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Abstract: Biofouling causes huge economic loss and generates serious ecological issues worldwide.
Marine coatings incorporated with antifouling (AF) compounds are the most common practices
to prevent biofouling. With a ban of organotins and an increase in the restrictions regarding the
use of other AF alternatives, exploring effective and environmentally friendly AF compounds has
become an urgent demand for marine coating industries. Marine microorganisms, which have
the largest biodiversity, represent a rich and important source of bioactive compounds and have
many medical and industrial applications. This review summarizes 89 natural products from marine
microorganisms and 13 of their synthetic analogs with AF EC5( values < 25 ug/mL from 1995 (the first
report about marine microorganism-derived AF compounds) to April 2017. Some compounds with
the ECsp values < 5 ng/mL and LCsg/ECsg ratios > 50 are highlighted as potential AF compounds,
and the preliminary analysis of structure-relationship (SAR) of these compounds is also discussed
briefly. In the last part, current challenges and future research perspectives are proposed based on
opinions from many previous reviews. To provide clear guidance for the readers, the AF compounds
from microorganisms and their synthetic analogs in this review are categorized into ten types,
including fatty acids, lactones, terpenes, steroids, benzenoids, phenyl ethers, polyketides, alkaloids,
nucleosides and peptides. In addition to the major AF compounds which targets macro-foulers,
this review also includes compounds with antibiofilm activity since micro-foulers also contribute
significantly to the biofouling communities.

Keywords: antifouling; biofouling; marine microorganisms; marine natural products

1. Introduction

Biofouling is defined as the undesirable colonization of submerged man-made surfaces by fouling
organisms, including micro-organisms such as bacteria, algae and protozoa, and macro-organisms such
as barnacles, bryozoans and tubeworms [1,2]. These fouling organisms not only cause huge material
and economic loss in marine operations [3-5], but also create a series of environmental problems such
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as the spread of invasive species [6,7]. Coating the substrata with antifouling (AF) paints containing
antifoulants or AF compounds is the most commonly used strategy to prevent marine biofouling.
However, due to their toxicities toward non-target organisms, some AF compounds have raised many
environmental issues and consequently led to increasing regulation of their usage [8-10]. For instance,
the organotin compounds have been prohibited worldwide by the International Maritime Organization
(IMO) since September 2008. Moreover, some alternative AF biocides of tributyltin (TBT), such as
Irgarol 1051 and diuron, have been banned by many European countries in recent years because of the
increasing evidence of their environmental risks [10,11]. Thus, there is an urgent demand for search of
novel AF compounds without causing environmental issues.

Marine natural products are a potential source for the discovery of AF compounds. Over the last
several decades, many compounds with AF ECsj values < 25.0 ug/mL (a standard established by the
U.S. Navy program, actual EC5y values should be less than 5 pug/mL when selecting candidate AF
compounds) have been isolated from seaweeds and marine invertebrates [12-17]. However, a major
difficulty involved in commercialization of these active compounds for the marine coating industries is
the supply issue. In contrast, marine microorganisms have recently attracted greater attention due to a
number of benefits for industries, including the possibility of supplying large amounts of compounds
through fermentation and genetic modification of the source organisms, as well as the ability of
resource regeneration [18-20]. Indeed, many AF metabolites produced by marine microorganisms
have been demonstrated as effective inhibitors of biofouling organisms, and some of these active
substances have been considered as low- or even non-toxic antifoulants due to their high LCsy/ECsq
ratios (a compound with LCsy/ECs ratio > 15 is considered as a nontoxic antifoulant, but a much
higher therapeutic ratio > 50 should be used when selecting candidate AF compounds) [15].

Although AF compounds have long been discovered from marine invertebrates, it was not until
1995 that the first publication describing AF compounds from marine microorganisms appeared [13,21].
In this paper, the AF metabolites were identified from the culture broth of a marine sponge Halichondria
okada-associated bacterium Alteromonas sp. KK10304 [21]. Hence, this review describes 89 selected
AF metabolites (ECsg values < 25.0 ug/mL) isolated from marine microorganisms during the period
between 1995 and April 2017. Also included are 13 synthetic analogs of these AF natural products.
All the compounds in this review, except the ones with antibiofilm activity, are sequentially introduced
based on their chemical structures, including fatty acids, lactones, terpenes, steroids, benzenoids,
phenyl ethers, polyketides, alkaloids, nucleosides and peptides. Potentials and challenges are also
discussed with respect to the development of environmentally benign AF paints using natural products
isolated from marine microorganisms.

2. Fatty Acids and Lactones

Two fatty acids, 2-hydroxymyristic acid (HMA) (1) and cis-9-oleic acid (COA) (2) (Figure 1),
were isolated from the chloroform extract of a marine bacterium Shewanella oneidensis SCH0402
and blocked the germination of green algae Ulva pertusa spores completely at concentrations of
10 and 100 pg/mL, respectively. More significantly, no attachment of micro-fouling or macro-fouling
organisms occurred on the surface of panels treated with 10% (w/w) HMA or COA after being
immersed for 1.5 years in seawater, suggesting that this class of metabolites might have great value
in commercial application [22]. Subsequently, AF bioassay-guided isolation afforded an HMA-like
homolog, 12-methyltetradecanoid acid (12-MTA) (3) (Figure 1), derived from a deep-sea actinomycete
Streptomyces sp. This compound showed strong AF activity against the polychaete Hydroides elegans
larvae with an ECsg value of 0.6 pg/mL, while its toxicity was very low (LCsy/ECs ratio > 133.5).
Studies on AF mechanism of 12-MTA against H. elegans revealed that the fatty acid mainly inhibited
larval settlement through the down-regulation of the GTPase-activating gene and up-regulation of
the ATP synthase gene [23]. (3R,55)-3,5-dihydroxydecanoic acid (4) and a novel ester aureobasidin (5)
(Figure 1) with an unusual 4,6-dihydroxydecanoic acid residue, obtained from the fermentation broth
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of a marine-derived fungus Aureobasidium sp., were demonstrated to display larval inhibition against
the attachment of B. amphitrite, but the detailed data are not available [24].
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Figure 1. Chemical Structures of Fatty Acids 1-5.

Five structurally similar butenolides (6-10) (Figure 2) were isolated from the crude extract of
a deep-sea-derived Streptomyces albidoflavus UST040711-291, among which 6-8 showed moderate
AF activities against the larval settlement of B. amphitrite with the ECsy values of 14.81, 9.65 and
8.67 ug/mL, respectively [25]. Another butenolide compound, 10-methylundec-3-en-4-olide (9),
isolated from the North Sea Streptomyces sp. strain GWS-BW-H5, was also inhibitory to B. amphitrite
larvae with an ECsy value of 4.82 ug/mL [25,26]. Based on the preliminary analysis of the
structure-activity relationship (SAR), the 2-furanone ring was suspected to be the functional group
responsible for AF activities of these compounds, and the alkyl side-chain might affect their bioactivities
by varying the lipophilicity of these compounds. A series of butenolide derivatives were then
synthesized, among which compounds 10-13 (Figure 2) were highly active in inhibiting the larval
settlement of B. amphitrite with the ECsy values of 0.518, 0.663, 0.722 and 0.827 pg/mL, respectively,
while their toxicity towards the B. amphitrite cyprids was very low (LCsy/ECs ratios > 97, 61, 73 and 63,
respectively) [27]. In addition, compound 10 also displayed strong and non-toxic AF activity against
the larval settlement of B. neritina and H. elegans with the ECsy values of 0.199 and 0.0168 pg/mL
and LCs/ECs ratios higher than 250 and 119, respectively, indicating its broad-spectrum AF
effects. Indeed, compound 10 exhibited excellent AF activity at a concentration of 5% (w/w) in field
testing [25]. Interestingly, Hong and Cho [28] also isolated two compounds 14 and 15 (Figure 2)
belonging to the butenolide class from a seaweed epibiotic bacterium Streptomyces violaceoruber
SCH-09. Both compounds displayed significant inhibition against the seaweed U. pertusa, the diatom
Naviculaannexa, and the mussel Mytilus edulis with the ECsy values ranging from 0.02 to 0.1 pg/mL,
whereas these two compounds showed high therapeutic ratios (LCsy/ECsg ratios > 92) for the three
organisms tested. As mentioned above, butenolides may be considered as promising candidate
antifoulants due to their simple structures, strong bioactivities in field assays, and non-toxicity towards
the larvae of representative fouling organisms. Recently, Zhang et al. [29] and Qian et al. [30] reported
the larvae of B. amphitrite and B. neritina responded to this class of butenolides by modulating
their energy- and stress-related proteins. Another lactone with 2-furanone ring, maculalactone
A (16) (Figure 2), was the most abundant secondary metabolite from a marine cyanobacterium
Kyrtuthrix maculans, which showed a toxic effect on the naupliar larvae of the barnacles B. amphitrite,
Tetraclita japonica and Ibla cumingii with the LCsy values ranging from 1.1 to 5.2 pg/mL. In the
preliminary field investigation, this compound also showed some inhibitory effects on marine
foulers, especially against the bivalves, at both concentrations: 0.1% and 1% (w/w) in a marine
environment [31].
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Figure 2. Chemical Structures of Lactones 6-16.

