions Fr.3.1–Fr.3.25. Fractions Fr.3.5–9
(300 mg) were further purified by semi-preparative HPLC while using a mobile phase of MeCN-H2O
(45:55, v/v) to provide compounds 1 (4.1 mg), 5 (5.6 mg), and 6 (2.8 mg).

3.5. Physical and Chemical Properties of New Compounds 1–6

10-epi-HSAF (1): White powder; [α]25
D + 50.7 (c 0.2, MeOH); UV (MeOH) λmax (log ε) 322 (3.92) nm,

219 (4.18) nm; ECD (c 4.3 × 10−4 M, MeOH) λmax (Δε) 215 (+15.5), 241 (−18.1), 326 (+6.2) nm; IR νmax

3356, 2951, 2918, 2369, 2341, 1653, 1541, 1471, 1020, 679 cm−1; 1H NMR (700 MHz, DMSO-d6) and 13C
NMR (176 MHz, DMSO-d6) data, see Tables 1 and 2; (+)-HRESIMS m/z [M +H]+ 513.2960 (calcd for
C29H41N2O6, 513.2965).

10-epi-deOH-HSAF (2): White powder; [α]25
D + 53.7 (c 0.2, MeOH); UV (MeOH) λmax (log ε) 322 (4.03)

nm, 212 (4.37) nm; ECD (c 2.2 × 10−4 M, MeOH) λmax (Δε) 214 (+7.8), 244 (−9.9), 326 (+4.4) nm; IR νmax

3356, 3334, 2953, 2868, 2358, 2341, 1647, 1541, 1506, 1203, 1024, 669 cm−1; 1H NMR (700 MHz, DMSO-d6)
and 13C NMR (176 MHz, DMSO-d6) data, see Tables 1 and 2; (+)-HRESIMS m/z [M + H]+ 497.3010
(calcd for C29H41N2O5, 497.3015).

10-epi-maltophilin (3): Reddish solid; [α]25
D + 42.4 (c 0.06, MeOH); UV (MeOH) λmax (log ε) 322 (4.06)

nm, 218 (4.31) nm; ECD (c 4.9 × 10−4 M, MeOH) λmax (Δε) 214 (+26.3), 238 (−23.1), 332 (+6.0) nm;
IR νmax 3336, 2953, 2920, 2358, 2341, 1647, 1456, 1022, 679 cm−1; 1H NMR (700 MHz, DMSO-d6) and
13C NMR (176 MHz, DMSO-d6) data, see Tables 1 and 2; (-)-HRESIMS m/z [M − H]− 509.2642 (calcd for
C29H37N2O6, 509.2952).

10-epi-xanthobaccin C (4): White powder; [α]25
D + 8.31 (c 0.08, MeOH); UV (MeOH) λmax (log ε) 322

(3.97) nm, 219 (4.27) nm; ECD (c 2.6 × 10−4 M, MeOH) λmax (Δε) 210 (+15.3), 247 (−16.9), 327 (+5.0)
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nm; IR νmax 3335, 2951, 2920, 2837, 2358, 2341, 1653, 1456, 1018, 758, 669 cm−1; 1H NMR (700 MHz,
DMSO-d6) and 13C NMR (176 MHz, DMSO-d6) data, see Tables 1 and 2; (+)-HRESIMS m/z [M +H]+

495.2846 (calcd for C29H39N2O5, 495.2859).

10-epi-hydroxymaltophilin (5): Reddish powder; [α]25
D + 30.8 (c 0.06, MeOH); UV (MeOH) λmax

(log ε) 321 (4.02) nm, 216 (4.32) nm; ECD (c 4.0 × 10−4 M, MeOH) λmax (Δε) 214 (+24.1), 238 (−18.4),
326 (+4.4) nm; IR νmax 3334, 3327, 2955, 2927, 2359, 2342, 1697, 1653, 1541, 1471, 1217, 1024, 754,
678 cm−1; 1H NMR (700 MHz, DMSO-d6) and 13C NMR (176 MHz, DMSO-d6) data, see Tables 1 and 2;
(+)-HRESIMS m/z [M + H]+ 527.2757 (calcd for C29H39N2O7, 527.2757).

10-epi-FI-2 (6): Yellowish solid; [α]25
D + 41.4 (c 0.06, MeOH); UV (MeOH) λmax (log ε) 322 (3.96) nm,

226 (4.39) nm; ECD (c 2.9 × 10−4 M, MeOH) λmax (Δε) 209 (+12.0), 239 (−7.4), 332 (+2.7) nm; IR νmax

3321, 2957, 2926, 2359, 2342, 1684, 1647, 1541, 1456, 1238, 669 cm−1; 1H NMR (700 MHz, DMSO-d6) and
13C NMR (176 MHz, DMSO-d6) data, see Tables 1 and 2; (+)-HRESIMS m/z [M +H]+ 511.2800 (calcd
for C29H39N2O6, 511.2808).

3.6. Bioactivity Assays

The in vitro cytotoxic activities of PTMs 1–5 were evaluated against four tumor cell lines, SF-268
(human glioma cell line), HepG2 (human liver carcinoma cell line), and MCF-7 (human breast
adenocarcinoma cell line), A549 (human lung adenocarcinoma cell) by the SRB method, according to a
previously described protocol [40]. All of the cells were cultivated in RPMI 1640 medium [41]. Cells
(180 μL) with a density of 3 × 104 cells/mL were seeded onto 96-well plates and incubated for 24 h at 37
◦C, 5% CO2. Subsequently, 20 μL of different concentrations of PTM compounds, ranging from 0 to
100 μM in dimethyl sulfoxide (DMSO), were added to each plate well. Equal volume of DMSO was
used as a negative control. After a further incubation for 72 h, the cell monolayers were fixed with 50%
(wt/v) trichloroacetic acid (50 μL) and then stained for 30 min. with 0.4% (wt/v) SRB dissolved in 1%
acetic acid. Unbound dye was removed by repeatedly washing with 1% acetic acid. The protein-bound
dye was dissolved in 10 mM Tris-base solution (200 μL) for the determination of optical density (OD)
at 570 nm while using a microplate reader. The cytotoxic compound cisplatin was used as a positive
control. All of the data were obtained in triplicate and presented as means ± S.D. IC50 values were
calculated with the SigmaPlot 14.0 software using the non-linear curve-fitting method.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/12/663/s1,
Figure S1: HPLC analysis of metabolite profiles of Streptomyces sp: SCSIO 40010 cultured in different media;
Figure S2: Comparison of ECD spectra of compound 1–6 and the known compounds; Figure S3: HRESIMS
(a) and IR (b) of compound 1; Figure S4: 1H NMR spectrum of compound 1 in DMSO-d6; Figure S5: The 13C
NMR and DEPT 135 spectra of compound 1 in DMSO-d6; Figure S6: The HSQC spectrum of compound 1 in
DMSO-d6; Figure S7: The HMBC spectrum of compound 1 in DMSO-d6; Figure S8: The 1H-1H COSY spectrum of
compound 1 in DMSO-d6; Figure S9: The NOESY spectrum of compound 1 in DMSO-d6; Figure S10: The key
NOESY spectrum of compound 1 in DMSO-d6; Figure S11: HRESIMS (a) and IR (b) of compound 2; Figure S12:
1H NMR spectrum of compound 2 in DMSO-d6; Figure S13: The 13C NMR and DEPT 135 spectra of compound 2
in DMSO-d6; Figure S14: The HSQC spectrum of compound 2 in DMSO-d6; Figure S15: The HMBC spectrum
of compound 2 in DMSO-d6; Figure S16: The 1H-1H COSY spectrum of compound 2 in DMSO-d6; Figure S17:
The NOESY spectrum of compound 2 in DMSO-d6; Figure S18: The key NOESY spectrum of compound 2 in
DMSO-d6, Figure S19: HRESIMS (a) and IR (b) of compound 3; Figure S20: 1H NMR spectrum of compound 3 in
DMSO-d6; Figure S21: The 13C NMR and DEPT 135 spectra of compound 3 in DMSO-d6; Figure S22: The HSQC
spectrum of compound 3 in DMSO-d6; Figure S23: The HMBC spectrum of compound 3 in DMSO-d6; Figure S24:
The 1H-1HCOSY spectrum of compound 3 in DMSO-d6; Figure S25: The NOESY spectrum of compound 3 in
DMSO-d6; Figure S26: The key NOESY spectrum of compound 3 in DMSO-d6; Figure S27: HRESIMS (a) and IR (b)
of compound 4; Figure S28: 1H NMR spectrum of compound 4 in DMSO-d6; Figure S29: The 13C NMR and DEPT
135 spectra of compound 4 in DMSO-d6; Figure S30: The HSQC spectrum of compound 4 in DMSO-d6; Figure S31:
The HMBC spectrum of compound 4 in DMSO-d6; Figure S32: The 1H-1HCOSY spectrum of compound 4 in
DMSO-d6; Figure S33: The NOESY spectrum of compound 4 in DMSO-d6; Figure S34: The key NOESY spectrum
of compound 4 in DMSO-d6; Figure S35: HRESIMS (a) and IR (b) of compound 5; Figure S36: 1H NMR spectrum
of compound 5 in DMSO-d6; Figure S37: The 13C NMR and DEPT 135 spectra of compound 5 in DMSO-d6; Figure
S38: The HSQC spectrum of compound 5 in DMSO-d6; Figure S39: The HMBC spectrum of compound 5 in
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DMSO-d6; Figure S40: The 1H-1HCOSY spectrum of compound 5 in DMSO-d6; Figure S41: The NOESY spectrum
of compound 5 in DMSO-d6; Figure S42: The key NOESY spectrum of compound 5 in DMSO-d6; Figure S43:
HRESIMS (a) and IR (b) of compound 6; Figure S44: 1H NMR spectrum of compound 6 in DMSO-d6; Figure S45:
The 13C NMR and DEPT 135 spectra of compound 6 in DMSO-d6; Figure S46: The HSQC spectrum of compound
6 in DMSO-d6; Figure S47: The HMBC spectrum of compound 6 in DMSO-d6; Figure S48: The 1H-1H COSY
spectrum of compound 6 in DMSO-d6; Figure S49: The NOESY spectrum of compound 6 in DMSO-d6; Figure S50:
The key NOESY spectrum of compound 6 in DMSO-d6.
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Abstract: Bacterial secondary metabolites have huge application potential in multiple industries.
Biosynthesis of bacterial secondary metabolites are commonly encoded in a set of genes that are
organized in the secondary metabolism biosynthetic gene clusters (SMBGCs). The development
of genome sequencing technology facilitates mining bacterial SMBGCs. Marine Streptomyces is
a valuable resource of bacterial secondary metabolites. In this study, 87 marine Streptomyces genomes
were obtained and carried out into comparative genomic analysis, which revealed their high genetic
diversity due to pan-genomes owning 123,302 orthologous clusters. Phylogenomic analysis indicated
that the majority of Marine Streptomyces were classified into three clades named Clade I, II, and III,
containing 23, 38, and 22 strains, respectively. Genomic annotations revealed that SMBGCs in
the genomes of marine Streptomyces ranged from 16 to 84. Statistical analysis pointed out that
phylotypes and ecotypes were both associated with SMBGCs distribution patterns. The Clade I
and marine sediment-derived Streptomyces harbored more specific SMBGCs, which consisted of
several common ones; whereas the Clade II and marine invertebrate-derived Streptomyces have
more SMBGCs, acting as more plentiful resources for mining secondary metabolites. This study is
beneficial for broadening our knowledge about SMBGC distribution patterns in marine Streptomyces
and developing their secondary metabolites in the future.

Keywords: Streptomyces; comparative genomics; secondary metabolites; biosynthetic gene clusters;
phylotype; ecotype

1. Introduction

Bacterial secondary metabolites are defined as organic compounds that are not directly involved
in the normal growth and proliferation of bacteria [1], and can be classified into several categories,
such as alkaloids, antibiotics, carotenoids, pigments, and toxins [2]. Bacterial secondary metabolites play
an important role in defending against adversities and increasing the survival of themselves, even their
hosts, due to their antibacterial, antifungal, antitumor, and antiviral activities [3,4], meaning those
organic compounds have considerable application potential in human and veterinary medicine as well
as agriculture [5]. Since the initial discovery of bacterial secondary metabolites in the 1920s, they have
shown a profound impact on human society [6]. Currently, marine-derived bacterial secondary
metabolites with a broad range of complex structures are increasingly becoming sources of novel
natural products for discovering and developing new drugs [7–10].
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Genes involved in the biosynthesis of bacterial secondary metabolites are commonly organized in
the secondary metabolism biosynthetic gene clusters (SMBGCs) [1,9]. The development of genomic
sequencing technology facilitates the mining of marine bacterial SMBGCs [11–13]. Apart from core
biosynthetic enzyme-encoding genes, SMBGCs generally also harbor genes encoding enzymes to
synthesize specialized monomers, transporters, and regulatory elements as well as mediating host
resistance [14]. Non-ribosomal peptide synthase (NRPS) and polyketide synthase (PKs) gene clusters
are two main pathways for biosynthesizing bacterial secondary metabolites [15]. Those two core
enzymes independently fold protein domains, operate in constructing polymeric chains, and tailor
their functionalities [15]. In addition, another well-known class of SMBGCs is terpenes, which are
derived biosynthetically from units of isopentenyl pyrophosphate through mevalonic acid pathway
or 2-C-methyl-d-erythritol 4-phosphate pathway [16,17]. Because bacterial secondary metabolites
improves fitness advantages of bacteria as well as their hosts and the frequency of horizontal gene
transfer is high, some studies indicated that SMBGC distributions are related to the environment
where bacteria live, called ecotype [18,19]. Meanwhile, recent studies demonstrated that bacterial
secondary metabolite production is species-specific, which concerns phylogeny, called phylotype [20,21].
Therefore, what distribution patterns of SMBGCs are is still an open scientific question that is associated
with phylotypes and ecotypes. The exploration of this question is beneficial for developing bacterial
secondary metabolites.

The genus Streptomyces belongs to the family Streptomycetaceae, the order Actinomycetales,
the class Actinobacteria, and the phylum Actinobacteria [22], and it is one of the largest group
in this phylum with more than 600 species at the time of writing (http://www.bacterio.net/
streptomyces.html, [23]). The genus Streptomyces is well known for an important source of secondary
metabolites, and the portion of recently novel antibiotics discovered from this genus can reach
at about 20–30% [24,25]. Further, the genus Streptomyces inhabits a wide range of marine habitats,
including seawater [26,27], marine sediments [28,29], alga [30,31], mangroves [32,33], sponges [34,35],
corals [36,37], tunicates [38,39], mollusks [40,41], etc., resulting in the fact that this genus attracts
continuous attentions of researchers to find valuable secondary metabolites. Furthermore, the genus
Streptomyces is one of the earliest genome-sequenced prokaryotes, with the genome of S. coelicolor A3(2)
sequenced and reported by Bentley et al. in 2002 [42]. Hundreds of Streptomyces genomes have been
sequenced and deposited into public databases in the recent years [43,44], leading to the increases
of comparative genomic studies about this genus. While comparative genomic studies of marine
Streptomyces are mostly related to exploring their SMBGC resources as well as diversities [45–49]
and investigating their marine adaptation mechanisms [50,51], there is still a lack of comprehensive
study concerning SMBGC distribution patterns in marine Streptomyces. In this study, we proposed
the hypothesis that both of phylotype- and ecotype-associated SMBGCs were in the genomes of marine
Streptomyces and performed comparative genomic methods to test this hypothesis and analyze their
distribution patterns. This study is beneficial for broadening our knowledge about SMBGC distribution
patterns in marine Streptomyces and developing their secondary metabolites in the future.

2. Results and Discussion

2.1. Genomic Characteristics and Annotation Results of Marine Streptomyces

Eighty-seven marine Streptomyces genomes were screened into genomic analysis by confirming
their high genomic qualities with the completeness >95% and the contamination <5% (Table S1).
Those strains were isolated from various sources, including seawater (n = 7), marine sediments (n = 38),
cyanobacteria (n = 1), algae (n = 1), mangroves (n = 8), sponges (n = 22), corals (n = 3), tunicates (n = 2),
and mollusks (n = 5).

The G+C contents of marine Streptomyces were 69.9–73.8 mol% (Table S1), which was in accordance
with high G+C content as a typical characteristic of the phylum Actinobacteria [52]. Genomic sizes
and gene counts of those marine Streptomyces genomes varied remarkably, ranging from 5.77 to 11.50

129



Mar. Drugs 2019, 17, 498

Mbp and from 5363 to 10,776 (Figure 1 and Table S2), respectively. Furthermore, the number of genes
was positively correlated with the genomic size of the marine Streptomyces (y = 966.8x − 121.4, r2 = 0.89).
Furthermore, it was found that 3978–8065 (71.15–78.9%) and 2005–3192 (27.6–38.0%) genes were
assigned to Clusters of Orthologous Groups (COG) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases, respectively.

Figure 1. Genomic size and gene counts of Streptomyces derived from various marine environments.

It was detected that 16 to 84 SMBGCs (2 to 38 PKs, 1 to 15 NRPS, 0 to 8PKs/NRPS hybrid, 2 to 6
terpene, 2 to 17 other, and 2 to 25 hypothetical) were in the genomes of marine Streptomyces (Figure 2,
Table S3) and the portion of SMBGCs in the genomes ranged from 1.94 to 9.21 Mbp−1, revealing that
SMBGC counts were not positively correlated with genomic sizes (Figure 2), which is different from
the correlation between gene counts and genomic size. Hence, SMBGCs distributions in the genomes
of marine might be associated with their phylotypes and ecotypes, which could be intrinsic factors.
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Figure 2. Secondary metabolism biosynthetic gene clusters (SMBGC) category counts identified in
marine Streptomyces genomes.
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2.2. Comparative Genomics and Phylogenomic Relationship of Marine Streptomyces

Comparative genomic analysis demonstrated that all of marine Streptomyces harbored 123,302
orthologous clusters (OCs) in their pan-genomes (Table S4), demonstrating their rich genetic diversities.
Those strains contained 5258–10,376 OCs (average: 7116 ± 972, median: 6978) in their genomes,
while they had 31–2793 (average: 861 ± 598, median: 714) exclusive OCs (Figure 3), also showing
remarkable genetic diversities. It was detected that 996 OCs, of which 888 single-copy OCs were
commonly in them and Kitasatospora setae KM-6054, were in their core-genomes (Table S4).

 
Figure 3. Individual and exclusive orthologous clusters (OCs) of marine Streptomyces genomes.

Based on the comparative genomic analysis, 888 single-copy OCs shared by all of marine
Streptomyces and Kitasatospora setae KM-6054 (Table S4) were used to reconstruct a maximum-likelihood
phylogenomic tree, revealing that the majority of marine Streptomyces were grouped into three
clades (Clade I, II, and III) except for S. antioxidans MUSC 164, S. xinghaiensis S187, Streptomyces sp.
NBRC 110027, and “Streptomyces sp. NRRL B-24484” (Figure 4). Further, “Streptomyces sp. NRRL
B-24484” could not belong to the clade of the genus Streptomyces, which indicated that “Streptomyces sp.
NRRL B-24484” was not a member of this genus, meaning it is excluded from further analysis.

Three major clades contain 23 (Clade I), 38 (Clade II), and 22 (Clade III) strains, respectively
(Figure 4). Each clade consisted of strains derived from different sources, among which two majorities
are marine sediment and sponge (Table 1). In addition, each clade had its own characteristic, which could
be reflected by some ecotypes represented by ≥3 strains, such as coral- and mollusk-derived strains
and only found in Clade I or II, and mangrove-derived strain only absent in the Clade III (Table 1).

Table 1. The percentage of sources in Clade I, II, and II.

Clade 1 2 3 4 5 6 7 8 9

I 0% 13% 0% 4% 0% 9% 56% 18% 0%
II 3% 0% 0% 16% 13% 5% 37% 23% 3%
III 0% 0% 4% 0% 0% 4% 46% 42% 4%

1, 2, 3, 4, 5, 6, 7, 8, and 9 represents algae, coral, cyanobacteria, mangrove, mollusk, seawater, marine sediment,
sponge, and tunicate, respectively.

Phylogenomic analysis also indicated that numerous novel Streptomyces species are waiting for
identifications. Moreover, average nucleotide identity (ANI) calculations pointed out that Clade I, II,
and III contained at least 9, 13 ,and 15 novel species (Table S5), which had low ANI values (<95%, [53])
compared with validly published Streptomyces species in the phylogenomic tree.
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Figure 4. Maximum-likelihood phylogenomic tree based on the concatenation of 888 single-copy OC
proteins shared by all of marine Streptomyces. Filled circle indicated nodes showing >85 of bootstrap
values. Kitasatospora setae KM-6054 was used as an outgroup.
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2.3. Phylotype-Associated SMBGCs

Except for hypothetical SMBGCs detected in the genomes of marine Streptomyces, significance
tests among multi-clades revealed that 10 (6.0%) PKs, 7 (7.9%) NRPS, 3 (5.4%) PKs/NRPS hybrid,
2 (10.5%) terpene, and 7 (7.4%) other SMBGCs exhibited significant differences (Table 2).

Table 2. SMBGCs showing significant differences among three major clades of marine Streptomyces.

SMBGC p Value Activity

PKs
Alkylresorcinol 0.003 Prevention of tumor [54]

Bafilomycin 0.003
Antiprozoan [55]
Antitumor [56]

Immunosuppressant [57]
Candicidin 0.005 Antifungus [58]
Coelimycin 1.60 × 10−6 Yellow pigment [59]

Grincamycin 0.005 Antitumor [60]
Lactonamycin 0.005 Antibacteria [61]

Marineosin 0.004 Cytotoxicity [62]
Steffimycin 2.43 × 10−7 Antitumor [63]

Spore pigment 0.0002 Regulate sporulation [64]

Xantholipin 0.0003 Antibacteria [65]
Cytotoxicity [65]

FR-008 0.005 Antifungus [66]
NRPS

Coelichelin 3.22 × 10−8 Siderophore [67]
Daptomycin 2.84 × 10−5 Antibacteria [68]

Echosides 0.006 Antivirus [69]
Ficellomycin 0.003 Antibacteria [70]
Griseobactin 4.72 × 10−5 Siderophore [71]

Skyllamycin 0.003 Antitumor [72]
Antibacteria [73]

Surugamide 0.0001 Antibacteria [74]
PKs/NRPS hybrid

Antimycin 4.24 × 10−6 Piscicide [75]
Oxazolomycin 0.005 Antibacteria [76]

SGR PTMs 0.003 Antifungal [77]
Antioxidant [77]

Terpene
Albaflavenone 2.20 × 10−16 Antibacteria [78]

Pentalenolactone 0.002 Immunosuppressant [79]
Other

2′-chloropentostatin 2.2 × 10−16 Antivirus [80]
Informatipeptin 5.50 × 10−7 Unknown

Keywimysin 1.72 × 10−7 Unknown
Melanin 4.58 × 10−6 Antioxidant [81]

Showdomycin 0.0002 Antitumor [82]
Spiroindimicin 0.004 Cytotoxicity [83]

AmfS 4.52 × 10−9 Morphogen [84]
SCO-2138 0.006 Unknown

Among those SMBGCs, there were 23 SMBGCs showing clade-specificity (Figure 5), which is
similar with previous studies regarding other genera [20,21]. (1) Marineosin, pentalenolactone,
and spiroindimicin SMBGCs only appeared in the genomes of Clade I. (2) Albaflavenone, antimycin,
candicidin, FR-008, grincamycin, informatipeptin, oxazolomycin, SCO-2138, as well as surugamide
SMBGCs were exclusively present in the genomes of Clade II. (3) Amfs, daptomycin, and keywimysin
SMBGCs was only found in the genomes of Clade III. (4) Bafilomycin, coelichelin, coelimycin, echosides,
lactonamycin, SGR PTMs, skyllamycin, and xantholipin SMBGCs were present in the genomes of
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Clade II and III, while absent in the genomes of Clade I. It was observed that Clade I encoded more
specific SMBGCs, whereas Clade II had more various SMBGCs than other two clades, which indicated
that Clade II should be more valued. SMBGCs exclusively present in the genomes of Clade II
could be classified into PKs, NRPS, PKs/NRPS hybrid, terpene, and others, showing the category
diversities. Furthermore, products of those SMBGCs could exhibit antibacterial, antifungal, antitumor,
and piscicide activities [58,60,66,75,76,78], highlighting their functional diversities.

 

Figure 5. Heat maps of clade-specific SMBGCs. Dark brown and light brown indicate presence
and absence of SMBGCs.

2.4. Ecotype-Associated SMBGCs

Because strains that were derived from algae, corals, cyanobacteria, and tunicates are few,
those strains were excluded from ecotype-associated analysis. Significance tests among multi-clades
revealed that 8 (4.8%) PKs, 11 (12.4%) NRPS, 5 (9.0%) PKs/NRPS hybrid, 2 (10.5%) terpene, and 8 (8.4%)
other SMBGCs exhibited significant differences (Table 3). Among those SMBGCs, albaflavenone,
2′-chloropentostatin, daptomycin, echosides, FR-008, oxazolomycin, and pentalenolactone SMBGCs
showed significant differences among both of phylotypes and ecotypes.
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Table 3. SMBGCs showing significant differences among ecotypes of marine Streptomyces.

SMBGC p Value Activity

PKs
Brasilinolide 0.007 Antifungus [85]

Butyrolactol A 0.0008 Antifungus [86]
Incednine 0.007 Antiapotosis [87]

Micromonolactam 0.0009 Unknown

Napyradiomycin 0.007 Antibacteria [88]
Cytotoxicity [88]

Rifamycin 0.007 Antibacteria [89]
Vicenistatin 0.007 Antitumor [90]

FR-008 5.14 × 10−11 Antifungus [66]
NRPS

Actinomycin 0.009 Antibacteria [91]
Antitumor [91]

Daptomycin 0.007 Antibacteria [68]
Echosides 4.07 × 10−8 Antivirus [69]

Porothramycin 6.81 × 10−5 Antibacteria [92]
Antitumor [92]

Rhizomide 0.008 Antibacteria [93]
Scabichelin 0.009 Siderophore [94]
Stenothricin 0.003 Antibacteria [95]

Syringomycin 0.0005 Antifungus [96]
Telomycin 0.0005 Antibacteria [97]

Vazabitide A 0.002 Immunosuppressant [98]
Yatakemycin 1.21 × 10−6 Cytotoxicity [99]

PKs/NRPS hybrid
Ansatrienin 7.44 × 10−11 Antibacteria [100]

Kistamicin A 0.003 Antibacteira [101]
Oxazolomycin 6.60 × 10−5 Antibacteria [76]

Rakicidin 1.07 × 10−5 Antitumor [102]
Zorbamycin 1.21 × 10−6 Antitumor [103]

Terpene
Albaflavenone 0.003 Antibacteria [78]

Pentalenolactone 8.94 × 10−7 Immunosuppressant [79]
Other

2′-chloropentostatin 1.50 × 10−9 Antivirus [80]
Clavulanic acid 0.003 Antibacteria [104]
Desferrioxamine 0.009 Antitumor [105]

Lagmysin 6.81 × 10−5 Unknown
Legonaridin 1.21 × 10−6 Cytotoxicity [106]

Marinophenazines 0.005 Unknown
Roseoflavin 0.0002 Antibacteria [107]

Among those SMBGCs, there were 11 SMBGCs showing clade-specificity (Figure 6). (1) Butyrolactol
and FR-008 SMBGCs commonly appeared in the genomes of marine sediment-derived strains;
(2) Albaflavenone SMBGC were mostly found in the strains isolated from seawater and marine sediments.
(3) Daptomycin SMBGC were associated with strains living in sponges. (4) 2′-chloropentostatin, echosides,
lagmysin, oxazolomycin pentalenolactone, porothramycin, and vazabitide A SMBGCs were usually
detected in the mollusk-derived strains. Marine sediment-derived strains were mostly related to several
SMBGCs, making those strains appear to be specific in SMBGCs distribution patterns. Compared with
natural environments, strains isolated from marine invertebrates, particularly for mollusks, had more
SMBGCs, showing symbiotic Streptomyces in marine invertebrates could be profitable resources of
secondary metabolites.
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Figure 6. Distribution percentages of ecotype-specific SMBGCs.

3. Materials and Methods

3.1. Obtain, Assess, and Annotate Marine Streptomyces Genomes

Ninety-seven available marine Streptomyces genomes were obtained from NCBI GenBank database
in January, 2019 (Table S1). Genomic qualities of those genomes were assessed by using CheckM
software v1.0.7 (Australian Centre for Ecogenomics, The University of Queensland, Queensland,
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Australia) [108] with the command “checkm lineage_wf -x fa bins/checkm/”, and those genomes
exhibiting the completeness >95% as well as the contamination <5% were screened to the further study.

rRNA genes were predicted by using with the command RNAmmer 1.2 package (Center for
Biological Sequence Analysis, Technical University of Denmark, Lyngby, Denmark) “-S bac -m
tsu,ssu,lsu” [109], while tRNA genes were annotated on the tRNAscan-SE On-line web server
(http://trna.ucsc.edu/tRNAscan-SE/, [110]) with default mode except for the sequence source option set
to “Bacterial”. Open reading frames (ORFs) were predicted and annotated on the RAST webserver
(http://rast.nmpdr.org/rast.cgi, [111]). SMBGCs were annotated using antiSMASH bacterial version with
detection strictness set to “relaxed” and extra features sletected to “ActiveSiteFinder, KnownClusterBlast,
SubClusterBlast” (https://antismash.secondarymetabolites.org/#!/start, [112]). Moreover, functional
annotations based on COG and KEGG databases were carried out on WebMGA (http://weizhong-lab.
ucsd.edu/webMGA/server/cog/) and KASS (https://www.genome.jp/tools/kaas/) webservers [113,114].
The GC content of those marine Streptomyces genomes were calculated by using OrthoANI [115].

3.2. Comparative Genomic Analysis of Marine Streptomyces Genomes

Kitasatospora setae KM-6054T was used as an outgroup in the further phylogenomic analysis
based on recent polyphasic taxonomic studies [116–118], so its genome, which is under the NCBI
GenBank assembly accession number of GCA_000269985.1, was also included in comparative
genomic analysis. Comparative genomic analysis was modified based on the method described
by Xu et al. [119]. Protein sequences translated from ORFs were compared pairwise using Proteinortho
V5.16b (Interdisciplinary Center for Bioinformatics, University of Leipzig, Leipzig, Germany) with
the command “-cov = 50 -identity = 50” [120] to identify OCs among genomes of marine Streptomyces
and their outgroup. A set of OCs are defined as a class of genes transferred vertically from a common
descent [121].

3.3. Phylogenomic Analysis and Genomic Similarity Calculation of Marine Streptomyces

Single-copy OCs shared by all of marine Streptomyces as well as Kitasatospora setae KM-6054T

were screened by in-house perl script. Each single-copy OCs was aligned by using MAFFT version 7
(Computational Biology Research Center, The National Institute of Advanced Industrial Science
and Technology, Tokyo, Japan) with the command “–auto” [122]. Then, aligned sequences were refined
to remove poorly aligned regions by trimAL version 1.4.1 with the command “-automated1” [123],
and concatenated manually. Subsequently, a maximum-likelihood phylogenomic tree based on
concatenated protein sequences was reconstructed by using IQ-Tree 1.6.1 software (Center for Integrative
Bioinformatics Vienna, Max F. Perutz Laboratories, University of Vienna, Medical University of Vienna,
Vienna, Austria) with ultrafast bootstraps analysis set to 1000 replicates [124–126], following the best
amino acid substitution model set as LG+F+R8 proposed by IQ-Tree 1.6.1 software with the command
“-st AA -m MFP” [125].

Genome similarities of pairwise marine Streptomyces genomes were determined by calculating
ANI values, which were obtained by using orthologous average nucleotide identity tool (OAT) 0.93.1
(Chunlab Inc., Seoul, Korea) [115] supplemented with basic local alignment search tool (BLAST)
algorithm [127].

3.4. Statistical Analysis and Visualization

Unless stated, statistical analyses were performed by using R version 3.4.2 (R Foundation for
Statistical Computing) [128]. Correlation of genomic size and gene counts were analyzed by using
the function of lm. Significance test analyses of SMBGCs among phylotypes and ecotypes were
performed by using the function of kruskal.test, with p values <0.01 showing the significant difference.
Pan- and core-genomic analysis were carried out by summarizing OCs counts by using “grep” command
in the CentOS 6 system (Red Hat, Inc., Raleigh, NC, USA).
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The phylogenomic tree was visualized by using MEGA 7 software [129] and PowerPoint 2016
software (Microsoft Cooperation, Redmond, WA, USA). Unless heat maps were drawn by using
Interactive Tree Of Life webserver (https://itol.embl.de/), other figures were constructed by using
ggplot2 and Cairo packages in R version 3.4.2 [128].

4. Conclusions

Marine Streptomyces is characterized by its rich species, genetic, and secondary metabolism
diversities. Comparative genomics of Marine Streptomyces revealed that those group have a wide range
of OCs showing high genetic diversity. Phylogenomic analysis in this study shows that enormous novel
marine Streptomyces species needs to be identified and the majority can be classified into three clades.
Phylotype and ecotype are both associated with SMBGCs distribution patterns. The Clade I and marine
sediment-derived Streptomyces harbored more specific SMBGCs, which consisted of several common
ones, such as butyrolactol, FR-008, marineosin, pentalenolactone, and spiroindimicin, whereas the Clade
II and marine invertebrate-derived Streptomyces have more SMBGCs, such as 2′-chloropentostatin,
albaflavenone, antimycin, candicidin, echosides, FR-008, grincamycin, informatipeptin, lagmysin,
oxazolomycin, pentalenolactone, porothramycin, SCO-2138, and vazabitide A, indicating that those
Streptomyces could act as plentiful resources for mining secondary metabolites. As stated above,
our study is beneficial for broadening our knowledge about SMBGC distribution patterns in marine
Streptomyces and developing their secondary metabolites in the future.
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Abstract: Many fungi in the Stachybotrys genus can produce various isoindolinone derivatives. These
compounds are formed by a spontaneous reaction between a phthalic aldehyde precursor and an
ammonium ion or amino compounds. In this study, we suggested the isoindolinone biosynthetic
gene cluster in Stachybotrys by genome mining based on three reported core genes. Remarkably, there
is an additional nitrate reductase (NR) gene copy in the proposed cluster. NR is the rate-limiting
enzyme of nitrate reduction. Accordingly, this cluster was speculated to play a role in the balance of
ammonium ion concentration in Stachybotrys. Ammonium ions can be replaced by different amino
compounds to create structural diversity in the biosynthetic process of isoindolinone. We tested a
rational supply of amino compounds ((±)-3-amino-2-piperidinone, glycine, and L-threonine) in the
culture of an isoindolinone high-producing marine fungus, Stachybotrys longispora FG216. As a result,
we obtained four new kinds of isoindolinone derivatives (FGFC4–GFC7) by this method. Furthermore,
high yields of FGFC4–FGFC7 confirmed the outstanding production capacity of FG216. Among
the four new isoindolinone derivatives, FGFC6 and FGFC7 showed promising fibrinolytic activities.
The knowledge of biosynthesis pathways may be an important attribute for the discovery of novel
bioactive marine natural products.

Keywords: Stachybotrys; isoindolinone biosynthesis; genome mining; amino compound;
fibrinolytic activity

1. Introduction

“Supply problem” is a major bottleneck in the discovery of marine drugs [1], and many research
efforts on marine natural products (MNPs) are currently directed towards microorganisms. Marine
microorganisms became the main source of novel MNPs (677 out of 1378) in 2014. Among them,
marine fungi are the most talented MNP producers (426 out of 677) [2]. Considering their great
ability to produce new compounds, marine fungi should be investigated more carefully. For instance,
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an increasing amount of information on fungi genomes is now available, which facilitates the discovery
of biosynthesis pathways by genome mining. The knowledge of biosynthesis pathways is beneficial
for MNP production.

Since a high fat and high calorie diet has been a part of modern life, stroke becomes a serious
health risk for humans, especially when they get old. The plasminogen/plasmin system plays a
key role in thrombolysis [3]. Therefore, small-molecule modulators of plasminogen activation have
attracted increasing attention in cardiovascular drug development [4]. Many isoindolinone derivatives
isolated from Stachybotrys microspora IFO 30018 (known as Stachybotrys microspora triprenyl phenols,
SMTPs) are plasminogen activators [5–8]. They share a common triprenyl isoindolinone core unit.
Among them, SMTP-7 (see Figure 1) has shown the best fibrinolytic effect [7,9]. Most attractively,
it was effective in treating thrombotic stroke in primates [10]. Marine fungus S. longispora FG216
can produce fungi fibrinolytic compound 1 (FGFC1), which has the same structure as SMTP-7 [11].
In addition, the production capacity of FG216 is outstanding. It has been shown to produce FGFC1
on a 10 g/L level under an optimized glucose/ornithine replenishment strategy [12]. FGFC1 has also
shown positive effects on thrombolysis and hemorrhagic activities, both in vitro and in vivo [13]. Thus,
FG216 has the potential for manufacturing cardiovascular drugs.

Figure 1. The structures of FGFCs and SMTP-7.

The precursor of all SMTPs has been reported to be pre-SMTP, which is a kind of prenylated
phthalic aldehyde, and pre-SMTP is derived from a meroterpenoid ilicicolin B (also called
LL-Z1272β) [14]. Recently, three genes responsible for the biosynthesis of ilicicolin B have been
discovered in S. bisbyi [15]. In this study, we tried to ascertain the complete biosynthetic gene cluster
for FGFCs or SMTPs by genome mining based on the three reported core genes. According to
the biosynthesis pathway, a rational supply strategy of amino compounds was developed for the
production of other novel isoindolinone derivatives. Since FGFC1 is a high yield compound, abundant
new derivatives could also be easily obtained. Additionally, their fibrinolytic activities were also tested
to evaluate the potential of FG216 for manufacturing cardiovascular drugs more comprehensively.
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2. Results and Discussion

2.1. Isoindolinone Biosynthesis Pathway in Stachybotrys

As mentioned above, the biosynthesis pathway of ilicicolin B, the common precursor of all
isoindolinone derivatives in Stachybotrys, has recently been discovered in S. bisbyi PYH05-7 [15].
A non-reducing polyketide synthase (NR-PKS) StbA, a putative UbiA-like prenyltransferase (PT) StbC,
and a non-ribosomal peptide synthase (NRPS)-like enzyme StbB were reported to be successively
involved. Although the genome information of S. bisbyi was not available, homologous genes of stbA-C
could be found in the genomes of S. chartarum and S. chlorohalonata [15,16]. Therefore, we tried to
identify the complete gene cluster by genome mining.