3. Terpenes and Steroids

Lobocompactol (17) (Figure 3), an active AF diterpene, was isolated from a marine-derived
actinomycete Streptomyces cinnabarinus PK209 and exhibited significant AF activity against the
macro-alga U. pertusa and the diatom N. annexa (ECsg values of 0.18 and 0.43 pug/mL, respectively) with
a large therapeutic ratio (LCso/ECsg ratios of 46.2 and 71.6, respectively), indicating that it might be a
promising candidate as a nontoxic antifoulant targeting algae specifically. Lobocompactol also inhibited
the growth of the fouling bacteria Pseudomonas aeruginosa KNP-5 and Pseudomonas sp. KNP-8 with the
MIC values of 66 ug/mL and 112 ug/mL, respectively [32]. Four bisabolane-type sesquiterpenoids
were isolated from the fungus Aspergillus sp. associated with the sponge Xestospongia testudinaria.
Among them, compound 18 (Figure 3) could inhibit the larval settlement of B. amphitrite completely
at the concentration of 25.0 pg/mL while compound 19 (Figure 3) was highly toxic to the larvae of
B. amphitrite at this concentration [33].

HO HO

<
~
<

OH OH
18 19

Figure 3. Chemical Structures of Terpenes 17-19.

Two steroids 20 and 21 (Figure 4), obtained from the crude extract of a red alga epiphyte
filamentous bacterium Leucothrix mucor, were found to inhibit the spore settlement of U. pertusa
zoospores (ECsp values of 1.2 and 2.1 ng/mL, respectively) and the growth of diatom (ECsg values of
5.2 and 7.5 pg/mL, respectively). Both compounds also inhibited the attachment of the biofilm-forming
bacterial strains P. aeruginosa KNP-3 (MIC values of 32 and 56 pug/mL, respectively) and Alteromonas sp.
KNS-8 (MIC values of 66 and 90 ug/mL, respectively) [34].
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Figure 4. Chemical Structures of Steroids 20-21.

4. Benzenoids and Phenyl Ethers

Until now, to our best knowledge, only four natural benzenoids with chlorine atom have been
isolated from three marine fungal strains and displayed inhibitive effects on micro- or macro-foulers.
The first recorded metabolite 3-chloro-2,5-dihydroxybenzyl alcohol (22) (Figure 5) was isolated from a
marine fungus Ampelomyces sp. UST040128. This compound showed an inhibitive effect on the larval
settlement of B. amphitrite and H. elegans with the ECsy values ranging from 3.192 to 3.812 ug/mL
and from 0.672 to 0.78 pug/mL, respectively. The LCsg value of 22 was calculated to be 267 ug/mL,
indicating its non-toxicity towards B. amphitrite cyprids. However, 5 ug/mL of 22 killed all H. elegans
larvae, and the calculated LCs) value was 2.642 pg/mL. In addition, the results of antibacterial bioassay
using a standard disc-diffusion method were encouraging. At the concentration of 50 pg per disc,
22 showed different levels of inhibitory effects to the growth of 15 bacterial strains that were either
marine pathogens or inductive strains for the larval settlement of H. elegans with inhibition zones
ranging from 6.50 to 0.50 mm in diameter [35]. Another halogenated benzenoid amibromdole (23)
(Figure 5) was extracted from a soft coral-derived fungus Sarcophyton sp., and exhibited weak AF
activity against B. amphitrite larvae with an ECsg value of 16.70 pug/mL [36]. The final two compounds,
()-pestalachlorides E (24) and F (25) (Figure 5), were isolated from a marine-derived fungal strain
Pestalotiopsis Z]-2009-7-6. Both of them showed potent AF activity against the larval settlement of
B. amphitrite with the ECsg values of 1.65 and 0.55 pg/mL, respectively, meanwhile demonstrating no
toxicity with LCsy/ECsg ratios > 30.3 and 18.2, respectively [36].

HO

Figure 5. Chemical Structures of Benzenoids 22-25.

Six phenyl ethers were isolated as characteristic secondary metabolites of a marine-derived
fungus Aspergillus sp. X5-20090066. These compounds, together with their seven synthetic phenyl
ether derivatives were evaluated for their AF activity using B. amphitrite larvae. All of these compounds
showed moderate to strong AF activity with the ECsg values < 14.11 pug/mL. It should be noted that the
synthetic compounds 26-30 (Figure 6) exhibited strong AF activity with the ECsy values < 0.96 pg/mL,
which was even lower than that of the positive control Sea-Nine 21 1™ (ECsp value of 1.23 pug/mL),
and their toxicity was also low with the LCsy/ECsg ratios > 20. The investigation of SAR indicated that
the ester group substitution at C-4 could increase AF activity for this class of natural phenyl ethers,
and the introduction of bromine atoms played an important role in improving the AF activity of these
synthetic derivatives [37].
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Figure 6. Chemical Structures of Phenyl Ethers 26-30.

5. Polyketides

Polyketides are the largest family of secondary metabolites from microorganisms, and have
provided a large number of compounds with structural and bioactive diversity, including macrolides,
tetracyclics, anthraquinones, and polyethers. Two ubiquinones, ubiquinone-0 (31) and vitamin K3 (32)
(Figure 7), were the earliest AF polyketides reported by Konya et al. [21]. Both compounds were isolated
from the culture broth of Alteromonas sp. strain KK10304 associated with the sponge Halichondria okadai
and could effectively inhibit the larval settlement of B. amphitrite at concentrations of 1.3 and 2.5 pg/mL,
respectively, whereas they were very toxic to the barnacle B. amphitrite cyprids with the LCzg values of
5.2 and 2.5 pg/mlL, respectively. Aspergilone A (33) (Figure 7), a novel benzylazaphilone derivative
with an unprecedented carbon skeleton, was isolated from the gorgonian-derived fungus Aspergillus sp.
This compound showed an ECs( value of 7.68 ug/mL against the settlement of B. amphitrite larvae.
However, the symmetrical dimer of 70 with a unique methylene bridge, aspergilone B, displayed no
AF activity [38].

o) 0
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31 32

Figure 7. Chemical Structures of Polyketides 31-33.

A marine-derived fungal strain Xylariaceae sp. SCSGAF0086 could produce dicitrinin A (34)
and phenol A acid (35) (Figure 8). Dicitrinin A was more active with an ECsy value of 1.76 ug/mL
than phenol A acid (ECs value of 14.35 ng/mL) against the attachment of B. neritina larvae, and less
toxic with LCs/ECsg ratio > 56 than phenol A acid (LCsg/ECsg ratio > 15) [39]. Four pairs of rare
dihydroisocoumarin derivatives, (+)-eurotiumides A-D, were isolated from a gorgonian-derived
fungus Eurotium sp. XS-200900E6, and evaluated for AF activity against B. amphitrite larvae. All these
compounds could inhibit larval settlement with the EC5y values ranging from 0.7-23.2 ug/mL,
and (%)-eurotiumides B (£36) and (+£)-eurotiumides D (37) (Figure 8) were the most promising
compounds with the ECs5g values of 1.5, 0.7, 2.3, and 1.9 ug/mL, respectively, and they were not toxic
to the cyprids (LCsy/ECsg ratios > 20) [40].



Mar. Drugs 2017, 15, 266 7 of 21

~ (+)-36
O OH (+)-37 A%

(-)-36
(-)-37 A%

OH O

Figure 8. Chemical Structures of Polyketides 34-37.