As a result, we found a cluster containing 10 genes in their genomes (see Table 1). The gene
cluster in S. chlorohalonata IBT 40285 was named as idlA-I, R. Nine genes in this cluster showed a
high protein identity (above 94%) to their homologues in S. chartarum IBT 7711. The identity between
idlA-C and stbA-C was a bit lower, at about 75%. The idl gene cluster and the proposed biosynthesis
processes of isoindolinone derivatives in Stachybotrys are shown in Figure 2. The three steps catalyzed
by the three core genes are shown in an orange block. Orsellinic acid is synthesized by NR-PKS
StbA/IdlA in the first step. Then, a molecule of farnesyl pyrophosphate (FPP) is transferred by
PT StbC/IdlC to form grifolic acid. The carboxyl group in grifolic acid is reduced by the reducing
(R) domain of the NRPS-like enzyme StbB/IdlB [15]. According to the structures of the reported
isoindolinone derivatives in Stachybotrys, we predict that two modes of cyclization occur afterwards,
which may result from epoxidation on different double bonds of the farnesyl group. For example,
stachybotrins [17,18] and chartarutines [19] share the same cyclization mode with FGFC1 and
SMTPs, while stachybotrylactams [20], spirodihydrobenzofuranlactams [21], phenylspirodrimanes [22],
spirocyclic drimanes [23], and chartarlactams [24] share the other mode. No matter which mode
of cyclization occurs, the methyl group of orsellinic acid will be oxidized to an aldehyde group.
The phthalic aldehyde precursor then combines with an ammonium ion or amino compounds to form
different isoindolinone derivatives.

Table 1. Predicted gene cluster responsible for isoindolinone biosynthesis in Stachybotrys. The gene
cluster in S. chlorohalonata IBT 40285 was compared to its homologues in S. chartarum IBT 7711 and
S. bisbyi PYH05-7.

Gene Locus Tag
S. chartarum IBT
7711 Homologue

Protein Identity
(%)

S. bisbyi PYH05-7
Homologue

Protein
Identity (%)

Putative Function

idlR S40285_07604 S7711_05923 98 Transcriptional regulator

idlI S40285_07605 S7711_05924 78
(34% coverage)

Nitrate reductase (partial
in S. chartarum IBT 7711)

S7711_05925 Carboxylesterase
idlH S40285_07606 S7711_05926 97 Esterase

idlG S40285_07607 S7711_05927 100 Short-chain
dehydrogenase

idlF S40285_07608 S7711_05928 94 Isomerase/epimerase

idlE S40285_07609 S7711_05929 97 Copper dependent
oxidase

idlD S40285_07610 S7711_05930 96 Short-chain
dehydrogenase

idlC S40285_10521 S7711_10996 98 stbC 76 PT
idlB S40285_07611 S7711_05931 98 stbB 73 NRPS-like
idlA S40285_07612 S7711_05932 98 stbA 75 NR-PKS

Homologous genes of NR-PKS, NRPS-like enzyme, and two putative short-chain dehydrogenases
can be found in the gene cluster responsible for cichorine biosynthesis in the well-studied fungus
Aspergillus nidulans [25,26], confirming their involvement in the biosynthesis of an isoindolinone
skeleton. There is no prenylated structure in cichorine, so there are no homologues of the PT gene in
this cluster. On the other hand, the homologous gene of PT can be found in another cluster responsible
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for the biosynthesis of meroterpenoids austinol and dehydroaustinol in A. nidulans [27]. A similar gene
can also be found in the terretonin cluster in A. terreus [28]. These genes are related to the formation of
the prenylated structure.

 

Figure 2. Proposed gene cluster and biosynthesis processes of isoindolinone derivatives in Stachybotrys.
(A) Predicted gene cluster responsible for isoindolinone biosynthesis in S. chlorohalonata IBT 40285.
(B) Proposed biosynthesis processes of isoindolinone derivatives in Stachybotrys. The three steps
catalyzed by the three core genes are shown in an orange block.

There is a nitrate reductase (NR) gene in the cluster of S. chlorohalonata IBT 40285, while
its homologue in the cluster of S. chartarum IBT 7711 lacks a molybdopterin binding domain.
Futhermore, there is a carboxylesterase gene in the cluster of IBT 7711 that does not occur in IBT 40285.
We speculated that mutations might occur in this locus in the evolution process of S. chartarum. On the
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other hand, there is another intact NR gene (not in this cluster) in both genomes of IBT 40285 and IBT
7711. This suggests that there is or used to be an additional copy of the NR gene in the isoindolinone
biosynthesis cluster in Stachybotrys.

An additional gene is probably a resistance gene. In the case of A. terreus, there is an additional
copy of the 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase gene in the lovastatin
(HMG-CoA reductase inhibitor) cluster, and there is an additional copy of the ATP synthase
β-chain gene in the citreoviridin (ATP synthase β-chain inhibitor) cluster [29]. As we mentioned,
an isoindolinone skeleton is formed by the reaction between the phthalic aldehyde precursor produced
by the cluster and ammonium ion or amino compounds. This reaction is reported to happen
spontaneously [14], so ammonium ions will be wiped off by the product of this cluster. In contrast,
NR is the rate-limiting enzyme of nitrate reduction, which is an important step in the formation
of ammonium. Consequently, we speculated that this cluster might play a role in the balance of
ammonium ion concentration in Stachybotrys.

2.2. Production of New FGFCs by Rational Amino Compounds Supply

To generate novel isoindolinone derivatives, the spontaneous reaction between the phthalic
aldehyde and an ammonim ion can be manipulated by substituting various amino compounds. In other
words, it is likely to control the structures of the isoindolinone derivatives by the supply of amino
compounds. In the study of SMTPs, amino acids [6], glucosamine, sulfanilic acid [7], phenylamine [8],
phenylglycine [30], and naphthenic amine [31] were used as amino precursors. Likewise, a high
level production of FGFC1 was achieved in FG216 by a sufficient L-ornithine supply [12]. So novel
isoindolinone derivatives were expected to be obtained through the rational supply of amino
compounds. In this study, we tested four amino compound precursors (3-amino-2-piperidinone,
(3S)-3-amino-2-piperidinone hydrochloride, glycine, and L-threonine). 3-Amino-2-piperidinone is
the lactone of L-ornithine. Glycine and L-threonine are amino acids. They are all analogues of
L-ornithine, so the isoindolinone derivatives derived from them are comparable with FGFC1 in
fibrinolytic activities.

The fermentation medium used in this study was the optimized medium for FGFC1
production [12] without an L-ornithine hydrochloride supply. The meroterpenoid precursor for
FGFCs could be produced on a high level in this medium, and new isoindolinone derivatives could
be easily detected when other amino compounds were supplied. As shown in Figure 3, obvious new
product peaks can be observed compared with the no supply control (Figure 3e).

3-Amino-2-piperidinone is a racemic mixture, so two adjacent peaks occur in Figure 3a. FGFC4
was recognized as the product of (3S)-3-amino-2-piperidinone, and FGFC5 was recognized as
the product of (3R)-3-amino-2-piperidinone by comparing it with the optical product derived by
(3S)-3-amino-2-piperidinone hydrochloride supply (Figure 3b). Considering the possible toxicity,
3-amino-2-piperidinone and its hydrochloride were only fed on 0.2% concentration. Consequently,
we collected a 238 mg mixture of FGFC4 and FGFC5 (feeding 3-amino-2-piperidinone) and 163 mg
FGFC4 (feeding (3S)-3-amino-2-piperidinone hydrochloride) from 100 mL broth, respectively. In our
former study, 913 mg FGFC1 could be derived from 100 mL broth, when 1.3% L-ornithine hydrochloride
was fed. Therefore, the feeding concentration of 3-amino-2-piperidinone could be further increased to
achieve a higher production under the premise of not affecting the growth of FG216. Some mixture
(FGFC4 and FGFC5) was further separated, and 40 mg FGFC5 was collected.

Glycine (Figure 3c) and L-threonine (Figure 3d) were fed on 0.5% concentration, but only 62 mg
FGFC6 and 72 mg FGFC7 were derived from 100 mL broth, respectively. We predict that large amounts
of these two amino acids are probably utilized for cell growth and energy metabolism, since they are
essential amino acids. Therefore, the way to feed essential amino acids may need further modification,
e.g., feeding in the beginning of the stable growth phase.

Overall, the gram level per liter production of FGFC4–FGFC7 derived by a non-optimized method
was an inspiring start, which confirmed the outstanding production capacity of FG216.
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Figure 3. HPLC assay of S. longispora FG216 metabolites with different amino compounds supply. ((a)
3-amino-2-piperidinone, (b) (3S)-3-amino-2-piperidinone hydrochloride, (c) glycine, (d) L-threonine,
and (e) no supply control.)

2.3. Structure Determination of New FGFCs

FGFC4–FGFC7 all had the same UV absorption feature (λmax 214, 258, 302 nm) as FGFC1, so we
speculated that they had the same core unit as FGFC1 (Figure 1). As mentioned above, the N-linked side
chains of FGFC4–FGFC7 were derived from (3S/R)-3-amino-2-piperidinone, glycine and L-threonine,
respectively. Thus, we suggested the structures of FGFC4–FGFC7 in Figure 1. Then, we verified this
speculation by ESI-TOF-MS and NMR. The NMR data of FGFC4–FGFC7 is shown in Table 2 and
Figures S1–S14, and the HMBC correlations are shown in Figure 4. The NMR data also inferred that
the four compounds shared a common core unit, which was also consistent with that of FGFC1 [11] or
SMTP-7 [32].

The molecular formula of FGFC4 was determined as C28H38O5N2 according to the ESI-TOF-MS
peaks at m/z 483.2813 [M + H]+ and the NMR data. Six aromatic singlets in the 13C NMR spectrum at δC

132.4 (C-3), 100.9 (C-4), 158.0 (C-5), 113.5 (C-6), 150.0 (C-11), and 121.9 (C-12), along with an aromatic
singlet in the 1H NMR spectrum at δH 6.77 (1H, s, H-4), suggested the signal of a benzene ring, which
was consistent with the UV absorption at 258 and 302 nm. HMBC interactions from H-4 to C-5, C-6,
and C-11 also confirmed the existence of a benzene ring. Among these aromatic carbons, C-5 and C-11
were supposed to link with a hydroxy group or oxygen atom, according to their higher chemical shift.
H-4 showed a correlation to a carbonyl carbon C-2 (δC 171.6). Two methylene protons, H-13-1 (δH 4.36,
1H, d) and H-13-2 (δH 4.24, 1H, d), showed correlations to C-2 and C-12. Furthermore, the methylene
carbon C-13 (δC 46.8) was likely to link with the nitrogen atom because of its high chemical shift. Thus,
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an isoindolinone nucleus was recognized. Two methylene protons, H-7-1 (δH 3.00, 1H, dd) and H-7-2
(δH 2.67, 1H, dd), showed correlations to two aromatic carbons, C-6 and C-11, and a methylidyne
carbon, C-8 (δC 68.3). The methylidyne proton H-8 (δH 3.90, 1H, dd) had a correlation to a quaternary
carbon, C-9 (δC 80.2). Both C-8 and C-9 exhibited a high chemical shift, indicating that they linked
with a hydroxy group or oxygen atom. According to the core unit structure of FGFC1, C-9 and C-11
were linked by an oxygen atom, constituting a pyran ring. Two methylene protons H2-14 (δH 1.69, 2H,
m) and three methyl protons H3-25 (δH 1.29, 3H, s) showed correlations to the pyran ring at C-9. These
two methylene protons H2-14 also showed correlations to a geranyl, which had an 1H NMR spectrum
of δH 2.20 (2H, m, H2-15), 5.16 (1H, t, H-16), 1.99 (2H, m, H2-18), 2.07 (2H, m, H2-19), 5.10 (1H, t, H-20),
1.67 (3H, s, H3-22), 1.59 (3H, s, H3-23), and 1.60 (3H, s, H3-24), and an 13C NMR spectrum of δC 22.6
(C-15), 125.5 (C-16), 136.3 (C-17), 40.8 (C-18), 27.7 (C-19), 125.4 (C-20), 132.2 (C-21), 25.9 (C-22), 17.8
(C-23), 16.0 (C-24). Hence, geranyl linked to the pyran ring through a methylene. As for the structure
of the N-linked side chain, it showed a high consistency with 3-amino-2-piperidinone. The central
methylidyne proton H-2’ (δH 4.80, 1H, dd) showed correlations to C-2 and C-13, confirming the linkage
between the N-linked side chain and isoindolinone nucleus. It also showed a correlation to a carbonyl
carbon, C-1’ (δC 171.7), which had a similar chemical shift to C-2. Among the three methylenes, C-5’
(δC 43.0) had the highest chemical shift, suggesting that it was the one linked with acylamino. FGFC5
showed the same molecular weight and NMR spectrum as FGFC4, which confirmed that they were
chiral isomers.

 

Figure 4. The HMBC correlation data of FGFC4–FGFC7.

The molecular formula of FGFC6 was determined as C25H33O6N according to the ESI-TOF-MS
peak at m/z 442.2233 [M − H]− and the NMR data. FGFC6 had the same core unit as FGFC4 and FGFC5.
The structure of its N-linked side chain was very simple, since the amino compound precursor was
glycine. The methylene protons H2-2’ (δH 4.34, 2H, s) showed correlations to C-2, C-13, and carboxyl
carbon C-1’ (δC 171.7).

The molecular formula of FGFC7 was determined as C27H37O7N according to the ESI-TOF-MS
peak at m/z 486.2544 [M − H]− and the NMR data. FGFC7 also had the same isoindolinone core unit.
Its N-linked side chain was derived from L-threonine. The central methylidyne proton H-2’ (δH 4.89,
1H, d) also showed correlations to C-2, C-13, and C-1’ (δC 173.0). The methylidyne carbon C-3’ (δC 68.9)
linked with a hydroxy group. The methyl protons H3-4’ (δH 1.20, 3H, d) showed correlations to both
C-2’ (δC 61.4) and C-3’.
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2.4. Fibrinolytic Activities of New FGFCs

The reciprocal activation of prourokinase (pro-uPA) and plasminogen (plg) is believed to play a
key role in tissue fibrinolysis. Compared with urokinase-type plasminogen activator (uPA), pro-uPA
has a weak intrinsic activity, which can convert plg into plasmin (plm) [33,34]. Plasmin then converts
pro-uPA into activeuPA. Accordingly, more plg can be converted into plm by uPA. A fibrinolytic
reaction occurs.

This reciprocal activation process can be sped up when more pro-uPA is supplied. In addition,
a small molecule fibrinolytic compound can further promote the reciprocal activation of pro-uPA
and plg. In this study, we tested the fibrinolytic activities of FGFC4–FGFC7. The rate of urokinase
catalyzing chromogenic substrate S-2444 to form nitroaniline was set as a standard to measure the
activation degree of the enzymatic reaction system. The relative reaction rate of the negative control
(enzymatic reaction system with no isoindolinone derivatives or extra pro-uPA) in the first 50 min was
set as 1. The folds of the reaction rate enhanced by positive controls (extra 30 nmol/L pro-uPA and
0.1 g/L FGFC1, which were the most suitable working concentrations for them respectively) and test
samples (different concentrations of FGFC4–FGFC7) were determined as relative activities.

It was a pity that the supplies of FGFC4 and FGFC5 did not promote the enzyme reaction rate.
The relative activities of FGFC6 and FGFC7 under different concentrations are shown in Figure 5.
The best working concentrations for FGFC6 and FGFC7 were both 0.025 g/L, which was much lower
than that of FGFC1 (0.1 g/L), suggesting good application prospects for them. The relative activity
of 0.025 g/L FGFC7 was 6.90, which was much higher than that of 0.1 g/L FGFC1 (3.50, p < 0.05),
and roughly equivalent to that of extra 30 nmol/L pro-uPA (6.46). Additionally, the relative activity
of 0.025 g/L FGFC6 was 3.86, which was roughly equivalent to that of 0.1 g/L FGFC1. Moreover,
0.1 g/L FGFC7 also showed a higher relative activity (5.41) than 0.1 g/L FGFC1 (p < 0.05). Some other
concentrations (0.01 g/L FGFC6 and FGFC7, 0.1 g/L FGFC6 and 0.4 g/L FGFC7) showed similar
relative activities to 0.1 g/L FGFC1. In contrast, high concentrations of FGFC6 and FGFC7 did not
show good effects, especially 1 g/L FGFC6 and FGFC7, which did not exhibit a significant difference
to the negative control.

Figure 5. The relative activities of FGFC6 and FGFC7 in different concentrations. (Extra 30 nmol/L
pro-uPA and 0.1 g/L FGFC1 were set as positive controls, respectively. The relative activity of no
supply negative control was set as 1.)
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Diversity of structure resulted in the diversity of bioactivity. Hasegawa et al. [7] summarized that
negative ionization groups such as the carboxyl or sulfonic acid group in the N-linked side chain of
SMTPs was a necessary basis for their plasminogen activation activity. Our results agreed with this
conclusion. When ornithine was lactonized to 3-amino-2-piperidinone, the loss of the carboxyl acid
group in the N-linked side chain resulted in inactive FGFC4 and FGFC5. However, FGFC6 and FGFC7,
which were gained from amino acids, showed excellent activities that were even better than FGFC1,
exhibiting potential application prospects.

Besides plasminogen activation activity, isoindolinone derivatives also showed other important
bioactivities. For example, many SMTPs showed anti-inflammatory activities, which were attributable
to their abilities to inhibit soluble epoxide hydrolase (sEH) [31]. Stachybotrin C was a neuritogenic
compound [35]. Chartarutines B, G, and H exhibited significant inhibitory effects against HIV-1
virus [18]. Stachybotrylactams were immunosuppressant [19]. Spirodihydrobenzofuranlactams
showed antagonistic effects in the endothelin receptor binding assay [36]. Spirocyclic drimanes
exhibited antibacterial activity against the clinically relevant methicillin-resistant Staphylococcus aureus
(MRSA) [22]. Chartarlactams showed antihyperlipidemic effects in HepG2 cells [23]. Therefore, these
new FGFCs will be detected for other bioactivities in the future in order to understand their application
prospects more adequately.

In summary, we explored the isoindolinone biosynthesis pathway in Stachybotrys, and obtained
four new isoindolinone derivatives (FGFC4–FGFC7) from marine fungus S. longispora FG216 by the
rational supply of amino compounds. Enantiomers FGFC4 and FGFC5 were achieved by feeding
racemic mixture 3-amino-2-piperidinone. However, they did not show fibrinolytic activities for their
lack of negative ionization groups in the N-linked side chains. FGFC6 and FGFC7 were achieved
by feeding glycine and L-threonine, respectively, and they showed competitive fibrinolytic activities.
Especially, FGFC7 had a comparable effect to pro-uPA, although fermentation optimization was needed
to improve the yield.

3. Materials and Methods

3.1. General Experimental Procedures

Extraction was performed on an ultrasonicator (KQ-800, Kunshan Ultrasonic Instruments Co.,
Ltd., Kunshan, China). High performance liquid chromatography (HPLC) was performed on an
Agilent 1200 HPLC system (Agilent Technologies, Santa Clara, CA, USA) with a C18 column (ZORBAX
Eclipse XDB, 150 mm × 4.6 mm, 5 μm, 100 Å-spherical silica) and a semipreparation C18 column
(ZORBAX Eclipse XDB, 250 mm × 9.4 mm, 5 μm, 100 Å-spherical silica). The molecular weight was
determined by the Agilent electrospray ionization time of flight mass spectrometry (ESI-TOF-MS) 6230.
A nuclear magnetic resonance (NMR) assay was performed on Bruker AM-400 spectrometers (Bruker
Daltonics Inc., Billerica, MA, USA). Fibrinolytic activity was detected by a microplate reader (SH-1000,
CORONA, Ibarakiken, Japan).

3.2. Strain, Medium, and Cultural Conditions

Stachybotrys longispora FG216 (CCTCCM 2012272) was kindly provided by Shanghai
Ocean University.

The sporiparous medium was potato sucrose agar (PSA), which contained 200 g/L potato, 20 g/L
sucrose, and 20 g/L agar. The seed medium contained 35 g/L glucose, 10 g/L soluble starch, 20 g/L
defatted soybean flour (Sigma, St. Louis, MO, USA), 5 g/L bacteriological peptone (Oxoid, Basingstoke,
UK), 5 g/L beef extract paste (Oxoid, Basingstoke, UK), 3 g/L yeast extract (Oxoid, Basingstoke, UK),
2 g/L NaCl, 0.5 g/L K2HPO4, and 0.05 g/L MgSO4. The fermentation medium contained 125 g/L
sucrose, 3.3 g/L NaNO3, 0.7 g/L yeast extract (Oxoid, Basingstoke, UK), 0.625 g/L KCl, 0.4 g/L
MgSO4·7H2O, 0.07 g/L K2HPO4·3H2O, 18.75 mg/L FeSO4·7H2O, 6.5 mg/L CaCl2, and 3.125 mg/L
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CoCl2·6H2O. The seed and fermentation media were adjusted to pH 5.8 before sterilization. All media
were sterilized at 121 ◦C for 20 min.

FG216 was statically incubated on PSA at 25 ◦C for 7 d to induce spore formation. Then, the spores
were washed with sterile water, and 1 × 106 spores were inoculated into 30 mL seed medium in a
250 mL Erlenmeyer flask and incubated at 25 ◦C, 180 rpm for 2.5 d to obtain the first-stage seed.
Second-stage seed was gained by 1.5 mL of first-stage seed inoculated into 30 mL seed medium and
incubated under the same conditions for 1 d. Finally, 1.5 mL second-stage seed was inoculated into
30 mL fermentation medium and incubated under the same conditions for 10 d.

3.3. Amino Compouds Supply

3-Amino-2-piperidinone was purchased from Ark Pharm, Inc. (Libertyville, IL, USA).
(3S)-3-Amino-2-piperidinone hydrochloride was purchased from Shanghai Macklin Biochemical Co.,
Ltd. (Shanghai, China). Glycine and L-threonine were purchased from Shanghai Sangon Biotechnology
Co., Ltd. (Shanghai, China).

Each of them was dissolved in distilled water (3-amino-2-piperidinone in ethanol), sterilized with a
millipore filter, and fed into the fermentation medium at a concentration of 0.2% (3-amino-2- piperidinone
and (3S)-3-amino-2-piperidinone hydrochloride) or 0.5% (glycine and L-threonine) on day 0.

3.4. Metabolites Detection and Isolation

One hundred milliliter of fermentation broth was centrifuged at 5000× g for 20 min, and the
precipitate was extracted with 100 mL methanol. The mixture was placed in an ultrasonicator at a
frequency of 40 kHz and a nominal power of 800 W for 30 min. The extraction was repeated three
times. The crude extract was obtained by concentration in vacuo.

The crude extract was detected by an HPLC system and then separated with a semipreparation
column. The operating temperature was 40 ◦C, the flow rate was 1 mL/min and 4 mL/min for
detection and separation, respectively, and UV detection was set at 258 nm. The mobile phase was
composed of acetonitrile and 0.1% formic acid solution. For detection, the ratio acetonitrile increased
from 10 to 100% in 15 min. For separation, the ratio of acetonitrile was set as 50%. FGFC4, FGFC5,
FGFC6, and FGFC7 were collected at 12.3 min, 13.3 min, 10.2 min, and 16.0 min, respectively.

3.5. Bioactivity Assays

Single chain urokinase-type plasminogen activator (pro-uPA), plasminogen (plg), and bovine
serum albumin (BSA) were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Chromogenic
substrate S-2444 of urokinase was purchased from HYPHEN BioMed Co. (Neuville-sur-Oise, France).

These reagents were respectively dissolved in Tris-HCl buffer solution (50 mmol/L Tris-HCl,
100 mmol/L NaCl, pH 7.4). Their concentrations were as follows: 20 nmol/L pro-uPA, 10 nmol/L
plg, 10 g/L BSA, and 2 mmol/L S-2444. FGFC4 and FGFC5 were dissolved in methanol. FGFC6 and
FGFC7 were dissolved in sodium bicarbonate solution (pH 7.5). Ten microlitre of each solution was
mixed in a 96 hole round bottom plate to form a 50 μL enzymatic reaction system. The nitroaniline
was formed at 37 ◦C for 150 min, and detected in a microplate reader at 405 nm.

FGFC4–FGFC7 were tested on five concentrations (0.01, 0.025, 0.1, 0.4, 1 g/L). An enzymatic reaction
system with no isoindolinone derivatives was set as the negative control. Enzymatic reaction systems
with an extra 30 nmol/L pro-uPA (the best concentration for pro-uPA) or 0.1 g/L FGFC1 (the best
concentration for FGFC1) were set as positive controls, respectively. The assay was repeated three times.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/7/214/s1,
Figure S1: 1H NMR Spectrum of FGFC4 in MeOH-d4, Figure S2: 13C NMR Spectrum of FGFC4 in MeOH-d4,
Figure S3: HSQC Spectrum of FGFC4 in MeOH-d4, Figure S4: HMBC Spectrum of FGFC4 in MeOH-d4, Figure S5:
1H NMR Spectrum of FGFC5 in MeOH-d4, Figure S6: 13C NMR Spectrum of FGFC5 in MeOH-d4, Figure S7:
1H NMR Spectrum of FGFC6 in MeOH-d4, Figure S8: 13C NMR Spectrum of FGFC6 in MeOH-d4, Figure S9:
HSQC Spectrum of FGFC6 in MeOH-d4, Figure S10: HMBC Spectrum of FGFC6 in MeOH-d4, Figure S11: 1H NMR
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Spectrum of FGFC7 in MeOH-d4, Figure S12: 13C NMR Spectrum of FGFC7 in MeOH-d4, Figure S13: HSQC
Spectrum of FGFC7 in MeOH-d4, Figure S14: HMBC Spectrum of FGFC7 in MeOH-d4.
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Abstract: By treating with histone-deacetylase inhibitor valproate sodium, three new heterdimeric
tetrahydroxanthone–chromanone lactones chrysoxanthones A–C (1–3), along with 17 known
compounds were isolated from a sponge-associated Penicillium chrysogenum HLS111. The planar
structures of chrysoxanthones A–C were elucidated by means of spectroscopic analyses, including
MS, 1D, and 2D NMR. Their absolute configurations were established by electronic circular dichroism
(ECD) calculations. Chrysoxanthones A–C exhibited moderate antibacterial activities against
Bacillus subtilis with minimum inhibitory concentration (MIC) values of 5–10 μg/mL.

Keywords: Penicillium chrysogenum; secondary metabolites; histone-deacetylase inhibitor;
antibacterial activity; polyketide synthase

1. Introduction

The Penicillium chrysogenum species is commonly used in the industrial production of β-lactam
antibiotics. This species is present in various habitats including plants, gorgonians, marine sediments,
algae, sponges, and mangroves. The whole genome of the strain P. chrysogenum Wisconsin 54-1255
was sequenced in 2008, and up to 33 secondary metabolic gene clusters were predicted, showing huge
potential to produce various types of compounds in addition to β-lactam antibiotics [1]. However,
limited products with six chemical types were obtained from P. chrysogenum, much fewer than the
estimated number that the secondary metabolic gene clusters could generate. Therefore, it is believed
that many of the secondary metabolic gene clusters may be silent in laboratory culture conditions. In
recent years, strategies related to epigenetic modifications, such as the addition of a histone-deacetylase
inhibitor and disruption of gene-encoding histone deacetylase (HDAC) have been proven to be able to
effectively activate the silent biosynthetic gene clusters and lead to the formation of diverse secondary
metabolites in fungi [2–5].

The effects of HDAC inhibitors (valproic acid (VPA), suberoylanilide hydroxamic acid (SAHA),
sodium butyrate (NaBu)) on the production of secondary metabolites of a sponge-associated fungus,
P. chrysogenum HLS111, have been examined. As a result, the strain cultured with VPA produced
more compounds than those of the control, and the contents of some compounds were much higher
than those of the control (Figure 1). In this study, the differential parts of a crude extract of the
test group attracted our attention, and its subsequent separation and purification provided three

Mar. Drugs 2018, 16, 357; doi:10.3390/md16100357 www.mdpi.com/journal/marinedrugs159



Mar. Drugs 2018, 16, 357

new tetrahydroxanthone—chromanone lactone heterdimers, designated chrysoxanthones A–C (1–3,
Figure 2), and 17 known compounds (4–20, Supplementary Materials Figure S1). Herein, we report the
isolation, structure elucidation, and biological activities of these compounds. Finally, the biosynthetic
pathway of chrysoxanthones A–C was proposed.

Figure 1. High Performance Liquid Chromatography (HPLC) analysis of the secondary metabolites of
P. chrysogenum HLS111. (A) Test group (with valproic acid (VPA)). Peak numbers match the compound
numbers in Figure 2 and Supplementary Materials Figure S1. (B) Control group.

Figure 2. Chemical structures of compounds 1–3.

2. Results and Discussion

2.1. Structure Elucidation of Compounds

The organic extract of P. chrysogenum HLS111 treated by VPA was purified by repeated
silica-gel chromatography, reversed-phase chromatography, as well as semipreparative HPLC to
yield compounds 1–20. Chrysoxanthones A–C (1–3) were new isomerides that shared the common
molecular formula of C32H30O14, determined by HRESIMS {m/z 639.1716 [M + H]+ (compound 1),
m/z 639.1712 [M + H]+ (compound 2), m/z 639.1713 [M + H]+ (compound 3), calcd for C32H31O14

639.1714}, requiring 18 degrees of unsaturation. Compounds 1–3 have similar ultraviolet spectral
properties λmax (log ε) 248.2 (3.6), 335.5 (3.6) nm, indicating that they share related skeletons.

Chrysoxanthones A (1) and B (2) were attained as a pale yellow powder. They showed identical
1H and 13C NMR spectra (Table 1, Supplementary Materials Figures S4, S5, S10, and S11), despite
they were separated using a nonenantioselective method, presuming they were isomers but not
enantiomers. By comparison of the NMR data (Table 1) with the structurally related compounds,
they were identified as the tetrahydroxanthone–chromanone lactone heterdimers [6–8]. The HMBC
correlations of H-3 to C-6′ and H-7 to C-2 indicated the monomers of compounds 1 and 2 were
connected by a 2-6′ linkage (Figure 3, Supplementary Materials, Figures S6 and S12). The 1H and 13C
NMR data (Table 1) of 1 and 2 were in agreement with those for blennolide J [6], which suggested
they might have the same planar structures. The key coupling constants in 1H NMR spectra (Table 1,
Supplementary Materials, Figures S4 and S10), the key Rotating Frame Overhauser Effect Spectroscopy
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(ROESY) correlations (Figure 4) and NMR data rules could prove the relative stereochemistry of 1 and
2. The trans-configuration of H-5 and H-6 of the tetrahydroxanthone monomer was established by
chemical shifts (compounds 1 and 2 δ5-H/C 3.93/76.9, δ6-H/C 2.42/29.2 vs. blennolide I δ5-H/C 4.12/71.3,
δ6-H/C 2.11/28.5; cis-configuration) and the coupling constant (3JH-5/H-6 = 11.5 Hz) [6], as well as the
ROESY correlation between H-5 (δH 3.93) and H-11 (δH 1.18). The ROESY correlation between H-13
(δH 3.68) and H-6 (δH 2.38) revealed the relative configurations of chiral carbons 5, 6, and 10a to be
(5S, 6R, 10aS, or 5R, 6S, 10aR) (Figure 4C). Coupling constant 3JH-9′/H-10′ = 4.0 Hz established the
trans-configuration of H-9′ and H-10′ of the β-methyl-γ-lactone moiety. Since the biaryl bond could
rotate, it was ambiguous to determine the relative stereochemistry of carbon 2′ based on ROESY
correlations. However, a summary of the NMR data [6–8] could provide some clues to identify the
relative configurations of C-2′ and C-10′. When the difference between the H-3a’ and H-3b’ values was
greater than 0.41 ppm, the relative configurations were proposed to be 2′S, 10′R or 2′R, 10′S, while
when it was less than 0.19 ppm, the relative configuration was 2′S, 10′S or 2′R, 10′R. Thus, the relative
configurations of 1 and 2 were the same as those of blennolide J [6], but the optical rotation data and CD
spectra of compounds 1 and 2 were opposite to those of blennolide J (compound 1 [α[ 20

D +30.8 (c 0.05,
MeOH), compound 2 [α[ 20

D +58.4 (c 0.15, MeOH), blennolide J [α[ 20
D −93.5 (c 0.08, CHCl3)) [6], indicating

the absolute configurations of two subunits of compounds 1 and 2 were the same or enantiotropic
to those of blennolide J. Then, the absolute structures of compounds 1 and 2 were suggested to be
(1a/2a (5R,6S,10aR,2′S,9′S,10′S); 1b/2b (5R,6S,10aR,2′R,9′R,10′R); 1d/2d (5S,6R,10aS,2′R,9′R,10′R)).
The absolute configurations of compounds 1 and 2 were determined by comparing experimentally
measured CD spectra with those calculated with the Time-Dependent Density Functional Theory
(TD-DFT) method. The experimental electronic circular dichroism (ECD) spectrum of compounds
1 and 2 matched very well with the theoretical ECD spectrum for 1a(5R,6S,10aR,2′S,9′S,10′S) and
2b(5R,6S,10aR,2′R,9′R,10′R) (Figure 5A,B), respectively, confirming the absolute structures of 1 and 2.

Figure 3. Key HMBC correlations of compounds 1–3.

Figure 4. (A) Key Rotating Frame Overhauser Effect Spectroscopy (ROESY) correlations of
β-methyl-γ-lactone moiety in compounds 1 and 2; (B) key ROESY correlations of β-methyl-γ-lactone
moiety in compound 3; (C) key ROESY correlations of tetrahydroxanthone moiety in compounds 1–3.
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Table 1. 1H (500 MHz) and 13C NMR (125 MHz) data of compounds 1–3 in CDCl3.

Position
1 and 2 3

δH, mult, J in Hz δC δH, mult, J in Hz δC

1 159.3 159.3
2 117.7 117.8
3 7.46, d, 8.5 140.1 7.46, d, 8.5 140.2
4 6.63, d, 8.5 107.5 6.62, d, 8.5 107.6
4a 158.4 158.3
5 3.93, dd, 11.5, 2.5 76.9 3.93, dd, 11.0, 1.5 76.9
6 2.42, m 29.2 2.42, m 29.2
7a 2.32, dd, 19.0, 10.5 36.2 2.31, dd, 19.0, 10.5 36.3
7b 2.74, dd, 19.0, 6.5 2.74, dd, 19.0, 6.5
8 177.6 177.6
8a 101.5 101.5
9 187.1 187.1
9a 106.8 106.8
10a 84.7 84.7
11 1.18, d, 6.5 18.0 1.17, d, 6.5 18.0
12 170.2 170.2
13 3.73, s 53.3 3.73, s 53.3

1-OH 11.72, s 11.72, s
5-OH 2.78, d, 2.5 2.80, br s
8-OH 13.76, s 13.78, s

2′ 84.2 84.3
3a’ 3.05, d, 17.0 39.6 3.10, d, 17.0 40.4
3b’ 3.21, d, 17.0 3.51, d, 17.0
4′ 194.0 195.0
4a’ 107.6 107.3
5′ 159.2 159.1
6′ 118.1 118.0
7′ 7.52, d, 8.5 141.3 7.51, d, 8.5 141.1
8′ 6.62, d, 8.5 107.3 6.57, d, 8.5 107.0
8a’ 158.6 158.6
9′ 4.45, d, 4.0 87.5 4.38, d, 3.5 86.4
10′ 2.84, m 30.0 2.88, m 29.6
11a’ 2.92, dd, 17.5, 9.0 36.0 3.03, dd, 18.0,9.0 36.2
11b’ 2.23, dd, 17.5, 4.0 2.23, dd, 18.0,4.0
12′ 175.2 175.5
13′ 1.29, d, 7.0 20.9 1.19, d, 7.0 20.6
14′ 168.8 169.0
15′ 3.77, s 53.7 3.78, s 53.7

5′-OH 11.89, s 11.92, s

Figure 5. Experimentally measured and calculated electronic circular dichroism (ECD) spectra for
compounds 1–3.
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Compound 3 was also isolated as a pale yellow powder. Its NMR spectroscopic data were
similar with that of compounds 1 and 2, except the chemical shifts [H-3a’ (δH 3.05), H-3b’ (δH 3.21),
H-9′ (δH 4.45); C-3′(δC 39.6), C-9′(δC 87.5)] moved to [H-3a’ (δH 3.10), H-3b’ (δH 3.51), H-9′ (δH 4.38);
C-3′(δC 40.4), C-9′(δC 86.4)] (Table 1). The key HMBC correlations of compound 3 suggested the planar
structure of 3 was identical with structures 1 and 2 (Figure 3). The obvious NMR differences might
be induced by the change of the stereogenic centers of 2′, 9′, and 10′ in β-methyl-γ-lactone moiety.
The trans-configuration of H-9′ and H-10′ (9′S,10′S or 9′R,10′R) of the β-methyl-γ-lactone moiety was
uniform with compounds 1 and 2 by the chemical shifts (Table 1) and coupling constant (3JH-9′/H-10′=
3.5 Hz), together with the NOE correlations between H-13′ (δH 1.19) and H-9′ (δH 4.38) (Figure 4B).
Therefore, epimerization at C-2′ led to the above NMR differences. The absolute configurations of
chiral carbons 2′, 9′, and 10′ were assigned as (2′R,9′S,10′S or 2′S,9′R,10′R), which were in agreement
with paecilin B [6]. Above all, the accordance of the experimentally measured CD spectra with the
calculated ECD of 3a confirmed the absolute configuration of compound 3 was 5R,6S,10aR,2′R,9′S,10′S
(Figure 5C).