Anthraquinones and xanthones are the most prominent members of the polyketides family.
However, the AF activity of this class of polyketides has been seldomly reported. Only eight metabolites
38-46 (Figure 9), mainly from marine fungi Penicillium sp. and Aspergillus sp. were demonstrated
to have inhibitory effects on the larval settlement of B. amphitrite [37,41-44]. Compared with the AF
activity of other six compounds, sterigmatocystin (38) and methoxysterigmatocystin (39), isolated from
the fungal strains of the geneus Aspergillus, were much more active in inhibiting the larval settlement
of B. amphitrite with the ECsg values < 0.125 ug/mL, and could paralyze the larvae at the effective
concentration [42]. Another two anthraquinones averufin (40) and 8-O-methylnidurufin (41) from the
fungus Aspergillus sp., together with one xanthone 6,8-di-O-methyl versiconol (42) from an unidentified
mangrove fungus ZSUH-36, displayed weak AF activity against B. amphitrite larvae with the ECsg
values of 2.03, 3.39, and 5.30 ug/mL, respectively [37,42-44]. Four anthraquinones 43-46 isolated from
a gorgonian coral-derived fungus Penicillium sp. SCSGAF 0023 showed moderate AF activity against
B. amphitrite larvae with the ECsgvalues of 6.7, 6.1, 17.9, and 13.7 pg/mL, respectively [41].
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Figure 9. Chemical Structures of Anthraquinones and Xanthones 38-46.

Recently, a series of 14-membered resorcylic acid lactones, named cochliomycins, were isolated
from the marine-derived fungi of the genus Cochliobolus [45,46]. This class of metabolites and
their synthetic derivatives were demonstrated to have AF activity against the larval settlement of
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B. amphitrite. Shao et al. [45] firstly isolated seven cochliomycins from a gorgonian-derived fungus
C. lunatus. Among them, compounds 47-52 (Figure 10) could inhibit the larval settlement with
the ECsg values ranging from 1.2 to 17.9 pg/mL, among which cochliomycin A (47) showed the
best AF activity with an ECsg value of 1.2 ug/mL and a LCsy/ECsg ratio > 15. Analysis of SAR
of 4749 suggested the introduction of the acetonide moiety in 47 might improve its AF activity,
and the hydroxy groups probably have a positive effect on the AF activity of these resorcylic acid
lactones. Subsequently, cochliomycins D-F, along with eight known analogues, were isolated from
the fungus C. lunatus associated with a sea anemone by Liu et al. [46]. In AF bioassays, compounds
53-58 (Figure 10) exhibited AF activity at nontoxic concentrations with the ECsj values ranging from
1.82 to 22.5 ug/mL, and LL-Z1640-2 (55) displayed the highest potency against B. amphitrite larvae
with an ECsg value of 1.82 pug/mlL. It was shown that the cis-enone moiety in 57 could significantly
improve the EC5y value approximately 9-fold compared to that of 54 (EC5y value of 18.1 ug/mL)
with trans-enone, indicating that the cis-enone functionality might contribute to the increase of AF
activity. More interestingly, contrary to the enhancement of AF activity caused by the acetonide
functionality of 14-membered resorcylic acid, the acetonide functionality led to the obvious decrease
of AF activity for the enone resorcylic acid lactones. The above findings of SAR indicate that the AF
activity of these 14-membered resorcylic acid lactones should be sensitive to subtle structural changes,
such as the enone, the acetonide functionalities, and the hydroxy configurations. The preliminary
AF mechanism revealed that the 14-membered resorcylic acid lactones mainly inhibited the larval
settlement of B. amphitrite by stimulating the NO/cGMP pathway [47].

OR; O

@)
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Figure 10. Chemical Structures of 14-membered Resorcylic Acid Lactones 47-58.
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6. Alkaloids

In recent years, dozens of indole alkaloids were isolated from marine-derived bacteria, and some
of them showed moderate to strong AF activities. A bacterial strain Acinetobacter sp. associated with
the ascidian Stomozoa murrayi could produce two AF metabolites 6-bromoindole-3-carbaldehyde
(59) and its debromo analog (60) (Figure 11) with the ECsy values of 5 and 28 ug/mL against
B. amphitrite larvae, respectively [48]. Nostocarboline (61) (Figure 11), a carbonium alkaloid isolated
from the freshwater cyanobacterium Nostoc sp., along with its five synthetic analogs 62-66 (Figure 11)
were all active in inhibiting the growth of the toxic cyanobacterium Microcystis aeruginosa PCC7806,
the nontoxic cyanobacterium Synechococcus PCC6911, and the green algae Kirchneriella contorta
SAG 11.81. Among these six compounds, nostocarboline (61) showed strongest inhibitory activity
against the growth of the cyanobacteria and algae with the MIC values of 0.22 pg/mL. The quaternary
group and the replacement of the substituent on the 2-N atom appeared to be essential for increasing the
anti-algal activity of this alkaloid class [49]. Eight bisindole products 67-74 (Figure 11) that belong to the
di(1H-indol-3-yl)methane (DIM) family were isolated from a Red Sea ascidian-derived bacterial strain
Pseudovibrio denitrificans UST4-50. All diindol-3-ylmethanes (DIMs) inhibited the larval settlement
of B. amphitrite (ECsy values ranging from 0.63 to 5.68 ug/mL) with low toxicity (LCsg ratios > 15),
of which DIM-Ph-4-OH (74) was the best AF compound with an ECs( value of 0.63 pg/mL. DIM (67)
and DIM-Ph-4-OH also displayed significant AF activity against B. neritina larvae with the ECs values
of 0.62 and 0.42 ug/mL, respectively. Interestingly, the AF activity of DIM and DIM-Ph-4-OH against
B. amphitrite cyprids was reversible. Moreover, DIM also showed comparable AF performance to the
commercial AF biocide Sea-Nine 211™ in the field test over a period of five months, thus indicating
that DIMs should be considered as promising candidates as useful antifoulants. Finally, in order to
investigate the SAR of these DIMs, the acetylation of DIM-Ph-4-OH yielded the product DIM-Ph-4-OAc
(75), which was less active as DIM-Ph-4-OH against the larval settlement of B. amphitrite and B. neritina.
Based on the data of the AF activity of these natural metabolites and the acetylated derivative, it is
suspected that the common moiety, di(1H-indol-3-yl)methylene, may serve as an important functional
group for maintaining reversibly AF mechanism of DIMs, and that the phenolic hydroxyl group that
presents at the Ph-C1"" of DIM-C1 will significantly enhance the AF activity of these bisindoles [50].
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Figure 11. Chemical Structures of Alkaloids 59-75.

In addition to marine bacteria, marine-derived fungal strains of Aspergillus sp. and Penicillium sp.
have also been a rich source of similar structural indole alkaloids with AF activity. Compounds 76-79
and 80-83 (Figure 12), obtained from two marine fungi Penicillium sp. SCSIO 00258 and Aspergillus
sydowii SCSIO 00305, were evaluated for their AF and antibacterial activities. All of the natural products
76-79 from the strain SCSIO 00258 exhibited antilarval settlement against B. amphitrite with the ECs
values of 12.3,1.1, 6.2, and 17.5 ug/mL, respectively. Compounds 78 and 80-82 displayed AF activity
against B. neritina larvae with the ECs, values of 2.1, 15.3, 8.4 and 8.2 ug/mL, respectively. Moreover,
compounds 77 and 81 also showed modest antibacterial activity towards the larval settlement inducing
bacterium Micrococcus luteus with MIC values of 200 and 300 pg/mL, respectively. Another indole
alkaloid containing diketopiperazine, neoechinulin A (83), mainly isolated from marine-derived fungal
strains of the genus Aspergillus, also inhibited the larval settlement of B. amphitrite with the ECsg value

of 14.99 pug/mL [51].
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Figure 12. Chemical Structures of Alkaloids 76-83.