The known compounds were identified as andrastins A (keto form, 4 and enol form, 5) [9,10],
secalonic acid A (6) [11–14], secalonic acid D (7) [14], secalonic acid F (8) [14,15], griseoxanthone
C (9) [16], norlichexanthone (10) [16], 7-hydroxy-3-(2-hydroxypropyl)-5-methyl-isochromen-1-one
(11) [17], 7-hydroxy-3,5-dimethyl-isochromen-1-one (12) [17], penicisimpin B (13) [18], meleagrin
(14) [19], oxaline (15) [20], rcqueforcine C (16) [21], citreoindole (17) [22], haenamindole (18) [22],
conidiogenone C (19) [23], and conidiogenone D (20) [23] by comparing their spectroscopic data with
those reported in the literature (chemical structures in Supplementary Materials Figure S1). Moreover,
the NMR data of andrastins A in keto form were reported the first time (Supplementary Materials
Table S3).

2.2. Biological Assays

Chrysoxanthones A–C were assayed for antibacterial activities against Staphylococcus epidermidis
(ATCC 12228, MSSE), Staphylocccus aureus (ATCC 29213, MSSA), Bacillus subtilis (ATCC 63501),
Enterococcus faecalis (ATCC 29212, VSE), and Escherichia coli (ATCC 25922). Chrysoxanthones A–C
exhibited the highest antibacterial activities against B. subtilis with minimum inhibitory concentration
(MIC) values of 5–10 μg/mL and moderate activities against S. epidermidis and S. aureus with MICs
of 10–80 μg/mL (Table 2). Meanwhile, the antitumor activities in vitro of chrysoxanthones A–C
were evaluated against human multiform glioblastoma (U87 MG), human nonsmall cell lung cancer
(NCI-H1650), human colonic carcinoma (HT29), human renal carcinoma (A498), and human leukemia
(HL60) cell lines using the MTT method. Compared with secalonic acid D, the antitumor activities
of chrysoxanthones A–C decreased significantly (Supplementary Materials Table S5), indicating that
the β-methyl-γ-lactone ring reduced cytotoxicity, supporting that the tricyclic core was essential for
bioactivities [6].

Table 2. Minimum inhibitory concentrations (MIC, μg/mL) of compounds 1–3.

Compounds

MICs (μg/mL)

Staphylococcus epidermidis
ATCC 12228

Staphylococcus aureus
ATCC 29213

Bacillus subtilis
ATCC 63501

Enterococcus faecalis
ATCC 29212

Escherichia coli
ATCC25922

1 — — 5 — >100
2 10 20 5 >100 >100
3 20 80 10 >100 >100

Ampicillin 6.25 6.25 3.12 6.25 25

Note: “—” represents untested.

2.3. Plausible Biosynthetic Gene Cluster and Pathway of Chrysoxanthones A–C

Based on the common tetrahydroxanthones moiety, we proposed that chrysoxanthones A–C
shared the same biosynthetic gene cluster and pathway with those of secalonic acids. The biosynthetic
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gene cluster of secalonic acids in Claviceps purpurea has been confirmed by deleting gene CPUR_05437,
which led to the abolishment of secalonic acid production [24]. In our effort to find the biosynthetic gene
cluster, the gene pc16g10750 of P. chrysogenum wisconsin 54-1255 showed the highest identity with the
gene CPUR_05437 (71%) by the NCBI BLAST. Pc16g10750 putatively encodes an iterative nonreducing
PKS (NR-PKS) and has a domain architecture of KS-AT-PT-ACP, as ascertained by NCBI Conserved
Domains. In these special types of NR-PKSs lacking the thioesterase (TE) domain, polyketide is
released from the PKS by a metallo-β-lactamase-type thioesterase (MβL-TE) [24]. The functions of the
upstream and downstream genes were also analyzed by BLAST analysis, indicating the integrated gene
cluster composed of 23 Open Reading Frames (ORFs) (Supplementary Materials, Figure S24). The gene
cluster included one NR-PKS (pc16g10750), one O-methyltransferase (pc16g10740), two decarboxylases
(pc16g10730 and pc16g10800), two major facilitator superfamily proteins (pc16g10710 and pc16g10850),
two fungal specific transcription factors (pc16g10640 and pc16g10860), ten oxidases or reductases,
and five function-unknown genes (Supplementary Materials, Table S4). Finally, the plausible
biosynthetic pathway of chrysoxanthones was depicted in Scheme 1. The route followed the sequence
octaketide–anthraquinone–benzophenone–tetrahydroxanthone–β-methyl-γ-lactone–chrysoxanthone.
As supposed in the Scheme 1, β-methyl-γ-lactone moiety was derived from the tetrahydroxanthone
segment, while the absolute configurations of its chiral carbons (marked with the red stars) were not in
accordance with that of the obtained tetrahydroxanthones. Hence, more tetrahydroxanthones with
other absolute configurations may be discovered in the future.

Scheme 1. Plausible biosynthetic pathway of chrysoxanthones. Note: chiral carbons were marked with
the red stars.
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3. Materials and Methods

3.1. General

Optical rotations were obtained on a JASCO P-2000 digital polarimeter (JASCO, Tokyo, Japan). UV
spectra were recorded on a V-650 spectrometer (JASCO, Tokyo, Japan). Circular dichroism (CD) spectra
were measured on a JASCO J-815 CD spectrometer (JASCO, Tokyo, Japan). IR spectra were collected
on a Nicolet 5700 FT-IR microscope instrument (FT-IR microscope transmission) (Thermo Electron
Corporation, Madison, WI, USA). 1H and 13C NMR and 2D NMR spectra were acquired at 500 and
125 MHz on a Bruker AVANCE 500-III instrument (Bruker Biospin Group, Karlsruhe, Germany)
in chloroform-d with TMS as an internal reference, and chemical shifts were recorded as δ values.
HR-ESI-MS data were measured using an Agilent 1100 LC/MSD Trap SL LC/MS/MS spectrometer
(Agilent Technologies Ltd., Santa Clara, CA, USA). HPLC analysis of the secondary metabolites of the
crude extracts was performed on an Agilent 1200 HPLC system (Agilent Technologies Ltd., Santa Clara,
CA, USA), using a Cosmosil C18 column (5 μM, 4.6 × 150 mm, Nacalai Tesque, Inc., Kyoto, Japan).
An HPLC system equipped with a Shimadzu LC-6AD pump, a Shimadzu SPD-20A prominence UV-VIS
detector (Shimadzu Corporation, Kyoto, Japan), and an Agilent C18 column (5 μM, 250 × 9.6 mm) was
used for semipreparative HPLC. Column chromatography was performed with silica gel (60–100 mesh,
200–300 mesh, Qingdao Marine Chemical Ltd., Qingdao, China), RP-18 (40–60 μM, GE Healthcare,
Fairfield, CT, USA), and Sephadex LH-20 (18–110 M, GE healthcare, Fairfield, CT, USA).

3.2. Fungal Material and Fermentation

The fungal strain HLS111 was isolated from a Gelliodes carnosa sponge collected from Lingshui Bay,
Hainan Province, China. It was identified as P. chrysogenum on the basis of morphology and internal
transcribed spacer (ITS) sequence analysis. The sequence data have been deposited at GenBank as
FJ770066 [25]. The fungus HLS111 was first cultivated on YPD agar plates (YPD: yeast extract 10 g,
peptone 20 g, glucose 20 g, natural seawater 1 L, pH 7.0–7.2) at 28 ◦C for 3 days. Then, the mycelia were
inoculated into 500 mL Erlenmeyer flasks, each containing 100 mL of liquid YPD medium. The flasks
were incubated at 28 ◦C on a rotary shaker (220 rpm) for 3 days to prepare seed culture. The rice
medium was used for solid fermentation, with each 500 mL Erlenmeyer flask containing 100 g rice and
100 mL natural seawater sterilized at 121 ◦C for 15 minutes. The test-group fermentation was carried
out in 25 Erlenmeyer flasks with the HDAC inhibitor VPA at a final concentration of 10 μM, and the
control-group fermentation was performed in 3 Erlenmeyer flasks. The flasks were inoculated with
20 mL of seed cultures and incubated at 28 ◦C for 30 days.

3.3. Extraction, HPLC Analysis, and Isolation

The fermented material was extracted with EtOAc (v/v 1:3) 3 times by ultrasound, and the organic
solvent was evaporated to dryness under vacuum to afford the crude extract (the test group was 45 g
and the control group was 4 g). The samples (10 mg/mL) of the test and control groups were analyzed
with an Agilent 1200 HPLC system using a Cosmosil C18 column (4.6 × 150 mm, 5 μm) with a solvent
gradient from 10% to 100% solvent B (solvent A: H2O, solvent B: CH3OH) over the course of 0 to
30 min and 100% solvent B over 30 to 40 min and UV detection at 230 nm at a flow rate of 1 mL/min.

The crude extract of the test group was first fractionated through vacuum liquid chromatography
over a silica-gel column (8 × 100 cm, 1100 g), using a gradient elution with petroleum
ether-EtOAc-CH3OH, (petroleum ether; petroleum ether-EtOAc = 100:1, 50:1, 20:1, 10:1, 5:1, 2:1, 1:1;
EtOAc; CH3OH; v/v, each 2.5 L) to give 10 fractions (Fractions A–J). Fraction E (petroleum ether-EtOAc
10:1, 5.6 g) was further submitted to ODS CC (4 × 60 cm, 200 g) using a stepped gradient elution of
CH3OH-H2O (20%, 50%, 80%, and 100%, v/v, each 1.5 L) to afford 4 subfractions E1–E4. Purification
of the E4 subfraction (100% CH3OH, 800 mg) by semipreparative HPLC on an Agilent C18 column
(9.6 × 250 mm, 5 μm) with 47% CH3CN in H2O as the mobile phase (flow rate 4 mL/min) afforded
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compounds 1–3 (compound 1, 3.0 mg, tR = 34.5 min; compound 2, 8.3 mg, tR = 26.7 min; compound 3,
4.1 mg, tR = 44.2 min). The isolation of the known compounds was shown in supporting information.

3.4. Spectroscopic Data

Chrysoxanthone A (1). Pale yellow powder; [α[ 20
D +30.8 (c 0.05, MeOH); UV (MeOH) λmax (log ε)

248.2 (3.6), 335.5 (3.6); CD (c 7.84 × 10−4 mol/L, MeOH), λmax (Δε) 219 (−7.1), 264 (−2.7), 316.5 (1.6),
366.5 (4.3) nm; IR (KBr) νmax: 3519, 2959, 1792, 1741, 1613, 1566, 1433, 1360, 1213, 1060, 1022, 819 cm−1;
1H NMR (500 MHz, CDCl3) and 13C NMR (125 MHz, CDCl3) see Table 1; HR-ESI-MS (positive):
m/z 639.1716 [M + H]+ (Calcd. for C32H31O14, 639.1714).

Chrysoxanthone B (2). Pale yellow powder; [α[ 20
D +58.4 (c 0.15, MeOH); UV (MeOH) λmax (log ε)

248.2 (3.6), 335.5 (3.6); CD (c 7.84 × 10−4 mol/L, MeOH), λmax (Δε) 225 (−20.9), 329 (6.4) nm; IR (KBr)
νmax: 3511, 2958, 1792, 1741, 1613, 1566, 1434, 1359, 1211, 1060, 1023, 819 cm−1; 1H NMR (500 MHz,
CDCl3) and 13C NMR (125 MHz, CDCl3) see Table 1; HR-ESI-MS (positive): m/z 639.1712 [M + H]+

(Calcd. for C32H31O14, 639.1714).
Chrysoxanthone C (3). Pale yellow powder; [α[ 20

D +33.2 (c 0.1, MeOH); UV (MeOH) λmax (log ε)
248.2 (3.6), 335.5 (3.6); CD (c 7.84 × 10−4 mol/L, MeOH), λmax (Δε) 242.5 (−6.1), 266 (−6.2), 369 (5.9)
nm; IR (KBr) νmax: 3511, 2958, 1792, 1741, 1613, 1566, 1434, 1359, 1211, 1060, 1023, 819 cm−1; 1H NMR
(500 MHz, CDCl3) and 13C NMR (125 MHz, CDCl3) see Table 1; HR-ESI-MS (positive): m/z 639.1713
[M + H]+ (Calcd. for C32H31O14, 639.1714).

3.5. ECD Calculation

TD-DFT calculations were executed with Gaussian 09 [26] (Gaussian, Inc., Pittsburgh, PA, USA).
Conformational analysis was initially performed using Confab [27] at MMFF94 force field for all
relative configurations of each compound. The conformers with lower energies (Boltzmann population
of over 1%) were chosen for ECD calculations (Supplementary Materials, Table S1). The conformers
were first optimized at PM6 using a semiempirical theory method and further at B3LYP/6-311G** in
MeOH using the CPCM polarizable conductor calculation model (Supplementary Materials, Table S2).
ECD calculations were conducted in MeOH using TD-DFT, and a total of 50 excited states were
calculated. The BP86/6-311G** method was used for compounds 1 and 2, while the TD-DFT theory
level for compound 3. The ECD and UV-Vis spectra were simulated in SpecDis [28] by overlapping
Gaussian functions for each transition, and summed up by Boltzmann weights.

3.6. Biological Assay

Antibacterial and in vitro antitumor assays were performed for the isolated compounds
(>90% purity).

3.6.1. Antibacterial Activity

The antibacterial activities (represented by MIC values) of compounds 1–3 against 5 bacteria
strains, B. subitlis ATCC 63501, S. aureus ATCC 29213, S. epidermidis ATCC 12228, E. faecalis ATCC
29212, and E. coli ATCC 25922, were evaluated by a 96-well plate-based assay [29]. The bacterial strains
cultured in LB medium were collected at OD600 of 0.3~0.5, then diluted to OD600 of 5 × 10−4. Aliquots
of this suspension (100 μL) were transferred into a 96-well plate. The tested compounds were added
into the bacteria suspensions to give the desired concentration, and each concentration had triplicate
values. The wells containing the same number of cells but no compounds were set as control groups.
Ampicillin was used as the positive control. The 96-well-plates were then incubated at 37 ◦C for 18 h.
The plates were then read using a microplate reader at 600 nm. MIC value was determined by the
OD600 with the control without bacteria.
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3.6.2. Antitumor Activity

The antitumor activities (in vitro, represented by IC50 values) of compounds 1–3 against 5 tumor
cell lines, human multiform glioblastoma (U87 MG), human nonsmall cell lung cancer (NCI-H1650),
human colonic carcinoma (HT29), human renal carcinoma (A498), and human leukemia (HL60),
were evaluated with the MTT method, and secalonic acid D was used as the positive control.
The detailed methodology for biological testing has already been described in a previous report [30].

4. Conclusions

Three new compounds, chrysoxanthones A–C (1–3), along with 17 known compounds (4–20) were
isolated from the strain P. chrysogenum HLS111 cultivated with the histone-deacetylase inhibitor VPA.
Our present findings revealed that histone-deacetylase inhibitors could activate diversified compound
production or increase the yields of fungal secondary metabolites. Considering the instability and
high cost of inhibitors, further deletion of genes related to epigenetic modifications still needs to
be conducted.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/10/
357/s1: Figure S1: Chemical structures of the known compounds 4–20; Figure S2: (+)-HRESIMS spectrum
of chrysoxanthone A (1); Figure S3: IR spectrum of chrysoxanthone A (1); Figure S4: 1H NMR spectrum of
chrysoxanthone A (1) in CDCl3; Figure S5: 13C NMR spectrum of chrysoxanthone A (1) in CDCl3; Figure S6:
HMBC spectrum of chrysoxanthone A (1) in CDCl3; Figure S7: ROESY spectrum of chrysoxanthone A (1) in
CDCl3; Figure S8: (+)-HRESIMS spectrum of chrysoxanthone B (2); Figure S9: IR spectrum of chrysoxanthone
B (2); Figure S10: 1H NMR spectrum of chrysoxanthone B (2) in CDCl3; Figure S11: 13C NMR spectrum of
chrysoxanthone B (2) in CDCl3; Figure S12: HMBC spectrum of chrysoxanthone B (2) in CDCl3; Figure S13:
ROESY spectrum of chrysoxanthone B (2) in CDCl3; Figure S14: (+)-HRESIMS spectrum of chrysoxanthone C
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Abstract: Nonribosomal peptides from marine Bacillus strains have received considerable attention
for their complex structures and potent bioactivities. In this study, we carried out PCR-based
genome mining for potential nonribosomal peptides producers from our marine bacterial library.
Twenty-one “positive” strains were screened out from 180 marine bacterial strains, and subsequent
small-scale fermentation, HPLC and phylogenetic analysis afforded Bacillus sp. PKU-MA00092
and PKU-MA00093 as two candidates for large-scale fermentation and isolation. Ten nonribosomal
peptides, including four bacillibactin analogues (1–4) and six bacillomycin D analogues (5–10) were
discovered from Bacillus sp. PKU-MA00093 and PKU-MA00092, respectively. Compounds 1 and 2

are two new compounds and the 1H NMR and 13C NMR data of compounds 7 and 9 is first provided.
All compounds 1–10 were assayed for their cytotoxicities against human cancer cell lines HepG2
and MCF7, and the bacillomycin D analogues 7–10 showed moderate cytotoxicities with IC50 values
from 2.9 ± 0.1 to 8.2 ± 0.2 μM. The discovery of 5–10 with different fatty acid moieties gave us the
opportunity to reveal the structure-activity relationships of bacillomycin analogues against these
human cancer cell lines. These results enrich the structural diversity and bioactivity properties of
nonribosomal peptides from marine Bacillus strains.

Keywords: bacillibactin; bacillomycin; genome mining; marine Bacillus; nonribosomal peptides

1. Introduction

Nonribosomal peptides produced by nonribosomal peptide synthetases (NRPS) from Bacillus
strains are important sources of clinically used agents or bioactive molecules. Bacitracin, one mixture
of nonribosomal peptides discovered from Bacillus subtilis, is used as an antibacterial drug, with the
mode of action of interfering with cell wall and peptidoglycan synthesis [1]. Tyrocidines and
gramicidins, nonribosomal peptides discovered from Bacillus brevis strains, show antibacterial
activities [2,3], and their early biosynthetic research initiate the characterization of the functions
of domains in NRPS assembly lines [4–8]. Bacillibactin, one nonribosomal peptide discovered from
Bacillus subtilis, serves as a catecholic siderophore in iron acquisition that is essential to the host’s
life [9,10]. Other important nonribosomal peptides produced by Bacillus strains include surfactin,
fengycin, and iturin, which represent three families of lipopeptides showing antibacterial, antifungal,
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and hemolytic activities owing to their cell membrane-interacting properties [11,12]. In last two
decades, marine Bacillus strains as nonribosomal peptide producers have received considerable
attention [13]. The marine environments characterized by high salinity, high pressure, and low
temperature hold the promise of producing new natural products structurally or bioactively distinct
with those from terrestrial environments. Various Bacillus species have been isolated from marine
sources with different isolation methods [14–16], and new nonribosomal peptides with varied
bioactivities have been discovered. Gageopeptides that were discovered from Bacillus subtilis collected
from Gageocho reef, Republic of Korea were linear lipopeptides showing potent antifungal and
antibacterial activities [17]. Bogorol A discovered from Bacillus sp. collected from Papua New Guinea
was first linear “cationic peptide antibiotics”, showing potent antibacterial activity [18]. Bacillistatins
discovered from Bacillus silvestris collected from southern Chile ocean were cyclodepsipeptides
showing potent antitumor activity [19]. More nonribosomal peptides with different bioactivities
were summarized in Figure S1, depicting the potential of nonribosomal peptides from marine Bacillus
strains as natural drug leads.