At the same time, many other AF alkaloids were also obtained from marine bacteria and
fungi. Screening of the chemical extracts from different bacteria incorporated into marine paints
resulted in the discovery of an effective bacterium Pseudomonas sp. NUDMB50-11, which was isolated
from the surface of Nudibranch. All petri dishes treated with the extracts of the broth culture of
NUDMB50-11 showed a significant decrease in the settling frequency of barnacles and algal spores at
a concentration of 20 mg/mL. The bioassay-guided fractionation and further purification of the crude
extract of NUDMB50-11 led to the discovery of five metabolites, among which phenazine-1-carboxylic
acid (84) (Figure 13) was the most active against all of the tested fouling bacteria with the MIC
values < 10 pg. Unfortunately, the detailed data of AF activities against barnacle larvae and fouling
algae were not reported [52]. Penispirolloid A (85a/b) (Figure 13), a novel alkaloid possessing
a unique spiro imidazolidinyl skeleton, was isolated from a halotolerant fungus Penicillium sp.
OUCMDZ-776, though the absolute configuration of C-11 was undetermined. This compound
displayed a significant AF activity against the larval settlement of B. neritina with an ECsy value
of 2.40 ug/mL [53]. Ten cytochalasin alkaloids were isolated from the fermentation broth of a soft
coral Sarcophyton sp.-derived fungus A. elegans Z]J-2008010, and they were evaluated for AF activity
against B. amphitrite larvae. Four of them, determined as aspochalasins I (86), ] (87), D (88), and H
(89) (Figure 13), respectively, displayed strong to moderate AF activity with the EC5 values ranging
from 2.59 to 15.44 pg/mL. Aspochalasin D, bearing an «,3-unsaturated ketone moiety, was found
to be the most active compound, indicating that the electrophilic «,-unsaturated carbonyl moiety
and double-bond at C-19 and C-20 might be considerably important for increasing the AF activity
of these cytochalasins. Additionally, this compound also exhibited broad spectrum of antibacterial
activity, especially against pathogenic bacteria [54]. Six dihydroquinolin-2-one-containing alkaloids
from a gorgonian coral-derived fungus Scopulariopsis sp. in the South China Sea could inhibit the
larval settlement of B. amphitrite. Among these alkaloids, particularly important are compounds 90-94
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(Figure 13), all of which were demonstrated to be highly active in antilarval settlement bioassay with the
ECs values of 0.007 pg/mL, 0.012 ng/mL, 0.001 ng/mL, 0.280 ug/mL and 0.219 ug/mL, respectively,
while they were non-toxic with the LCsy/ECs ratio ranging from 57 to 1200, thus suggesting that this
class of compounds are promising antifoulants [55]. Compound 95, a benzodiazepine alkaloid isolated
from a deep sea-derived fungus Aspergillus westerdijkine SCSIO 05233, was reported as an inhibitor of
B. amphitrite larvae with an ECsj value of 8.81 pg/mL [56].

“ H
N
\N 4R N_/
1S 0 1R
\ O 7
Oy OH AN NH
N =
N
e
N N0
84 85a

93 R, = OCHa, R, = H
94R1=OH, R2=H

Figure 13. Chemical Structures of Alkaloids 84-95.

7. Nucleosides and Peptides

AF nucleoside derivatives have been rarely reported. Only one nucleoside compound
diacetylkipukasin E (96) (Figure 14), isolated from the fungus Aspergillus versicolor associated with a
gorgonian Dichotella gemmacea, was found to have weak AF activity against B. amphitrite larvae with an
ECsq value of 22.5 ug/mL [57].
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~
96

Figure 14. Chemical Structure of Nucleoside 96.

Four secondary metabolites 97-100 (Figure 15) belonging to the mixed polyketide—polypeptide
structural family were produced by a benthic filamentous marine cyanobacterium Lyngbya majuscula
and they showed strong to moderate anti-larval settlement activity against B. amphitrite with the
ECsp values of 0.003, 0.54, 2.6, and 10.6 ug/mL, respectively. In addition, it was noteworthy that
the most active compound, dolastatin 16 (97), appeared to be non-toxic to the B. amphitrite cyprids
with a LC5¢/ECs5g ratio > 6000. More encouragingly, field testing of dolastatin 16 was conducted at
concentrations of 10.0, 1.0, 0.1, and 0.01 pug/mL, respectively, and the barnacle counts of all dolastatin
16-treated plates were obviously lower than that of the negative controls after 4 weeks, suggesting
its potential application as an antifoulant [58]. Although its total synthesis was challenging due to
its complex structure, dolastatin 16 has been recently successfully synthesized by Casalme et al. [59].
The synthetic dolastatin 16 showed potent antilarval settlement of B. amphitrite similar to that of natural
dolastatin 16, which further supported that dolastatin 16 might be explored as a candidate antifoulant.

SWSAS

o]
07N\ o o]
0 0 O HN
O:§_I—}N
97
v
N
99

Figure 15. Chemical Structure of Peptides 97-100.

Two diketopiperazines (DKPs), namely (6S,35)-6-benzyl-3-methyl-2,5-diketopiper-azine (bmDKP)
(101) and (65,3S)-6-isobutyl-3-methyl-2,5-diketopiperazine (imDKP) (102) (Figure 16), were isolated
from a seaweed Undaria pinnatifida—derived Streptomyces praecox 291-11. Both compounds inhibited
zoospore settlement of the seaweed U. pertusa with the ECsy values of 2.2 and 3.1 pg/mL as well
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as the growth of the diotam N. annexa with the ECsy values of 0.8 and 1.1 pg/mL, respectively.
Compared to the low therapeutic ratios of positive controls (LCsy/ECs¢ ratios of 2 and 6 for
the target organisms U. pertusa and N. annexa, respectively), bmDKP and imDKP showed higher
therapeutic ratios (LCs9/ECsg ratios of 17.7 and 21 to U. pertusa; 263 and 120.2 to N. annexa),
indicating that these two compounds might be environmentally friendly antialgal compounds [60].
Aspergillipeptide C (103) (Figure 16), a cyclic tetrapeptide, was isolated from a culture broth of a
gorgonian Melitodes squamata-derived fungus Aspergillus sp. SCSGAF 0076 and showed inhibitory
attachment against B. neritina larvae with an ECsg value of 11 pg/mL and a LCsy/ECs ratio > 25 [61].

0 0
o) W\
HN)H“ HNJ\“
_\WNH *MH(NH

101 102 103

Figure 16. Chemical Structure of Diketopiperazines 101-103.

8. Enzymes

During the continuous investigation of enzymatic antifoulants, a variety of enzymes with AF
activity have been obtained. Many patents of those promising enzymes have been applied [62].
According to Selvig et al. [63] and Polsenski & Leavitt [64], microorganism(s) alone or mixed with
hydrolytic enzyme(s) could be incorporated into marine paints in order to test the AF activity of
microorganisms or enzymes in field trials. A novel protease from a deep-sea derived bacterium
Pseudoalteromonasis sachenkonii UST041101-043 showed strong inhibitive activity against the larval
settlement of B. neritina with an ECsy value of 0.5 ng/mL. This enzyme also showed significant AF
effects on the settlement of the barnacle B. amphitrite and the bryozoan Schizoporella sp. at a very low
concentration of 100 ng/mL [65].

9. Biofilm Inhibitors

In the marine environment, a large number of various marine bacteria (especially those that
induce settlement of fouling macro-foulers) communicate with each other by quorum sensing and form
biofilms, which has an influence on marine macroorganism adhesion [66]. Therefore, it is promising to
exploit those compounds with excellent anti-biofilm activity as potential antifoulants. Several marine
invertebrates- or algae-derived metabolites and their synthetic analogs, including halogenated
furanones, 2-amminoimidazole alkaloids, and flavonoids, have already been explored as candidate
antifoulants [67-71]. However, only a handful of natural products derived from marine microbes with
antibiofilm activity have been reported at this reported.

A glycolipid surfactant, composed of glucose and palmitic acid, was obtained from a tropical
marine bacterium Serratiamarcescens. It prevented, to different degrees, the adhesion of the pathogens
Candida albicans BH, and P. aeruginosa PAO1 as well as the marine biofouling bacterium Bacillus pumilus
TiO1 at concentrations ranging from 0.125 to 25 pg/mL. More interestingly, this glycolipid could also
efficiently disrupt the biofilm on glass surfacesper formed by the tested bacteria at a concentration of
50 pg/mL. The detailed structure of the glycolipid was yet to be determined [72]. 4-Phenylbutanoic
acid (104) (Figure 17) was obtained from the crude extract of a marine bacterium B. pumilus S6-15 by
Nithya et al. [73]. At concentrations ranging from 10 to 15 pg/mL, this compound showed potent
biofilm inhibitory activity against all the 10 tested bacterial strains of Gram-positive and Gram-negative
species. Scopel et al. [74] isolated a dipeptide, cis-cyclo(Leucyl-Tyrosyl) (105) (Figure 17) from a
sponge-associated fungus Penicillium sp. F37, which was able to combat ~80% biofilm formation of a
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pathogenic bacterium Staphylococcus epidermidis at a concentration of 1.0 mg/mL without interfering
with its growth. The search for new inhibitors of the biofilm formation of Mycobacterium species
led to the discovery of three sesterterpenes named ophiobolin K (106), 6-epi-ophiobolin K (107),
and 6-epi-ophiobolin G (108) (Figure 17) from the culture broth of a marine-derived fungal strain
Emericella variecolor. All of these three compounds were capable of inhibiting biofilm formation
of Mycobacterium smegmatis with the MIC values of 1.58, 24.97, and 6.23 ug/mL, respectively.
In addition, ophiobolin K could restore the antimicrobial activity of isoniazid against the tested
bacterium by inhibiting its biofilm formation. Ophiobolin K also showed antibiofilm activity against
Mycobacteriumbovis BCG with a MIC value of 3.15 ug/mL [75].