Genome mining targeting the NRPS genes is a useful tool for the discovery of new nonribosomal
peptides. The investigation of sequenced genomic DNA based on bioinformatics analysis has been
extensively applied to identify a specific nonribosomal peptide gene cluster and its corresponding
natural product [20–22]. The PCR screening using degenerate primers with unsequenced genomic
DNAs as the templates has been applied to discover 13 NRPS-containing Bacillus strains from
109 marine bacteria collection [14] and grisechelin-type nonribosomal peptides from an actinomycetes
collection [23]. We here report the discovery of 10 nonribosomal peptides (1–10), including two new
compounds (1 and 2) from our marine bacteria library (Figure 1), based on the PCR screening with
degenerate primers designed from the conserved sequences of adenylation domains (A domain) in six
nonribosomal peptides biosynthesis [24]. All the compounds 1–10 were assayed for their cytotoxicities
against human cancer cell lines HepG2 and MCF-7, and compound 8 showed best cytotoxicities with
IC50 values of 2.9 ± 0.1 μM. These results highlight marine Bacillus strains as the rich sources of
nonribosomal peptides and the power of genome mining in natural product discovery.

Figure 1. The structures of bacillibactin analogues (1–4) and bacillomycin D analogues (5–10)
discovered from Bacillus sp. PKU-MA00093 and PKU-MA00092, respectively.
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2. Results and Discussion

2.1. Genome Mining for Nonribosomal Peptides Discovery from Marine Bacteria Library Based on a PCR
Screening Method

We have constructed a marine bacteria library containing strains isolated from sponges, corals and
deposits collected from South China Sea and south coasts of China. To discover nonribosomal peptides from
this library, we carried out a PCR screening targeting adenylation domains (A domain) in nonribosomal
peptides biosynthesis with genomic DNAs of strains in the library as the templates, using the
degenerate primers (A3F and A7R) that were designed from the conserved sequences of A domains in
cephamycin, vancomycin, balhimycin, actinomycin, pristinamycin, and chloroeremomycin biosynthesis [24].
Totally 180 strains in the library were screened and 21 strains were identified as the “positive hits”,
which gave clear PCR products with expected size of ~700 bp based on the agarose gel electrophoresis
analysis (Figure S2). All 21 PCR products were sequenced and confirmed to encode A domains with
high sequence identities to known NRPS homologues (Table S1). The high sequence identities (82–99%,
Table S1) to known NRPS homologues confirmed our PCR screening’s accuracy, but excluded the
possibility of new A domain sequences discovered. The same degenerate primers (A3F and A7R) have
been used in the screening of NRPS genes from marine Actinobacteria strains [25–27]. These screening
gave higher “positive” rates of 92% (22 out of 24) [25], 76% (19 out of 25) [26], and 63% (38 out of 60) [27],
when compared to the lower “positive” rate of 12% (21 out of 180) in this screening. The degenerate
primers (A3F and A7R) are specific for the screening of NRPS genes from Actinobacteria because they
are designed from the conserved sequences of A domains in the biosynthesis of six nonribosomal
peptides produced by Actinobacteria strains. We have amplified all the 16S rRNAs sequences of the 21
“positive” strains. The sequencing and BLAST results showed that the 21 “positive” strains consisted
of 14 Firmicutes (14 from Bacillus) strains and seven Actinobacteria (four from Rhodococcus, one from
Streptomyces, one from Nocardiopsis, and one from Mycobacterium) stains (Table S1). These results
suggest that the majority of the 180 marine bacteria in this screening are not Actinobacteria, which
may be the reason for the lower “positive” rate. Other PCR screening for NRPS genes from marine
bacteria using different degenerate primers gave different phyla of “positive” strains with different
“positive” rates (30% and 14%) [14,28], exemplifying the degenerate primers as another important
factor affecting the screening result.

We then fermented the 21 strains in small-scale (50 mL) using four different media
(see Materials and Methods), and analyzed the crude extracts by HPLC. The HPLC analysis showed
that strains PKU-MA00092 and PKU-MA00093 provided abundant natural products in medium M2,
under the UV detection of 210 nm. Thus, strains PKU-MA00092 and PKU-MA00093 were chosen
for the large-scale fermentation in medium M2 and natural products isolation. Four bacillibactin
analogues (1–4), including two new compounds (1 and 2) were isolated from a 4.5 L fermentation of
PKU-MA00093, and six bacillomycin D analogues (5–10) were isolated from a 10.0 L fermentation of
PKU-MA00092 (Figure 1). The structures of compounds 1–10 were elucidated based on comprehensive
spectroscopic analyses. Bacillibactin and bacillomycin D have been previously isolated from different
Bacillus strains [9,10,29]. To identify the genuses of strains PKU-MA00092 and PKU-MA00093,
the housekeeping 16S rRNA genes of the two strains were amplified by PCR and sequenced. BLAST on
the NCBI website showed that the two 16S rRNAs were highly homologous to 16S rRNAs from Bacillus
strains. The phylogenetic analysis was carried out based on the sequence alignments of the two 16S
rRNAs with different Bacillus homologues, identifying PKU-MA00092 and PKU-MA00093 as two
Bacillus strains (Figure S3).

2.2. Structural Elucidation of Compounds 1–10

Compound 1 was obtained as a light green gum. HRESIMS analysis afforded an [M − H]−

ion at m/z 899.2584, giving the molecular formula of 1 as C39H44N6O19. The 1H NMR spectrum
of 1 resembled that of bacillibactin (3) [30,31], except that the resonances at δH 5.31 (d, J = 6.8 Hz,
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H3-3/3′/3′ ′) in 3 split to δH 5.33 (br s, H-3), δH 5.38 (br s, H-3′) and δH 4.19 (br s, H-3′ ′) in 1,
and the resonances at δH 4.59 (br s, H3-2/2′/2′ ′) in 3 split to δH 4.56 (br d, J = 8.0 Hz, H-2),
δH 4.79 (br d, J = 8.0 Hz, H-2′), and δH 4.38 (br d, J = 8.0 Hz, H-2′ ′) in 1 (Figure S4, Table 1). The 13C NMR
spectrum of 1 resembled that of bacillibactin (3) [30,31] except that the resonances at δC 70.8 (C-3/3′/3′ ′)
in 3 split to δC 70.7 (C-3/3′) and δC 66.3 (C-3′ ′) in 1, the resonances at δC 56.6 (C-2/2′/2′ ′) in 3 split
to δC 55.1 (C-2), δC 54.8 (C-2′) and δC 57.4 (C-2′ ′) in 1, the resonances at δC 16.5 (C-4/4′/4′ ′) in 3 split
to δC 16.4 (C-4), δC 16.3 (C-4′) and δC 20.2 (C-4′ ′) in 1, and the resonance attributed to C-1 at δC 168.4
in 3 shifted downfield to δC 170.9 in 1 (Figure S6, Table 1). These differences in combination with the
molecular formula of 1 suggested that 1 was the hydrolyzed product of 3, which was confirmed by the
MS/MS analysis based on the observation of ions [a]−, [b]−, [c]−, and [d]− at m/z 763.2365, 706.2209,
605.1732, and 311.0882, respectively (Figure S11). The linkage relations of 2,3-dihydroxybenzoic acid
(DHBA), glycine and threonine in three units were confirmed by COSY, HSQC, and HMBC experiments
(Figures 2, S5, S7 and S8). To further establish the absolute configuration of 1, the Marfey’s analysis [32]
was carried out. HPLC analysis of the FDAA derivatives of the amino acids in 1 unambiguously
established that 1 only contained L-threonine (Figure 3). Thus, compound 1 was identified as the
hydrolyzed product of bacillibactin (3), and named as bacillibactin B.

Compound 2 was obtained as a light green gum. HRESIMS analysis afforded an [M + Na]+

ion at m/z 629.1702, giving the molecular formula of 2 as C26H30N4O13. The 1H NMR spectrum
of 2 resembled that of SVK21 (4) [33] except that the resonances at δH 4.20 (d, J = 6.0 Hz, H-3) in 4

split to δH 5.33 (m, H-3) and δH 4.21 (m, H-3′) in 2, the resonances at δH 4.10 (br s, H-2) in 4 split
to δH 4.61 (dd, J = 8.8, 2.5 Hz, H-2) and δH 4.39 (dd, J = 8.5, 2.5 Hz, H-2′) in 2, the resonances at
δH 1.04 (d, J = 6.3 Hz, H-4) in 4 split to δH 1.15 (d, J = 6.4 Hz, H-4) and δH 1.05 (d, J = 6.2 Hz,
H-4′) in 2, and the resonances at δH 7.86 (d, J = 8.3 Hz, 2-NH) in 4 split to δH 8.36 (d, J = 8.8 Hz,
2-NH) and δH 8.06 (d, J = 8.5 Hz, 2′-NH) in 2 (Figure S12, Table 2). The 13C NMR spectrum of
2 resembled that of SVK21 (4) [33] except that the resonances at δC 66.2 (C-3) in 4 split to δC 70.8
(C-3) and δC 66.4 (C-3′) in 2, the resonances at δC 57.5 (C-2) in 4 split to δC 55.0 (C-2) and δC 57.4
(C-2′) in 2, and the resonances at δC 20.1 (C-4) in 4 split to δC 16.5 (C-4) and δC 20.1 (C-4′) in 2

(Figure S14, Table 2). These differences in combination with the molecular formula of 2 suggested that
2 was the esterification product of two SVK21 (4) units with the linkage between the two threonine
residues. This was confirmed by the MS/MS analysis based on the observation of ions [a + H + Na]+,
[b + H + Na]+, and [c + H + Na]+ at m/z 493.1541, 436.1345, and 335.0855, respectively (Figure S19).
The linkage relations of 2,3-dihydroxybenzoic acid (DHBA), glycine, and threonine in the two units
were confirmed by COSY, HSQC, and HMBC experiments (Figures 2, S13, S15 and S16). The two
L-threonine residues in 2 were established based on their similar chemical shifts, coupling constants
and same biosynthetic pathway with that of 4. Thus, compound 2 was identified as the esterification
product of two SVK21 (4) units and named as bacillibactin C.

Table 1. The 1H (400 MHZ) and 13C NMR (100 MHZ) data of compound 1 in DMSO-d6.

Position δH (J in Hz) δC, Type Position δH (J in Hz) δC, Type Position δH (J in Hz) δC, Type

1 170.9, C 1′ 168.0, C 1′ ′ 169.3 b, C
2 4.56, br d (8.0) 55.1, CH 2′ 4.79, br d (8.0) 54.8, CH 2′ ′ 4.38, br d (7.9) 57.4, CH
3 5.33, br s 70.7, CH 3′ 5.38, br s 70.7, CH 3′ ′ 4.19, br s 66.3, CH
4 1.09, d (6.0) 16.4 a, CH3 4′ 1.16, d (6.1) 16.3 a, CH3 4′ ′ 1.06, d (5.9) 20.2, CH3
5 168.9 b, C 5′ 169.1 b, C 5′ ′ 169.2 b, C
6 4.09, m 41.8 c, CH2 6′ 4.09, m 41.9 c, CH2 6′ ′ 4.03, m 42.2 c, CH2
7 169.49 b, C 7′ 169.52 b, C 7′ ′ 169.7 b, C
8 115.33 d, C 8′ 115.2 d, C 8′ ′ 115.26 d, C
9 149.05 e, C 9′ 149.14 e, C 9′ ′ 149.2 e, C

10 146.1, C 10′ 146.1, C 10′ ′ 146.1, C
11 6.93, m 118.8, CH 11′ 6.93, m 118.8, CH 11′ ′ 6.93, m 118.8, CH
12 6.69, m 118.1, CH 12′ 6.69, m 118.1, CH 12′ ′ 6.69, m 118.1, CH
13 7.31, m 117.7 f, CH 13′ 7.31, m 117.6 f, CH 13′ ′ 7.31, m 117.6 f, CH

2-NH 8.33, br s 2′-NH 8.47, br s 2′ ′-NH 8.14, br s
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Table 1. Cont.

Position δH (J in Hz) δC, Type Position δH (J in Hz) δC, Type Position δH (J in Hz) δC, Type

6-NH 9.04, d (5.1) 6′-NH 9.04, d (5.1) 6′ ′-NH 9.13, m
9-OH 12.31, br s 9′-OH 12.31, br s 9′ ′-OH 12.31, br s

10-OH 9.23, br s 10′-OH 9.23, br s 10′ ′-OH 9.23, br s
a–f Assignments may be interchanged.

 
Figure 2. The key COSY, HMBC, and ROESY correlations of compounds 1, 2, and 5.
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Figure 3. The Marfey’s analysis for the determination of absolute configuration of threonine moiety in
compound 1. (I) The HPLC analysis for the FDAA derivative of hydrolysates of compound 1, showing
the peaks for FDAA derivatives of threonine and glycine between 28 and 35 min. (II) The HPLC
analysis of FDAA derivative of D-threonine. (III) The HPLC analysis of FDAA derivative of L-threonine.
(IV) The HPLC analysis of FDAA derivative of glycine.

Table 2. The 1H (400 MHZ) and 13C NMR (100 MHZ) data of compound 2 in DMSO-d6.

Position δH (J in Hz) δC, Type Position δH (J in Hz) δC, Type

1 170.7, C 1′ 169.4 a, C
2 4.61, dd (2.5, 8.8) 55.0, CH 2′ 4.39, dd (2.5, 8.5) 57.4, CH
3 5.33, m 70.8, CH 3′ 4.21, m 66.4, CH
4 1.15, d (6.4) 16.5, CH3 4′ 1.05, d (6.2) 20.1, CH3
5 168.9 a, C 5′ 169.0 a, C
6 4.06, m 41.9 b, CH2 6′ 4.06, m 42.1 b, CH2
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Table 2. Cont.

Position δH (J in Hz) δC, Type Position δH (J in Hz) δC, Type

7 169.5 a, C 7′ 169.6 a, C
8 115.3, C 8′ 115.3, C
9 149.2, C 9′ 149.2, C

10 146.1, C 10′ 146.1, C
11 6.93, d (7.6) 118.8, CH 11′ 6.93, d (7.6) 118.8, CH
12 6.70, t (7.6) 118.1, CH 12′ 6.70, t (7.6) 118.1, CH
13 7.32, d (7.6) 117.7, CH 13′ 7.32, d (7.6) 117.7, CH

2-NH 8.36, d (8.8) 2′-NH 8.06, d (8.5)
6-NH 9.06, br s 6′-NH 9.06, br s
9-OH 12.36, br s 9′-OH 12.36, br s
10-OH 9.27, br s 10′-OH 9.27, br s

a,b Assignments may be interchanged.

Compounds 3 and 4 was identified as bacillibactin and SVK21, respectively, by comparison
of their spectroscopic data with that of the authentic compounds [30,31,33]. The biological role of
bacillibactin as the catecholic siderophore in iron acquisition has been characterized in details [10,34].
The biosynthetic research of bacillibactin has revealed how nature utilized NRPS machinery to
synthesized this molecule. The standalone adenylation protein in the starter module, DhbE, activates
2,3-dihydroxybenzic acid (DHBA), and loaded this starter unit onto the first peptidyl carrier protein
(PCP), initiating the downstream peptide elongation; the crystal structure of DhbE revealed the ten
amino acids in the active sites determining the substrate selectivity [35]; the three-molular NRPS
catalyzes the condensation between DHBA, glycine, and L-threonine to generate PCP-tethered linear
tripeptides intermediate (thioester of compound 4), then the thioesterase domain (TE) in the last
module catalyzes the polymerization of SVK21 units to generate the TE-tethered ester of compound 2,
followed by the formation of TE-tethered ester of compound 1 and the intramolecular cyclization to
generate bacillibactin (3) [35,36]. In this study, we isolated compounds 1, 2, and 4 whose structures are
corresponding to the three biosynthetic intermediates in bacillibactin biosynthesis. The HPLC analysis
of the crude extract of PKU-MA00093 using an increasing gradient of MeOH in H2O (containing
no acids or bases) as the moble phase showed the co-occurrence of the peaks for compounds 1–4

(data not shown). Therefore, compounds 1, 2, and 4 may be isolated as the shunt products released
from the NRPS machinery in the biosynthesis of bacillibactin (3).

Compound 5 was obtained as a white amorphous powder. HRESIMS analysis afforded an
[M − H]− ion at m/z 1029.5260, giving the molecular formula of 5 as C48H74N10O15. The 1H NMR
and 13C NMR spectra (Figures S27 and S29) resembled that of bacillomycin D [29,37]. The COSY,
HSQC, and HMBC experiments (Figures 2, S28, S30 and S31) confirmed the presence of two asparagines,
one tyrosine, one proline, one glutamate, one serine, one threonine, and one C14-fatty acid moieties in
5. The correlations of H-36 with 1-NH, H-1 with 5-NH, H-15 with H-21, H-18 with 23-NH, H-24 with
28-NH, H-25 with 28-NH, H-28 with 31-NH, H-31 with 37-NH, 37-NH with H-36, 37-NH with H-38 in
the ROESY spectrum (Figures 2 and S32) established the cyclo(Asn-Tyr-Asn-Pro-Glu-Ser-Thr-C14-fatty
acid) structure of 5. To confirm that the amino acids in 5 have the same absolute configurations as that
in bacillomycin D, the Marfey’s analysis was carried out. HPLC analysis of the FDAA derivatives of
the amino acids established that 5 contained same L-asparagine, D-asparagine, D-tyrosine, L-proline,
L-glutamate, D-serine, and L-threonine residues as bacillomycin D (Figure S49). Thus, compound 5

was identified as bacillomycin D.
The analyses of the 1H NMR and 13C NMR spectra of compounds 6–10 showed that they

contained the same cyclopeptide skeleton as compound 5. However, their different molecular weights
(see Section 3.6 part in Materials and Methods) determined by ESIMS analyses showed that they
contained different fatty acid moieties. Compound 6 contained one C15-fatty acid moiety with a
branch terminal, which was established by the HRESIMS analysis (Figure S36) and the resonances
attributed to two methyl groups at δH 0.84 (d, J = 6.3 Hz, H3-48, and H3-49) in the 1H NMR spectrum
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(Figure S34, Table S4); Compound 7 contained one C15-fatty acid moiety with a linear terminal,
which was established by the HRESIMS analysis (Figure S39) and the resonance attributed to the methyl
group at δH 0.88 (t, J = 7.4 Hz, H3-49) in the 1H NMR spectrum (Figure S37, Table S5); Compound 8

contained one C16-fatty acid moiety with a branch terminal, which was established by the ESIMS
analysis (Figure S42) and the resonances attributed to two methyl groups at δH 0.84 (d, J = 6.5 Hz,
H3-49 and H3-50) in the 1H NMR spectrum (Figure S40, Table S6); Compound 9 contained one C16-fatty
acid moiety with a linear terminal, which was established by the ESIMS analysis (Figure S45) and the
resonance attributed to the methyl group at δH 0.87 (t, J = 6.4 Hz, H3-50) in the 1H NMR spectrum
(Figure S43, Table S7); Compound 10 contained one C17-fatty acid moiety with a branch, which was
established by the ESIMS analysis (Figure S48) and the resonances attributed to two methyl groups at
δH 0.84 (t, J = 7.3 Hz, H3-50) and δH 0.83 (d, J = 6.3 Hz, H3-51) in the 1H NMR spectrum (Figure S46,
Table S8), and the correlations of H3-51 with H-48, H-48 with H2-49, H2-49 with H3-50 in the COSY
spectrum (Figure S47). Thus, compounds 6, 8, and 10 were identified as iso-C15 bacillomycin D [38],
iso-C16 bacillomycin D [38], and anteiso-C17 bacillomycin D [38], respectively. Compounds 7 and 9

were identified as C15 bacillomycin D and C16 bacillomycin D, respectively. Compounds 7 and 9 were
reported previously without NMR data provided [39,40], and we here report the structures of 7 and 9

with fully assigned 1H NMR and 13C NMR data for the first time.
The separation of compounds 5–10 is challenging because their structures are highly similar with

only the fatty acid moieties different. Due to the difficulties in the separation, compounds 5 and 6 were
purified as a mixture in the cytotoxicity assay against Ehrlich carcinoma tumor cell line and hemolytic
activity assay [37]. The structural elucidation of compounds 5–10 is also challenging, because the large
molecular weights and the complex structures of 5–10 require large amount of samples for 1D and
2D NMR analyses. Due to the little amount obtained, two bacillomycin D analogues with C14 and
C15 fatty acid moieties [41] and five bacillomycin D analogues with C14 to C18 fatty acid moieties [42]
were proposed only based on LC-MS analyses. The biosynthetic gene cluster of bacillomycin D has
been cloned and sequenced [12,43]. The acyl-CoA ligase domain in the first module is responsible
for the ligation of the fatty acid moiety to the polyketide synthase (PKS)-NRPS hybrid assembly line.
The isolation of compounds 5–10 in this study suggested that the acyl-CoA ligase domain possessed
substrate promiscuity, which allowed for the ligation of different length and branches of fatty acid
moieties to the polyketide-nonribosomal peptide hybrid macrocycle. The substrate promiscuity of the
acyl-CoA ligase domain can be employed in combinatorial biosynthesis for the generation of more
bacillomycin D analogues.