Figure 17. Chemical Structure of Biofilm Inhibitors 104-108.

10. Conclusions and Future Perspectives

Generally, when exploring candidate compounds for further development as AF products, the
ECsg and LCsg/ECs values are often used as standards for the evaluation of the activity and toxicity
of a given candidate AF compound. Although a compound with an ECsy value < 25 pg/mL and a
LCs0/ECs5 ratio > 15 is often recommended as a non-toxic antifoulant, a much lower ECgy value and
higher LCsg/ECs ratio is required when screening for candidate antifoulants. As pointed out by
Qian et al. [15], only those small molecules which exhibit AF activities against a broad spectrum of
biofoulers with an EC5( value < 5 ug/mL and a LCsg/ECsg ratio > 50 should be considered. Meanwhile,
the properties of the AF substances, such as solubility and stability, should also be given enough
attention during selection. A total of 89 AF/anti-biofilm natural products from marine microorganisms
and 13 of their chemical synthetic derivatives with ECs5j value < 25 pg/mL are described in this review.
Among them, 40 compounds are potent AF compounds with ECsy < 5 ng/mL against representative
fouling organisms, such as fouling bacteria, algae, barnacle and bryozoan. Meanwhile, they had
high LCsy/ECs ratios greater than 50. These data support that marine microorganisms could be a
promising source for the discovery of highly effective and low- or non-toxic AF compounds.

There are a number of advantages using marine microorganisms as sources of antifoulants.
First of all, as mentioned in this review, AF metabolites isolated from marine microorganisms are
chemically diverse and unique, which makes them promising sources for the exploitation of novel
candidate antifoulants. Second, having a large collection of marine invertebrates and algae to meet
the supply demand of AF compounds leads to the concern of reducing biodiversity of the marine
eco-environment. In contrast, if microbes are selected as a source for AF compounds, the supply
issues could be solved by culturing the microorganisms and using genomic tools to identify the genes
responsible for biosynthesis of the active metabolites. In addition, microbial strains of the same species
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can produce different bioactive metabolites under different temperatures, pH and nutrient conditions,
which further enriches the chemical scope of AF compounds.

The major challenges for the development of AF coatings highlighted in reviews by
Fusetani [14,16], Qian et al. [15,17], Dobretsov et al. [18,19], Maréchal and Hellio [76] and Satheesh et al. [20]
remain in the current industrial application of those AF compounds. Therefore, several issues
must be addressed in future research. Firstly, some AF compounds with complicated structures
are very hard to synthesize’. A combination of the fermentation strategy of microorganisms’ genetic
technologies and metabolomics is required to generate sufficient quantities of target compounds.
Secondly, even though various compounds with strong activities against typical biofoulers produced
by marine microorganisms have been obtained since 1995, there is little information on the field tests
of these compounds. Therefore, it is necessary to evaluate highly effective compounds in field assays
for the spectrum of their AF activity, which will provide critical data for the marine coating industries.
Thirdly, with the increasing ecological problems of heavy metal and organotins-alternative biocides,
the acute and chronic toxicity towards non-target organisms and degradation kinetics of potent AF
agents in the marine ecosystem needs to be considered before commercialization. Especially for more
complex compounds, some of them are not easy to break down in the marine environment, and may
cause biological accumulation for marine organisms, which will induce long-term physiological
impacts on the food chain. At the same time, it is very necessary that the toxicities of degradation
products of those complex compounds should be evaluated to guide their intelligent usage. Moreover,
the mechanisms of AF compounds against target fouling organisms remain poorly studied due to
the difficulty of establishing a model-fouling organism in a laboratory for the examination of AF
mechanisms using molecular tools. Over the past five years, a number of genes and proteins that
may be involved in normal/drug-treated larval settlement of model fouling organisms, such as
B. amphitrite [29,47,77-79], B. neritina [30,80], and H. elegans [23], have been identified through genomic
and proteomic approaches. More efforts should be invested to decipher specific genes/proteins
or pathways involved in the settlement/anti-settlement process, which will not only facilitate AF
candidates to be introduced to the market but also help to identify molecular biomarkers for rapid
screening of AF activity of marine natural products. In summary, the process for the registration (or
“approval”) of potent antifoulants is time- and cost-consuming. The two organizations Australian
Pesticides and Veterinary Medicines Authority (APVMA) and Australian Paint Approval Scheme
(APAS) have well-developed systems for establishing specification requirements of antifouling paints,
which include efficacy standards, antifouling classifications, available and/or relevant standards and
specifications, antifouling test facilities, biocidal/non-biocidal systems, and a national antifouling
standards and specifications working group [81]. Finally, the APVMA will disseminate the acceptable
paints on its website, while the APAS will publish a “List of Approved Products”.

Last but not least, formation of marine biofilms has been increasingly recognized as an important
factor in influencing fouling of marine macro-biofoulers [66,82-84], but exsisting knowledge of the
interaction between biofilms and settling propagules and the molecular mechanism of anti-biofilm
compounds is quite limited. Marine biofilms are perhaps much more serious than macro-fouling
for the marine industry and for aquaculture, which helps settlement of macro-foulers. Yet so far,
only several marine-derived antibiofilm compounds have been isolated and identified. Chemical
studies of marine natural products will help to fill in the gaps in of this area.

Overall, it is well recognized that marine microorganisms could provide a promising source for
AF compounds. With the improvement of cultivation and isolation methods and the employment of
molecular tools to modify microbial strains, more isolates and novel AF compounds may be obtained,
which will provide more candidates for the marine coating industries. However, there are still many
obstacles restricting transformation of laboratory bioassay results to field applications. To meet these
major challenges as mentioned in this review, the establishment of new bioassay systems with respect
to diverse fouling organisms and systematic platforms for the evaluation of marine environmental
risks, and explicit understanding of the bioactive mechanisms of the target compounds is desired for
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the market-demanded antifoulants. Without doubt, development of a candidate natural compound
into a commercial product requires a large investment of time and cost. Therefore, a close collaboration
between the coating industries and research laboratories might be a wise choice for the screening of
effective and environmentally friendly antifoulants from marine microorganism-derived metabolites.

Acknowledgments: This work was financially supported by grants from the Open Financial Grant from Qingdao
National Laboratory for Marine Science and Technology (No. QNLM20160RP0302), the Guangdong Innovation
Research Team Fund (No. 2014ZT055078), the National Natural Science Foundation of China (Nos. 41376145;
41130858), the Taishan Scholars Program, China, the 61st funded project from China Postdoctoral Science
Foundation, and the innovation program of Shenzhen (No. JCY]J20160428181415376).

Author Contributions: Kai-Ling Wang conceived and wrote the review; Ze-Hong Wu and Yu Wang edited the
chemical structures, searched and collected the references; Chang-Yun Wang and Ying Xu offered important
advice to improve the review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Callow, M.E.; Callow, J.E. Marine biofouling: A sticky problem. Biologist 2002, 49, 10-14. [PubMed]

2. Wahl, M. Marine epibiosis. 1. fouling and antifouling-some basic aspects. Mar. Ecol.-Prog. Ser. 1989, 58,
175-189. [CrossRef]

3. Schultz, M.P; Bendick, J.A.; Holm, E.R.; Hertel, W.M. Economic impact of biofouling on a naval surface ship.
Biofouling 2011, 27, 87-98. [CrossRef] [PubMed]

4. Yebra, D.M,; Kiil, S.; Dam-Johansen, K. Antifouling technology-past, present and future steps towards
efficient and environmentally friendly antifouling coatings. Prog. Org. Coat. 2004, 50, 75-104. [CrossRef]

5. Bhadury, P; Wright, P.C. Exploitation of marine algae: Biogenic compounds for potential antifouling
applications. Planta 2004, 219, 561-578. [CrossRef] [PubMed]

6. Davidson, I.C.; Brown, C.W.; Sytsma, M.D.; Ruiz, G.M. The role of containerships as transfer mechanisms of
marine biofouling species. Biofouling 2009, 25, 645-655. [CrossRef] [PubMed]

7. Qian, PY,; Chen, L.; Xu, Y. Mini-review: Molecular mechanisms of antifouling compounds. Biofouling 2013,
29, 381-400. [CrossRef] [PubMed]

8. Konstantinou, LK.; Albanis, T.A. Worldwide occurrence and effects of antifouling paint booster biocides in
the aquatic environment: A review. Environ. Int. 2004, 30, 235-248. [CrossRef]

9. Voulvoulis, N. Antifouling paint booster biocides: Occurrence and partitioning in water and sediments.
Handb. Environ. Chem. 2006, 50, 155-170.