2.3. Cytotoxicity Assays against Human Cancer Cell Lines

Compounds 1–10 were tested for their antitumor activities. Two human cancer cell lines, liver cancer
cell line HepG2, and breast cancer cell line MCF7, were used in the assays. Compounds 7–10 showed
moderate cytotoxicities with IC50 values from 2.9 ± 0.1 to 8.2 ± 0.2 μM and compounds 1–6 show no
cytotoxicities (inhibition rates were below 20% at the concentration of 10μM) (Table 3). The isolation of 5–10

allowed us to analyze the effections of different fatty acid moieties on the cytotoxicities. Compound
5 with a C14-fatty acid moiety showed no cytotoxicities (inhibition rates were below 20% at the
concentration of 10 μM); both compounds 6 and 7 contain a C15-fatty acid moiety, however, compound
7 with a linear C15-fatty acid moiety showed moderate cytotoxicities and 6 with a branched C15-fatty
acid moiety lost the cytotoxicities, suggesting that a linear C15-fatty acid moiety is important to the
cytotoxicities; compounds 8 and 9 containing a C16-fatty acid moiety showed most potent cytotoxicities;
compound 10 containing one more methyl group attached at C-49 when compared to 8 or attached
at C-48 when compared to 9, showed decreased cytotoxicity against MCF7 and lost the cytotoxicity
against HepG2, suggesting a C17-fatty acid moiety with terminal branch is disadvantageous to the
cytotoxicities. In conclusion, bacillomycin D analogues with a C16-fatty acid moiety may possess best
cytotoxicities against HepG2 and MCF7 cancer cell lines. The bacillomycin D analogues have been
mostly assayed for their antifungal activities [44], especially against fungi of plant pathogens [38,40,45].
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For their antitumor activities, a mixture of compounds 5 and 6’s moderate cytotoxicities have been
reported against mice Ehrlich’s carcinoma cells [37]. In another report, one lipopeptide was proposed
as bacillomycin D (5) only based on LC-MS analysis and showed inhibitory activities against three
human cancer cell lines A549, A498 and HCT-15 [46]. The cytotoxicities against human cancer cell
lines HepG2 and MCF7 and the structure-activity relationships that we first revealed here enriched
our understanding of the diversity of bacillomycin D analogues’ bioactivities.

Table 3. The cytotoxicity assays of compounds 7–10.

Cytotoxicity (IC50 Values in μM)

Cell Lines 7 8 9 10 Taxol

HepG2 8.2 ± 0.2 5.1 ± 0.2 4.9 ± 0.2 >10 0.075 ± 0.004
MCF7 4.2 ± 0.1 2.9 ± 0.1 3.3 ± 0.1 7.2 ± 0.2 0.043 ± 0.003

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured on an Autopol III automatic polarimeter (Rudolph Research
Analytical, Hackettstown, NJ, USA). UV spectra were collected on a Cary 300 spectrometer
(VARIAN, Palo Alto, CA, USA). IR spectra were collected on a Nicolet Nexus 470 FT-IR spectrometer
(Thermo Scientific, Waltham, MA, USA). 1H and 13C NMR spectra were collected on a Bruker
Avance-400FT NMR spectrometer (Bruker Corporation, Billerica, MA, USA). HRESIMS and MS/MS
spectra were collected on a Waters Xevo G2 Q-TOF spectrometer (Waters, Milford, MA, USA).
ESIMS spectra were collected on a Waters SQD Single Quadruple Mass spectrometer (Waters, Milford,
MA, USA). HPLC analysis was performed on an Agilent 1260 series (Agilent Technologies, Santa Clara,
CA, USA) with a diode array detector (Agilent Technologies, Santa Clara, CA, USA) and a C18

RP-column (Eclipse XDBC18, 150 × 4.6 mm, 5 μm, Agilent Technologies, Santa Clara, CA, USA).
Semi-preparative HPLC was performed on a SSI 23201 system (Scientific Systems Inc., State College,
PA, USA) with a YMC-Pack ODS-1 column (250 × 10 mm, 5 μm, YMC Co., Ltd., Shimogyo-ku, Kyoto,
Japan). MPLC was performed on a LC3000 series (Beijing Tong Heng Innovation Technology, Beijing,
China) with a ClaricepTM Flash i-series C18 cartridge (20–35 μm, 40 g, Bonna-Agela, Wilmington,
DE, USA). Size exclusion chromatography was carried out using a Sephadex LH-20 (Pharmacia Fine
Chemicals, Piscataway, NJ, USA) column.

3.2. Marine Bacterial Strains Isolation

Total 15 Sponge samples were collected from Yongxin Island in the South China Sea and were
deposited at the State Key Laboratory of Natural and Biomimetic Drugs, Peking University, China.
The isolation of the marine bacterial strains was carried out according to the published procedures [47].
The sponge samples were thoroughly washed with sterilized water containing 3% sea salt for three
times, and cut into pieces of about 1 cm3, then homogenized in a sterilized mortar with 9 mL sterilized
water containing 3% sea salt. The homogenates were incubated in a water bath at 55 ◦C for 6 min,
and put into biosafety cabinet for 30 min, and the supernatants were serially diluted by sterilized water
containing 3% sea salt and plated in triplicate on agar plates for each sponge sample. Four media,
M1 (yeast extract 1 g, peptone 5 g, beef extract 1 g, FePO4 0.01 g, agar 18 g, and sea salt 33 g in
1.0 L distilled water, pH 7.4), M2 (glycerol 6 mL, arginine 1 g, K2HPO4 1 g, MgSO4 0.5 g, agar 18 g,
sea salt 33 g in 1.0 L distilled water, pH 7.2), M3 (soluble starch 20 g, KNO3 1 g, K2HPO4 0.5 g,
MgSO4·7H2O 0.5 g, NaCl 0.5 g, FeSO4·7H2O 0.01 g, agar 18 g, sea salt 33 g in 1.0 L distilled water,
pH 7.2), and M4 (sodium acetate trihydrate 5 g, peptone 0.5 g, yeast extract 0.5 g, glucose 0.5 g, sucrose
0.5 g, sodium citrate 0.05 g, malic acid 0.05 g, NH4NO3 1 g, NH4Cl 0.2 g, KH2PO4 0.5 g, agar 18 g,
sea salt 33 g in 1.0 L distilled water, pH 7.6), were used for bacterial strains isolation. Each plate was
supplemented with cycloheximide (50 μg/mL) and nalidixic acid (50 μg/mL) to suppress the growth
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of fungi and Gram-negative bacteria, and incubated at 28 ◦C for four weeks. Different colonies of
strains were carefully selected and restreaked on agar plates with medium M1 for further proliferation
and dereplication. Totally 180 bacterial strains were isolated and stored at −80 ◦C in 20% glycerol.

3.3. PCR Screening for Potential Producers of Nonribosomal Peptides

The genomic DNAs of all 180 strains were extracted following standard protocols [48]. The forward
primer (5′-GCSTACSYSATSTACACSTCSGG-3′) and the reverse primer (5′-SASGTCVCCSGTSCGGTAS-3′),
designed from the conserved sequences of adenylation domains (A domains) in the biosynthesis of
cephamycin, vancomycin, balhimycin, actinomycin, pristinamycin, and chloroeremomycin, were used in the
screening [24]. A 20 μL PCR system consisting of 10 μL Easy Taq Polymerase (Beijing TransGen Biotech,
Beijing, China), 2 μL of forward and reverse primer mixture (each for 10 μM), 1 μL genomic DNA,
and 7 μL sterilized water, were used. The PCR program was performed with an initial denaturation
at 95 ◦C for 5 min, followed by 30 cycles of denaturation at 95 ◦C for 30 s, annealing at 57 ◦C for
1 min and extension at 72 ◦C for 1 min, followed by incubation at 72 ◦C for 10 min. The PCR
products were analyzed by agarose gel electrophoresis (Figure S2), recovered with a gel purification
kit (Beijing TransGen Biotech, Beijing, China) and sequenced to afford 21 “positive” strains.

3.4. Small-Scale Fermentation, HPLC

For each of the 21 “positive” strains, 50 μL of spore suspension was inoculated into 50 mL of
seed medium (medium M1 broth), and incubated with a HYG-C shaker (Suzhou Peiying Laboratory
Equipment, Suzhou, China) at 28 ◦C, 200 rpm for three days. Three milliliter of the resultant seed
culture was inoculated into 50 mL of production media, and the fermentation continued at 28 ◦C,
200 rpm for seven days. Four different production media, media M1, M2, and M3 broth, and M5
(soluble starch 10 g, casein 0.3 g, K2HPO4 2 g, KNO3 2 g, MgSO4·7H2O 0.05 g, NaCl 2 g, FeSO4·7H2O
0.01 g, CaCO3 0.02 g, sea salt 33 g in 1.0 L distilled water, pH 7.2), were used in the small-scale
fermentation. The Diaion HP20 (2 g/100 mL, Mitsubishi Chemical Corporation, Tokyo, Japan) and
Amberlite XAD-16 (2 g/100 mL, Sigma-Aldrich, St. Louis, MO, USA) resins were added 10 h before the
fermentation finished. The resins and cell mass were harvested by centrifugation and extracted with
MeOH. The MeOH extracts were concentrated and analyzed by HPLC. The HPLC analysis was carried
out with a flow rate of 1 mL/min with UV detection at 210 nm, using a gradient elution program from
5% MeOH in H2O to 100% MeOH over 45 min.

3.5. Phylogenetic Analysis

The phylogenetic analysis of strains PKU-MA00092 and PKU-MA00093 was carried out by
sequence alignments of their 16S rRNAs with different Bacillus homologues. The primers 27F
(5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′) [49] were
used to amplify the 16S rDNA genes (GeneBank accession number MF774821 for PKU-MA00092 and
KY780192 for PKU-MA00093). Homologous genes were searched using BLAST on the NCBI website
and the phylogenetic tree was generated with Mega 5.1 using the Neighbor-Joining algorithm.

3.6. Large-Scale Fermentation and Isolation

The large-scale fermentation of Bacillus sp. PKU-MA00093 and Bacillus sp. PKU-MA00092 in
medium M2 broth were carried out with similar procedures used in the small-scale fermentation.
For Bacillus sp. PKU-MA00092 or PKU-MA00093, 50 μL of spore suspension was inoculated into 50 mL
of seed medium (medium M1 broth, pH 7.4) and incubated with HYG-C shakers at 28 ◦C, 200 rpm
for three days. Twelve milliliter of the resultant seed culture was inoculated into 200 mL of medium
M2 broth (pH 7.2) in 1 L Erlenmeyer flasks, and the fermentation continued at 28 ◦C, 200 rpm for
seven days. The Diaion HP20 (2 g/100 mL), and Amberlite XAD-16 (2 g/100 mL) resins were added
10 h before the fermentation finished. The resins and cell mass were harvested by centrifugation and
extracted with MeOH.

178



Mar. Drugs 2018, 16, 22

A 4.5 L fermentation of Bacillus sp. PKU-MA00093 gave a 4.3 g of MeOH extract. The MeOH
extract was concentrated in a vacuum and suspended in deionized water, extracted with ethyl acetate
for three times. The ethyl acetate extracts were combined (1.4 g) and loaded onto MPLC using
step-gradient elution of MeOH in H2O (10%, 20%, 35%, 50%, 70%) to yield five fractions (F1–F5).
Fraction F4 (147 mg) was purified by semi-preparative HPLC with MeOH/H2O (44/56, v/v) as the
mobile phase to yield 1 (4.6 mg); fraction F2 (169 mg) was purified by semi-preparative HPLC with
MeOH/H2O (37/63, v/v) as the mobile phase to yield compound 2 (7.8 mg) and 4 (1.4 mg); fraction F3
(231 mg) was purified by semi-preparative HPLC with MeOH/H2O (40/60, v/v) as the mobile phase
to yield 3 (17.4 mg). All of the semi-preparative HPLCs were carried out at a flowrate of 2 mL/min
and under the detection of 248 nm.

A 10.0 L fermentation of Bacillus sp. PKU-MA00092 gave a 1.5 g of MeOH extract. The MeOH
extract was concentrated and loaded onto MPLC using step-gradient elution of MeOH in H2O
(20%, 40%, 60%, 80%) to yield four fractions (F1–F4). Fraction F4 (368 mg) was purified repeatedly by
semi-preparative HPLC with CH3CN/H2O (45/55 v/v) containing 0.01% TFA as the mobile phase,
to afford compounds 5 (36.5 mg), 6 (15.7 mg), 7 (11.4 mg), 8 (13.3 mg), 9 (14.5 mg) and 10 (3.1 mg), at a
flowrate of 2 mL/min and under the detection of 210 nm.

Bacillibactin B (1): light green gum; [α]25
D +37 (c 0.23, MeOH); UV (MeOH) λmax (log ε): 207 (1.47), 248 (0.40),

312 (0.16) nm; IR (KBr) νmax 3317, 1740, 1642, 1541, 1266, 1023, 745 cm−1 (Figure S10); 1H NMR and
13C NMR data, Table 1; HRESIMS m/z 899.2584 [M − H]− (calcd. for C39H43N6O19, 899.2580).

Bacillibactin C (2): light green gum; [α]25
D +40 (c 0.27, MeOH); UV (MeOH) λmax (log ε): 206 (2.22),

249 (1.12), 312 (0.54) nm; IR (KBr) νmax 3320, 1738, 1644, 1540, 1264, 1022, 746 cm−1 (Figure S18); 1H NMR
and 13C NMR data, Table 2; HRESIMS m/z 605.1740 [M − H]− (calcd. for C26H29N4O13, 605.1731);
m/z 629.1702 [M + Na]+ (calcd. for C26H30N4O13Na, 629.1705).

Bacillibactin (3): light green gum; 1H NMR and 13C NMR data, Supplementary Table S2; HRESIMS
m/z 883.2621 [M + H]+ (calcd. for C39H43N6O18, 883.2631).

SVK21 (4): light green gum; 1H NMR and 13C NMR data, Supplementary Table S2; HRESIMS m/z
311.0878 [M − H]− (calcd. for C13H15N2O7, 311.0878).

Bacillomycin D (5): white amorphous powder; 1H NMR and 13C NMR data, Supplementary Table S3;
HRESIMS m/z 1029.5260 [M − H]− (calcd. for C48H73N10O15, 1029.5254).

iso-C15 Bacillomycin (6): white amorphous powder; 1H NMR and 13C NMR data, Supplementary Table S4;
HRESIMS m/z 1043.5421 [M − H]− (calcd. for C49H75N10O15, 1043.5411).

C15 Bacillomycin (7): white amorphous powder; 1H NMR and 13C NMR data, Supplementary Table S5;
HRESIMS m/z 1043.5411 [M − H]− (calcd. for C49H75N10O15, 1043.5411).

iso-C16 Bacillomycin (8): white amorphous powder; 1H NMR and 13C NMR data, Supplementary Table S6;
ESIMS m/z 1057.34 [M − H]−.

C16 Bacillomycin (9): white amorphous powder; 1H NMR and 13C NMR data, Supplementary Table S7;
ESIMS m/z 1057.43 [M − H]−.

anteiso-C17 Bacillomycin (10): white amorphous powder; 1H NMR data, Supplementary Table S8; ESIMS
m/z 1071.45 [M − H]−.

3.7. Marfey’s Analysis for Compounds 2 and 5

The Marfey’s analysis of compounds 2 and 5 was carried out with same procedure [32,50].
The peptide (1.0 mg) was hydrolyzed with 500 μL of 6 N HCl in a sealed glass vial (1.5 mL) at 110 ◦C
for 18 h, and dried with N2 gas. The hydrolysate was dissolved in 50 μL of H2O, followed by the
addition of 100 μL FDAA (1-fluoro-2,4-dinitrophenyl-5-L-alanine amide, 1% in acetone, 3.7 μmol) and
20 μL of 1 M NaHCO3. The mixture was heated at 45 ◦C for 1 h, followed by the addition of 10 μL
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of 2 M HCl to terminate the reaction. The FDAA-derivatives were dried with N2 gas and dissolved
in 1 mL of 50% CH3CN in H2O for HPLC analysis. The HPLC was carried out with a C18 column
(50 × 4.6 mm, 5 μm, Grace Corporate, Columbia, MD, USA) and with a program of linear gradient of
10% CH3CN in H2O containing 0.1% TFA to 40% CH3CN in H2O containing 0.1% TFA over 40 min,
at a flow rate of 1.0 mL/min, and under the detection of 340 nm. The FDAA-derivatives of standard
L or D-amino acids were used as comparison.