10. Cresswell, T.; Richards, J.P.; Glegg, G.A.; Readman, J.W. The impact of legislation on the usage and
environmental concentrations of Irgarol 1051 in UK coastal waters. Mar. Pollut. Bull. 2006, 52, 1169-1175.
[CrossRef] [PubMed]

11. Munoz, I.; Martinez Bueno, M.].; Agueera, A.; Fernandez-Alba, A.R. Environmental and human health risk
assessment of organic micro-pollutants occurring in a Spanish marine fish farm. Environ. Pollut. 2010, 158,
1809-1816. [CrossRef] [PubMed]

12. Pawlik, J.R. Marine invertebrate chemical defenses. Chem. Rev. 1993, 93, 1911-1922. [CrossRef]

13. Clare, A.S. Marine natural product antifoulants: Status and potential. Biofouling 1996, 9, 211-229. [CrossRef]

14. Fusetani, N. Biofouling and antifouling. Nat. Prod. Rep. 2004, 21, 94-104. [CrossRef] [PubMed]

15. Qian, PY.; Xu, Y.; Fusetani, N. Natural products as antifouling compounds: Recent progress and future
perspectives. Biofouling 2010, 26, 223-234. [CrossRef] [PubMed]

16. Fusetani, N. Antifouling marine natural products. Nat. Prod. Rep. 2011, 28, 400-410. [CrossRef] [PubMed]

17.  Qian, PY,; Li, Z.; Xu, Y,; Li, Y.; Fusetani, N. Mini-review: Marine natural products and their synthetic analogs
as antifouling compounds: 2009-2014. Biofouling 2015, 31, 101-122. [CrossRef] [PubMed]

18. Dobretsov, S.; Dahms, H.U.; Qian, P.Y. Inhibition of biofouling by marine microorganisms and their
metabolites. Biofouling 2006, 22, 43-54. [CrossRef] [PubMed]

19. Dobretsov, S.; Abed, RM.M.; Teplitski, M. Mini-review: Inhibition of biofouling by marine microorganisms.
Biofouling 2013, 29, 423-441. [CrossRef] [PubMed]

20. Satheesh, S.; Ba-akdah, M.A.; Al-Sofyani, A.A. Natural antifouling compound production by microbes
associated with marine macroorganisms—A review. Electron. ]. Biotechnol. 2016, 21, 26-35. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/11852279
http://dx.doi.org/10.3354/meps058175
http://dx.doi.org/10.1080/08927014.2010.542809
http://www.ncbi.nlm.nih.gov/pubmed/21161774
http://dx.doi.org/10.1016/j.porgcoat.2003.06.001
http://dx.doi.org/10.1007/s00425-004-1307-5
http://www.ncbi.nlm.nih.gov/pubmed/15221382
http://dx.doi.org/10.1080/08927010903046268
http://www.ncbi.nlm.nih.gov/pubmed/20183123
http://dx.doi.org/10.1080/08927014.2013.776546
http://www.ncbi.nlm.nih.gov/pubmed/23574197
http://dx.doi.org/10.1016/S0160-4120(03)00176-4
http://dx.doi.org/10.1016/j.marpolbul.2006.01.014
http://www.ncbi.nlm.nih.gov/pubmed/16574163
http://dx.doi.org/10.1016/j.envpol.2009.11.006
http://www.ncbi.nlm.nih.gov/pubmed/19932535
http://dx.doi.org/10.1021/cr00021a012
http://dx.doi.org/10.1080/08927019609378304
http://dx.doi.org/10.1039/b302231p
http://www.ncbi.nlm.nih.gov/pubmed/15039837
http://dx.doi.org/10.1080/08927010903470815
http://www.ncbi.nlm.nih.gov/pubmed/19960389
http://dx.doi.org/10.1039/C0NP00034E
http://www.ncbi.nlm.nih.gov/pubmed/21082120
http://dx.doi.org/10.1080/08927014.2014.997226
http://www.ncbi.nlm.nih.gov/pubmed/25622074
http://dx.doi.org/10.1080/08927010500504784
http://www.ncbi.nlm.nih.gov/pubmed/16551560
http://dx.doi.org/10.1080/08927014.2013.776042
http://www.ncbi.nlm.nih.gov/pubmed/23574279
http://dx.doi.org/10.1016/j.ejbt.2016.02.002

Mar. Drugs 2017, 15, 266 18 of 21

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Konya, K.; Shimidzu, N.; Otaki, N.; Yokoyama, A.; Adachi, K.; Miki, W. Inhibitory effect of bacterial
ubiquinones on the setting of barnacle, Balanus amphitrite. Experientia 1995, 51, 153-155. [CrossRef]
Bhattarai, H.D.; Ganti, V.S.; Paudel, B.; Lee, YK ; Lee, HK.; Hong, Y.K.; Shin, H.W. Isolation of antifouling
compounds from the marine bacterium, Shewanella oneidensis SCH0402. World. ]. Microb. Biot. 2007, 23,
243-249. [CrossRef]

Xu, Y; Li, H.; Li, X;; Xiao, X.; Qian, P.Y. Inhibitory effects of a branched-chain fatty acid on larval settlement
of the polychaete hydroides elegans. Mar. Biotechnol. 2009, 11, 495-504. [CrossRef] [PubMed]

Abdel-Lateff, A.; Elkhayat, E.S.; Fouad, M.A.; Okino, T. Aureobasidin, new antifouling metabolite from
marine-derived fungus Aureobasidium sp. Nat. Prod. Commun. 2009, 4, 389-394. [PubMed]

Xu, Y;; He, H.; Schulz, S.; Liu, X.; Fusetani, N.; Xiong, H.; Xiao, X.; Qian, P.Y. Potent antifouling compounds
produced by marine Streptomyces. Bioresour. Technol. 2010, 101, 1331-1336. [CrossRef] [PubMed]

Dickschat, J.S.; Martens, T.; Brinkhoff, T.; Simon, M.; Schulz, S. Volatiles released by a Streptomyces species
isolated from the North Sea. Chem. Biodivers. 2005, 2, 837-865. [CrossRef] [PubMed]

Li, Y;; Zhang, F; Xu, Y.; Matsumura, K.; Han, Z,; Liu, L.; Lin, W,; Jia, Y; Qian, PY. Structural optimization and
evaluation of butenolides as potent antifouling agents: Modification of the side chain affects the biological
activities of compounds. Biofouling 2012, 28, 857-864. [CrossRef] [PubMed]

Hong, YK.; Cho, ].Y. Effect of seaweed epibiotic bacterium Streptomyces violaceoruber SCH-09 on marine
fouling organisms. Fish. Sci. 2013, 79, 469-475. [CrossRef]

Zhang, Y.; Xu, Y.; Arellano, S.M.; Xiao, K.; Qian, P.Y. Comparative proteome and phosphoproteome analyses
during cyprid development of the Barnacle Balanus (=Amphibalanus) amphitrite. J. Proteome. Res. 2010, 9,
3146-3157. [CrossRef] [PubMed]

Qian, PY.; Wong, Y.H.; Zhang, Y. Changes in the proteome and phosphoproteome expression in the bryozoan
Bugula neritina larvae in response to the antifouling agent butenolide. Proteomics 2010, 10, 3435-3446.
[CrossRef] [PubMed]

Brown, G.D.; Wong, H.E; Hutchinson, N.; Lee, S.C.; Chan, B.K.K.; Williams, G.A. Chemistry and biology of
maculalactone A from the marine cyanobacterium Kyrtuthrix maculans. Phytochem. Rev. 2004, 3, 381-400.
[CrossRef]

Cho, J.Y.; Kim, M.S. Induction of antifouling diterpene production by Streptomyces cinnabarinus PK209 in
co-culture with marine-derived Alteromonas sp. KNS-16. Biosci. Biotechnol. Biochem. 2012, 76, 1849-1854.
[CrossRef] [PubMed]

Li, D.; Xu, Y,; Shao, C.L,; Yang, R.Y;; Zheng, C.].; Chen, Y.Y,; Fu, X.M.; Qian, P.Y,; She, Z.G.; de Voogd, N.J.; et al.
Antibacterial bisabolane-type sesquiterpenoids from the sponge-derived fungus Aspergillus sp. Mar. Drugs
2012, 10, 234-241. [CrossRef] [PubMed]

Cho, J.Y. Antifouling steroids isolated from red alga epiphyte filamentous bacterium Leucothrix mucor.
Fish. Sci. 2012, 78, 683-689. [CrossRef]

Kwong, TEN.; Miao, L.; Li, X;; Qian, P.Y. Novel antifouling and antimicrobial compound from a
marine-derived fungus Ampelomyces sp. Mar. Biotechnol. 2006, 8, 634—-640. [CrossRef] [PubMed]

Xing, Q.; Gan, L.S,; Mou, X.F; Wang, W.; Wang, C.Y.; Wei, M.Y.; Shao, C.L. Isolation, resolution and
biological evaluation of pestalachlorides E and F containing both point and axial chirality. RSC Adv. 2016, 6,
22653-22658. [CrossRef]

Wang, C.Y.; Wang, K.L.; Qian, P.Y.; Xu, Y.; Chen, M.; Zheng, ].J.; Liu, M.; Shao, C.L.; Wang, C.Y. Antifouling
phenyl ethers and other compounds from the invertebrates and their symbiotic fungi collected from the
South China Sea. AMB Express 2016, 6, 102. [CrossRef] [PubMed]

Shao, C.L.; Wang, C.Y,; Wei, M.Y,; Gu, Y.C,; She, Z.G.; Qian, PY,; Lin, Y.C. Aspergilones A and B,
two benzylazaphilones with an unprecedented carbon skeleton from the gorgonian-derived fungus
Aspergillus sp. Bioorg. Med. Chem. Lett. 2011, 21, 690-693. [CrossRef] [PubMed]

Nong, X.H.; Zheng, Z.H.; Zhang, X.Y.; Lu, X.H.; Qi, S.H. Polyketides from a marine-derived fungus Xylariaceae sp.
Mar. Drugs 2013, 11, 1718-1727. [CrossRef] [PubMed]

Chen, M.,; Shao, C.L.; Wang, K.L.; Xu, Y.; She, Z.G.; Wang, C.Y. Dihydroisocoumarin derivatives with
antifouling activities from a gorgonian-derived Eurotium sp. fungus. Tetrahedron 2014, 70, 9132-9138.
[CrossRef]


http://dx.doi.org/10.1007/BF01929360
http://dx.doi.org/10.1007/s11274-006-9220-7
http://dx.doi.org/10.1007/s10126-008-9161-2
http://www.ncbi.nlm.nih.gov/pubmed/19030931
http://www.ncbi.nlm.nih.gov/pubmed/19413119
http://dx.doi.org/10.1016/j.biortech.2009.09.046
http://www.ncbi.nlm.nih.gov/pubmed/19818601
http://dx.doi.org/10.1002/cbdv.200590062
http://www.ncbi.nlm.nih.gov/pubmed/17193176
http://dx.doi.org/10.1080/08927014.2012.717071
http://www.ncbi.nlm.nih.gov/pubmed/22920194
http://dx.doi.org/10.1007/s12562-013-0604-y
http://dx.doi.org/10.1021/pr1000384
http://www.ncbi.nlm.nih.gov/pubmed/20397722
http://dx.doi.org/10.1002/pmic.201000199
http://www.ncbi.nlm.nih.gov/pubmed/20827734
http://dx.doi.org/10.1007/s11101-004-6552-5
http://dx.doi.org/10.1271/bbb.120221
http://www.ncbi.nlm.nih.gov/pubmed/23047094
http://dx.doi.org/10.3390/md10010234
http://www.ncbi.nlm.nih.gov/pubmed/22363233
http://dx.doi.org/10.1007/s12562-012-0490-8
http://dx.doi.org/10.1007/s10126-005-6146-2
http://www.ncbi.nlm.nih.gov/pubmed/16924374
http://dx.doi.org/10.1039/C6RA00374E
http://dx.doi.org/10.1186/s13568-016-0272-2
http://www.ncbi.nlm.nih.gov/pubmed/27785778
http://dx.doi.org/10.1016/j.bmcl.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21194945
http://dx.doi.org/10.3390/md11051718
http://www.ncbi.nlm.nih.gov/pubmed/23697953
http://dx.doi.org/10.1016/j.tet.2014.08.055

Mar. Drugs 2017, 15, 266 19 of 21

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Bao, J.; Sun, Y.L.; Zhang, X.Y.; Han, Z.; Gao, H.C.; He, F;; Qian, PY;; Qi, S.H. Antifouling and antibacterial
polyketides from marine gorgonian coral-associated fungus Penicillium sp. SCSGAF 0023. . Antibiot. 2013,
66, 219-223. [CrossRef] [PubMed]

Li, Y.X;; Wu, H.X,; Xu, Y.; Shao, C.L.; Wang, C.Y.; Qian, P.Y. Antifouling activity of secondary metabolites
isolated from Chinese marine organisms. Mar. Biotechnol. 2013, 15, 552-558. [CrossRef] [PubMed]

Shao, C.; She, Z.; Guo, Z.; Peng, H.; Cai, X.; Zhou, S.; Gu, Y;; Lin, Y. H-1 and C-13 NMR assignments for two
anthraquinones and two xanthones from the mangrove fungus (ZSUH-36). Magn. Reson. Chem. 2007, 45,
434-438. [CrossRef] [PubMed]

Lee, YM,; Li, H.; Hong, J.; Cho, H.Y,; Bae, K.S.; Kim, M.A_; Kim, D.K.; Jung, ].H. Bioactive metabolites from
the sponge-derived fungus Aspergillus versicolor. Arch. Pharm. Res. 2010, 33, 231-235. [CrossRef] [PubMed]
Shao, C.L.; Wu, H.X,; Wang, C.Y,; Liu, Q.A.; Xu, Y.; Wei, M.Y,; Qian, PY,; Gu, Y.C.; Zheng, C.J.; She, Z.G.;
Lin, Y.C. Potent antifouling resorcylic acid lactones from the gorgonian-derived fungus Cochliobolus lunatus.
J. Nat. Prod. 2011, 74, 629-633. [CrossRef] [PubMed]

Liu, Q.A.; Shao, C.L.; Gu, Y.C,; Blum, M,; Gan, L.S.; Wang, K.L.; Chen, M.; Wang, C.Y. Antifouling and
fungicidal resorcylic acid lactones from the Sea Anemone-derived fungus Cochliobolus lunatus. J. Agric.
Food. Chem. 2014, 62, 3183-3191. [CrossRef] [PubMed]

Wang, K.L.; Zhang, G.; Sun, J.; Xu, Y,; Han, Z.; Liu, L.L.; Shao, C.L.; Liu, Q.A.; Wang, C.Y.; Qian, PY.
Cochliomycin A inhibits the larval settlement of Amphibalanus amphitrite by activating the NO/cGMP
pathway. Biofouling 2016, 32, 35—44. [CrossRef] [PubMed]

OlguinUribe, G.; AbouMansour, E.; Boulander, A.,; Debard, H., Francisco, C.; Combaut, G.
6-bromoindole-3-carbaldehyde, from an Acinetobacter sp. bacterium associated with the ascidian
Stomozoa murrayi. |. Chem. Ecol. 1997, 23, 2507-2521. [CrossRef]

Blom, J.F,; Brutsch, T.; Barbaras, D.; Bethuel, Y.; Locher, H.H.; Hubschwerlen, C.; Gademann, K. Potent
algicides based on the cyanobacterial alkaloid nostocarboline. Org. Lett. 2006, 8, 737-740. [CrossRef]
[PubMed]

Wang, K.L.; Xu, Y.;; Lu, L.; Li, Y;; Han, Z; Zhang, J.; Shao, C.L.; Wang, C.Y.; Qian, P.Y. Low-toxicity
diindol-3-ylmethanes as potent antifouling compounds. Mar. Biotechnol. 2015, 17, 624-632. [CrossRef]
[PubMed]

He, F; Han, Z.; Peng, J.; Qian, PY.; Qi, S.H. Antifouling indole alkaloids from two marine derived Fungi.
Nat. Prod. Commun. 2013, 8, 329-332. [PubMed]

Burgess, ].G.; Boyd, K.G.; Armstrong, E.; Jiang, Z.; Yan, L.M.; Berggren, M.; May, U.; Pisacane, T.; Granmo, A.;
Adams, D.R. The development of a marine natural product-based antifouling paint. Biofouling 2003, 19,
197-205. [CrossRef] [PubMed]

He, F; Liu, Z,; Yang, ].; Fu, P; Peng, ].; Zhu, W.M.; Qi, S.H. A novel antifouling alkaloid from halotolerant
fungus Penicillium sp. OUCMDZ-776. Tetrahedron Lett. 2012, 53, 2280-2283. [CrossRef]