3.8. Cytotoxicity Assays for Compounds 1–10

HepG2 and MCF7 cell lines were purchased from Peking Union Medical College, Cell Bank
(Beijing, China). In this study, the cells were grown in Dulbecco’s modified Eagle’s medium
(Hyclone, Waltham, MA, USA), supplemented with 10% fetal bovine serum (FBS, PAN Biotech,
Aidenbach, Germany), penicillin (100 U/mL), and streptomycin (100 μg/mL) in a humidified incubator
containing 95% air and 5% CO2 at 37 ◦C. Cell viability was detected by MTT colorimetric assay.
Briefly, the cells were treated with different concentrations of compounds (in DMSO stock) for
48 h, with taxol as the positive control. Then, culture supernatants were replaced with medium
containing 0.5 mg/mL MTT for 4 h. The supernatant was removed and 100 μL of dimethyl sulfoxide
was added. Absorbance was detected at 550 nm and cell viability was expressed as the mean
percentage of the absorbance in treated vs. control cells. Different concentrations of compounds
ranging from 0.1 to 40 μM were tested and each of the concentration was tested in parallel triplicate.
Six concentration points in the slope region were used in the calculation of IC50 values. The IC50 values
were calculated from the concentration–response curves that were generated by nonlinear regression
with Graph Pad Prism 5 software (Graph Pad Software, Inc., San Diego, CA, USA).

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/16/1/22/s1,
Figure S1: nonribosomal peptides from marine-derived Bacillus species, Figure S2: the agarose gel electrophoresis
analysis of the 21 “positive” PCR products, Figure S3: the phylogenetic analysis of strains PKU-MA00092
and PKU-MA00093, Figures S4–S11: the NMR, MS and IR spectra of compound 1, Figures S12–S19: the NMR,
MS and IR spectra of compound 2, Figures S20–S23: the NMR and MS spectra of compound 3, Figures S24–S26:
the NMR and MS spectra of compound 4, Figures S27–S33: the NMR and MS spectra of compound 5,
Figures S34–S36: the NMR and MS spectra of compound 6, Figures S37–S39: the NMR and MS spectra of
compound 7, Figures S40–S42: the NMR and MS spectra of compound 8, Figures S43–S45: the NMR and MS
spectra of compound 9, Figures S46–S48: the NMR and MS spectra of compound 10, Figure S49: the Marfey’s
analysis of compound 5. Table S1: the homologues of the 21 “positive” strains and their PCR products,
Tables S2–S8: the 1H NMR and 13C NMR data of compounds 3–10.
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Abstract: NdgRyo, an IclR-like regulator, was selected as the target gene to activate new secondary
metabolites in the marine-derived Streptomyces youssoufiensis OUC6819. Inactivation of the ndgRyo

gene in S. youssoufiensis OUC6819 led to the accumulation of a new fatty acid amide (1), with an
unusual 3-amino-butyl acid as the amine component. Moreover, its parent fatty acid (2) was also
discovered both in the wild-type and ΔndgRyo mutant strains, which was for the first time isolated
from a natural source. The structures of compounds 1 and 2 were elucidated by combination of
LC-MS and NMR spectroscopic analyses. This study demonstrated that the ndgRyo homologs might
serve as a target for new compound activation in Streptomyces strains.

Keywords: NdgRyo; IclR family regulator; Streptomyces; fatty acid amide; genome mining

1. Introduction

Marine Streptomyces have evolved unique abilities to adapt to the marine environment,
which ensures their survival in extreme habitats (e.g., low temperature, high pressure, and poor
nutrients) and provides a variety of novel secondary metabolites [1]. With the increase in the number
of sequences deposited in microbial genome databases, an increasing number of secondary metabolite
biosynthetic gene clusters have been disclosed; however, the majority of them are silent or barely
expressed under ordinary laboratory conditions [2]. Thus, activation of silent gene clusters has
become an effective strategy for natural product discovery, attracting more and more scientists to this
research field.

Secondary metabolism of Streptomyces is controlled by a complicated and elaborate regulatory
network [3,4]. The precursors for the biosynthesis of secondary metabolites are usually derived from
primary metabolism. Manipulation of the regulators in central metabolism has a far-reaching impact
on the production of secondary metabolites [5]. The IclR-like global regulator, ndgR, is a representative
of this metabolism that is involved in amino acid metabolism and conserved among Streptomyces
species as well as other actinomycetes [6]. Disruption of ndgR in Streptomyces coelicolor led to defective
differentiation and enhanced actinorhodin production in minimal media containing certain amino
acids [7]. In Streptomyces clavuligerus, deletion of areB, a homolog of ndgR, resulted in increased
production of clavulanic acid and cephamycin C [8].

Mar. Drugs 2019, 17, 12; doi:10.3390/md17010012 www.mdpi.com/journal/marinedrugs184
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In our effort to discover novel natural products from the marine-derived Streptomyces youssoufiensis
OUC6819 by genome mining [9,10], the ndgRyo gene was selected as a target for compound activation.
The disruption of the ndgRyo gene caused accumulation of a new fatty acid amide (1) that shares
similar UV spectrum with its parent fatty acid (2) present in the wild-type strain (Figure 1). Herein,
we describe the isolation, structure elucidation as well as biological evaluation of compounds 1 and 2

from the ΔndgRyo mutant of S. youssoufiensis OUC6819.

Figure 1. Structures of compounds 1 and 2.

2. Results and Discussion

The ndgRyo gene was identified from the S. youssoufiensis OUC6819 genome using the local BlastP
program. NdgRyo harbors a Helix-Turn-Helix motif at the N-terminus, and displays 57% identity
to the NdgR from S. coelicolor (NP_629686.1). A positive cosmid, pWLI551, was obtained through
genome library screening (Table S2). The ΔndgRyo mutant was obtained using a PCR-targeting strategy,
as described in the Section 3.4. The fermentation broths of the wild-type and the ΔndgRyo mutant
strains were extracted with ethyl acetate, and were subsequently subjected to HPLC analysis (Figure 2).
The newly accumulated compound 1 in the ΔndgRyo mutant showed similar UV spectra with that
of 2 (Figure 2), indicating they might belong to the same compound class. Large scale fermentation
of the ΔndgRyo mutant resulted in the isolation of compounds 1 and 2, followed by identification by
NMR spectroscopy.

Figure 2. HPLC traces of the fermentation products from the S. youssoufiensis OUC6819 strains. (i) The
ΔndgRyo mutant; (ii) the wild-type strain. Compound 1 was newly accumulated in the ΔndgRyo mutant
strain. Compound 2 was produced in both the wild-type and ΔndgRyo mutant strains, and shares
similar UV spectrum with 1.
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Compound 1 was isolated as a yellow oil. The molecular formula of 1 was established as
C22H35NO4 (five degrees of unsaturation), as determined by HR-ESIMS data (m/z 378.2654 [M + H]+,
calcd 378.2644) (Figure S1). The structure of 1 was determined from the 1D and 2D NMR (COSY, HSQC,
HMBC, and NOESY) data (Figures S2–S7). The 1H and HSQC spectra of 1 disclosed six methyl groups
(δH 1.64, 1.66, 1.78, 0.83, 1.63, and 1.21), three methylenes (δH 2.95, 2.82, 2.54), three methines (δH

2.71, 3.72, and 4.26), and five olefinic protons (δH 5.36, 5.57, 6.12, 5.33, and 5.46). The COSY spectrum
established five spin systems of H-2 (δH 2.95)/H-3 (δH 5.36), H-5 (δH 2.82)/H-6 (δH 5.57)/H-7 (δH 6.12),
H-9 (δH 5.33)/H-10 (δH 2.71)/H-11 (δH 3.72)/H-17 (δH 0.83), H-13 (δH 5.46)/H-14 (δH 1.64), and H-2′

(δH 2.54)/H-3′ (δH 4.26)/H-4′ (δH 1.21) (Figure 3). The HMBC correlations from H-13 and H-9 to the
hydroxylated carbon C-11 (δC 82.3), from H-11 to C-12 (δC 136.7), from H-7 to C-9 (δC 134.4), from H-6
to C-8 (δC 133.7), from H-2 to C-4 (δC 138.4) and a carbonyl carbon C-1 (δC 172.4), from H-5 to C-3
(δC 117.3), from H-3′ to C-1, and from H-2′ to C-1′ (δC 173.2) established the main carbon chain of 1

(Figure 3). The HMBC correlations from the methyl protons H-15 (δH 1.66) to C-5 (δC 42.5), H-16 (δH

1.78) to C-9, H-17 to C-11, and H-18 (δH 1.63) to C-13 (δC 121.4), together with the COSY correlations of
H-13/H-14 and H-3′/H-4′, confirmed the location of six methyl groups (Figure 3). The 13C chemical
shifts of C-3′ (δC 42.2) and C-1, together with the HR-ESIMS data of 1, revealed the presence of an
amide group. Moreover, the configurations of the four double bonds were confirmed to be E by NOESY
correlations between H-3/H-5, H-5/H-7, H-7/H-9, H-11/H-13, H-2/H-15, H-6/H-16, and H-10/H-16
(Figure 4). The relative configuration between H-10 and H-11 was proposed to be trans by the large
coupling constant value of 8.4 Hz. Then, the absolute configurations of C-10 and C-11 were determined
by comparison of the experimental ECD spectra of 1 and 2 (Figure S15) with calculated ECD spectra
of the (2E,4E,8E)-7-methoxy-4,6,8-trimethyldeca-2,4,8-triene moiety reported in the literature [11],
which showed high agreement with the 10R, 11R calculated model. Thus, compound 1 was identified as
3-((3E,6E,8E,10R,11R,12E)-11-hydroxy-4,8,10,12-tetramethyltetradeca-3,6,8,12-tetraenamido) butanoic
acid, a new branched-chain fatty acid amide with 3-amino-butyl acid as the amine component. The 1H
and 13C chemical shifts of compound 1 were shown in Table 1.

Figure 3. 1H-1H COSY and key HMBC correlations of 1 in CD3OD.

Figure 4. Key NOESY correlations of 1 in CD3OD.

Compound 2 was isolated as a yellow oil. The molecular formula of 2 was established
as C18H28O3 (five degrees of unsaturation), as determined by HR-ESIMS data (m/z 310.2397
[M + NH4]+, calcd 310.2382) (Figure S8). The structure of 2 was determined from the 1D and
2D NMR (COSY, HSQC, HMBC, and NOESY) data (Figures S9–S14). According to the 1H and
13C NMR data (Table 1), compound 2 lacked the 3-amino-butyl acid moiety compared to 1.
Moreover, the NOESY correlations (H-3/H-5, H-5/H-7, H-7/H-9, H-11/H-13, H-2/H-15, H-6/H-16,
and H-10/H-16) as well as the experimental ECD spectrum revealed that compound 2 displays the
same absolute configurations with 1. Thus, compound 2 was identified to be the parent fatty acid of
1, named (3E,6E,8E,10R,11R,12E)-11-hydroxy-4,8,10,12-tetramethyltetradeca-3,6,8,12-tetraenoic acid,
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which is available from Aurora Fine Chemicals in the United States. Noticeably, this is the first time
that compound 2 has been isolated from a natural source.

Table 1. 1H (600 MHz) and 13C (150 MHz) NMR chemical shifts of 1 and 2 in CD3OD.

Position
1 2

δH (J in HZ) δC δH (J in HZ) δC

1 172.4 174.9
2 2.95 (2H, d, 7.2) 35.0 3.06 (2H, d, 7.2) 33.0
3 5.36 (1H, t, 6.6) 117.3 5.39 (1H, t, 6.6) 116.7
4 138.4 137.7
5 2.82 (2H, d, 7.2) 42.5 2.82 (2H, d, 7.2) 42.5
6 5.57 (1H, dt, 15.6, 7.2) 124.4 5.56 (1H, dt, 15.6, 7.2) 124.4
7 6.12 (1H, d, 15.6) 136.7 6.13 (1H, d, 15.6) 136.7
8 133.7 133.7
9 5.33 (1H, d, 9.0) 134.4 5.33 (1H, d, 9.6) 134.4
10 2.71 (1H, m) 36.1 2.71 (1H, m) 36.1
11 3.72 (1H, d, 8.4) 82.3 3.72 (1H, d, 7.8) 82.3
12 136.7 136.7
13 5.46 (1H, q, 6.6) 121.4 5.47(1H, q, 6.0) 121.4
14 1.64 (3H, d, 6.6) 11.6 1.64 (3H, d, 6.0) 11.7
15 1.66 (3H, s) 15.0 1.66 (3H, s) 15.0
16 1.78 (3H, m) 11.6 1.78 (3H, m) 11.7
17 0.83 (3H, d, 6.6) 16.6 0.83 (3H, d, 7.2) 16.7
18 1.63 (3H, s) 9.7 1.63 (3H, s) 9.7
1′ 173.2

2′ 2.54 (1H, dd, 15.6, 6.0)
2.42 (1H, dd, 15.6, 6.0) 40.0

3′ 4.26 (1H, m) 42.2
4′ 1.21 (3H, d, 6.6) 18.8

In the antibacterial activity evaluation of compounds 1 and 2, neither of them showed
obvious inhibitory effects, in the range of concentrations tested, against the multi-drug resistant
(MDR) strains, including Enterococcus faecalis CCARM 5172, Enterococcus faecium CCARM 5203,
Staphylococcus aureus CCARM 3090, Escherichia coli CCARM 1009, and Salmonella typhimurium CCARM
8250. Some branched-chain oleic acid derivatives exhibited growth inhibition against MCF-7 and
HT-29 cells [12]. Therefore, we also tested the cytotoxicity of compounds 1 and 2 against these two cell
lines, but they showed null activity up to the concentration of 50 μM (data not shown).

Fatty acid amides are a class of compounds formed from a fatty acid and an amine that play an
important role in intracellular signaling, many of which in nature have ethanolamine as the amine
component [13–15]. Inactivation of the ndgRyo gene in S. youssoufiensis OUC6819 led to the isolation of
a new fatty acid amide and (1) and its parent branched-chain fatty acid (2). The 3-amino-butyl acid
moiety in 1 is likely to come from L-glutamate [16]. As the IclR-like global regulator, NdgR, is generally
involved in amino acid metabolism [6], we proposed that ndgRyo in S. youssoufiensis OUC6819 might
contribute to the generation of the unusual branched-chain fatty acid amide (1) with an amino acid as
the amine component.

3. Materials and Methods

3.1. General Experimental Procedures

1D (1H and 13C) and 2D (COSY, HSQC, HMBC, and NOESY) NMR spectra were recorded on
Bruker Avance III 600 spectrometers at 298 K. The mixing time used for the NOESY spectrum was
142 ms. Chemical shifts were reported with reference to the respective solvent peaks and residual
solvent peaks (δH 3.31 and δC 49.0 for CD3OD). HR-ESIMS data were obtained on a Q-TOF Ultima
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Global GAA076 MS spectrometer. HPLC was performed on an Agillent 1260 Infinity apparatus
equipped with a diode array detector (DAD).

3.2. Bacterial Strains and Culture Conditions

Escherichia coli DH5α served as the host for general subcloning [17]. Escherichia coli
ET12567/pUZ8002 was used as the cosmid donor host for E. coli-Streptomyces intergenic
conjugation [18]. Escherichia coli BW25113/pIJ790 was used for λRED-mediated PCR-targeting [19].
The S. youssoufiensis OUC6819 was isolated from reed rhizosphere soil collected from the mangrove
conservation area of Guangdong province, China [9]. E. coli strains were routinely cultured in
Luria–Bertani (LB) liquid medium at 37 ◦C, 200 rpm, or LB agar plate at 37 ◦C. Streptomyces strains
were grown at 30 ◦C on R2YE medium for sporulation and ISP4 for conjugation, and were cultured in
tryptic soy broth (TSB) medium for genomic DNA preparation. Fermentation medium consists of 1%
soluble starch, 2% glucose, 4% corn syrup, 1% yeast extract, 0.3% beef extract, 0.05% MgSO4·7H2O,
0.05% KH2PO4, 0.2% CaCO3, and 3% sea salt, pH = 7.0.

3.3. DNA Isolation and Manipulation

Plasmid extractions and DNA purifications were carried out using standardized commercial kits
(OMEGA, Bio-Tek, Guangzhou, China). PCR reactions were carried out using Pfu DNA polymerase
(TIANGEN, Beijing, China). Oligonucleotide synthesis and DNA sequencing were performed by
TSINGKE company (Qingdao, China).

3.4. Gene Inactivation

Positive cosmids harboring the ndgRyo gene were screened against the genomic library
of S. youssoufiensis OUC6819 by using PCR with primers listed in Table S1. One cosmid,
pWLI551 (Table S2), was obtained and then confirmed by DNA sequencing in TSINGKE company
(Qingdao, China). The amplified aac(3) IV-oriT resistance cassette from pIJ773 was transformed into
E. coli BW25113/pIJ790 containing pWLI551 to replace an internal region of the target gene, the PCR
primers are listed in Table S3. The mutant cosmid was constructed and introduced into S. youssoufiensis
OUC6819 by conjugation from E. coli ET12567/pUZ8002 according to the reported procedure,
using S. youssoufiensis OUC6819 ultrasonic fragmented mycelia as acceptors [20]. The desired mutants
were selected by the apramycin-resistant and kanamycin sensitive phenotype, and were confirmed by
PCR (Figure S16), using the primers listed in Table S4.

3.5. Isolation and Purification of the Compounds

The fermentation broth (50 mL) of the S. youssoufiensis OUC6819 strains was extracted twice with
an equal volume of ethyl acetate, and subsequently subjected to the HPLC analysis. Analytical HPLC
was performed on a YMC-Pack ODS-A column (5 μm, 4.6 × 150 mm) developed with a linear gradient
from 20% to 100% B/A in 45 min (phase A: H2O; phase B: 100% acetonitrile) at the wavelength of
220 nm. The culture broth (15 L) of a scaled-up culture of the ΔndgRyo mutant was extracted with
ethyl acetate and evaporated at room temperature, which was partitioned between 90% methanol
and n-hexane to remove nonpolar components. Compounds 1 (3 mg) and 2 (10 mg) were obtained by
separation of the methanol layer with a linear gradient from 70% to 90% B at a flow rate of 2.0 mL/min
using a YMC-Pack ODS-A column (5 μm, 120 Å, 250×10 mm; wavelength 220 nm).

Compound 1: Yellow oil; [α] D −8.1 (c 0.1, MeOH); CD (MeOH) λmax (Δε) 202.5 (+5.23), 234.5 (−3.99) nm;
1H and 13C NMR data, see Table 1; HR-ESIMS m/z 378.2654 [M + H]+ (calcd for C22H36NO4, 378.2644).

Compound 2: Yellow oil; [α] D −2.8 (c 0.1, MeOH); CD (MeOH) λmax (Δε) 200.5 (+4.66), 231.5 (−3.51) nm;
1H and 13C NMR data, see Table 1; HR-ESIMS m/z 310.2397 [M + NH4]+ (calcd for C18H32NO3,
310.2382).
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3.6. Nucleotide Sequence Accession Number

The nucleotide sequence of ndgRyo in this paper has been deposited in the GenBank database,
and the accession number is MH252211.

4. Conclusions

A new fatty acid amide (1) with an unusual 3-amino-butyl acid as the amine component,
together with its parent fatty acid (2) were isolated from the ΔndgRyo mutant strain of S. youssoufiensis
OUC6819. Compounds 1 and 2 displayed neither inhibitory effects against the five MDR bacterial
strains, nor cytotoxicity against MCF-7 and HT-29 cancer cell lines. This study demonstrated that the
ndgRyo homologs might serve as a target for activation of structurally novel secondary metabolites in
the Streptomyces strains.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/1/12/s1,
Supporting Figures S1–S16 and Tables S1–S4, including HR-ESIMS, NMR and ECD spectra of compounds 1 and 2,
plasmids and primer lists, and biological assay methods.
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