Zheng, CJ.; Shao, C.L.; Wu, L.Y,; Chen, M.; Wang, K.L.; Zhao, D.L.; Sun, X.P; Chen, G.Y,; Wang, C.Y.
Bioactive phenylalanine derivatives and cytochalasins from the soft coral-derived fungus, Aspergillus elegans.
Mar. Drugs 2013, 11, 2054-2068. [CrossRef] [PubMed]

Shao, C.L; Xu, RF; Wang, CY,; Qian, PY,; Wang, K.L; Wei, M.Y. Potent Antifouling marine
dihydroquinolin-2(1H)-one-containing alkaloids from the gorgonian coral-derived fungus Scopulariopsis sp.
Mar. Biotechnol. 2015, 17, 408-415. [CrossRef] [PubMed]

Fredimoses, M.; Zhou, X.; Ai, W,; Tian, X.; Yang, B.; Lin, X.; Xian, J.Y.; Liu, Y. Westerdijkin A, a new
hydroxyphenylacetic acid derivative from deep sea fungus Aspergillus westerdijkine SCSIO 05233.
Nat. Prod. Res. 2015, 29, 158-162. [CrossRef] [PubMed]

Chen, M.; Fu, XM.; Kong, C.J.; Wang, C.Y. Nucleoside derivatives from the marine-derived fungus
Aspergillus versicolor. Nat. Prod. Res. 2014, 28, 895-900. [CrossRef] [PubMed]

Tan, L.T.; Goh, B.PL,; Tripathi, A.; Lim, M.G.; Dickinson, G.H.; Lee, S.5.C.; Teo, S.L.M. Natural antifoulants
from the marine cyanobacterium Lyngbya majuscula. Biofouling 2010, 26, 685-695. [CrossRef] [PubMed]
Casalme, L.O.; Yamauchi, A.; Sato, A.; Petitbois, ].G.; Nogata, Y.; Yoshimura, E.; Okino, T.; Umezawa, T.;
Matsuda, F. Total synthesis and biological activity of dolastatin 16. Org. Biomol. Chem. 2017, 15, 1140-1150.
[CrossRef] [PubMed]


http://dx.doi.org/10.1038/ja.2012.110
http://www.ncbi.nlm.nih.gov/pubmed/23232928
http://dx.doi.org/10.1007/s10126-013-9502-7
http://www.ncbi.nlm.nih.gov/pubmed/23613141
http://dx.doi.org/10.1002/mrc.1974
http://www.ncbi.nlm.nih.gov/pubmed/17372958
http://dx.doi.org/10.1007/s12272-010-0207-4
http://www.ncbi.nlm.nih.gov/pubmed/20195823
http://dx.doi.org/10.1021/np100641b
http://www.ncbi.nlm.nih.gov/pubmed/21348465
http://dx.doi.org/10.1021/jf500248z
http://www.ncbi.nlm.nih.gov/pubmed/24635109
http://dx.doi.org/10.1080/08927014.2015.1121245
http://www.ncbi.nlm.nih.gov/pubmed/26732984
http://dx.doi.org/10.1023/B:JOEC.0000006663.28348.03
http://dx.doi.org/10.1021/ol052968b
http://www.ncbi.nlm.nih.gov/pubmed/16468755
http://dx.doi.org/10.1007/s10126-015-9656-6
http://www.ncbi.nlm.nih.gov/pubmed/26239187
http://www.ncbi.nlm.nih.gov/pubmed/23678803
http://dx.doi.org/10.1080/0892701031000061778
http://www.ncbi.nlm.nih.gov/pubmed/14618721
http://dx.doi.org/10.1016/j.tetlet.2012.02.063
http://dx.doi.org/10.3390/md11062054
http://www.ncbi.nlm.nih.gov/pubmed/23752358
http://dx.doi.org/10.1007/s10126-015-9628-x
http://www.ncbi.nlm.nih.gov/pubmed/25833409
http://dx.doi.org/10.1080/14786419.2014.968154
http://www.ncbi.nlm.nih.gov/pubmed/25325177
http://dx.doi.org/10.1080/14786419.2014.891114
http://www.ncbi.nlm.nih.gov/pubmed/24670197
http://dx.doi.org/10.1080/08927014.2010.508343
http://www.ncbi.nlm.nih.gov/pubmed/20658384
http://dx.doi.org/10.1039/C6OB02657E
http://www.ncbi.nlm.nih.gov/pubmed/28074955

Mar. Drugs 2017, 15, 266 20 of 21

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Cho, J.Y; Kang, J.Y.; Hong, YK.; Baek, H.H.; Shin, HW.; Kim, M.S. Isolation and structural determination of
the antifouling diketopiperazines from marine-derived Streptomyces praecox 291-11. Biosci. Biotechnol. Biochem.
2012, 76, 1116-1121. [CrossRef] [PubMed]

Bao, J.; Zhang, X.Y.; Xu, X.Y,; He, E; Nong, X.H.; Qi, S.H. New cyclic tetrapeptides and asteltoxins from
gorgonian-derived fungus Aspergillus sp. SCSGAF 0076. Tetrahedron 2013, 69, 2113-2117. [CrossRef]

Olsen, S.M.; Pedersen, L.T.; Laursen, M.H.; Kiil, S.; Dam-Johansen, K. Enzyme-based antifouling coatings:
A review. Biofouling 2007, 23, 369-383. [CrossRef] [PubMed]

Selvig, T.A.; Leavitt, R.I.; Powers, W.P. Marine Antifouling Methods and Compositions. U.S. Patent 5,919,689,
29 October 1996.

Polsenski, M.].; Leavitt, R.I. Coatings with Enhanced Microbial Performance. U.S. Patent 7,041,285, 9 May 2006.
Dobretsov, S.; Xiong, H.; Xu, Y.; Levin, L.A.; Qian, P.Y. Novel antifoulants: Inhibition of larval attachment by
proteases. Mar. Biotechnol. 2007, 9, 388-397. [CrossRef] [PubMed]

Clare, AS.; Rittschof, D.; Gerhart, D.J.; Maki, J.S. Molecular approaches to nontoxic antifouling.
Invertebr. Reprod. Dev. 1992, 22, 67-76. [CrossRef]

Qian, PY.; Lau, S.C.K.; Dahms, H.U.; Dobretsov, S.; Harder, T. Marine biofilms as mediators of colonization
by marine macroorganisms: Implications for antifouling and aquaculture. Mar. Biotechnol. 2007, 9, 399-410.
[CrossRef] [PubMed]

Stowe, S.D.; Richards, ].J.; Tucker, A.T.; Thompson, R.; Melander, C.; Cavanagh, J. Anti-biofilm compounds
derived from marine sponges. Mar. Drugs 2011, 9, 2010-2035. [CrossRef] [PubMed]

Buommino, E.; Scognamiglio, M.; Donnarumma, G.; Fiorentino, A.; D’ Abrosca, B. Recent advances in natural
product-based anti-biofilm approaches to control infections. Mini-Rev. Med. Chem. 2014, 14, 1169-1182.
[CrossRef] [PubMed]

Rane, R.A.; Sahu, N.U.; Shah, C.P. Synthesis and antibiofilm activity of marine natural product-based
4-thiazolidinones derivatives. Bioorg. Med. Chem. Lett. 2012, 22, 7131-7134. [CrossRef] [PubMed]

Zang, T.; Lee, BWK,; Cannon, L.M.; Ritter, K.A.; Dai, S.; Ren, D.; Wood, TK.; Zhou, Z.S. A naturally
occurring brominated furanone covalently modifies and inactivates LuxS. Bioorg. Med. Chem. Lett. 2009, 19,
6200-6204. [CrossRef] [PubMed]

Dusane, D.H.; Pawar, V.S.; Nancharaiah, Y.V.; Venugopalan, V.P; Kumar, A.R.; Zinjarde, S.S. Anti-biofilm
potential of a glycolipid surfactant produced by a tropical marine strain of Serratia marcescens. Biofouling
2011, 27, 645-654. [CrossRef] [PubMed]

Nithya, C.; Devi, M.G.; Pandian, S.K. A novel compound from the marine bacterium Bacillus pumilus
56-15 inhibits biofilm formation in gram-positive and gram-negative species. Biofouling 2011, 27, 519-528.
[CrossRef] [PubMed]

Scopel, M.; Abraham, W.R.; Henriques, A.T.; Macedo, A.]. Dipeptide cis-cyclo(Leucyl-Tyrosyl) produced by
sponge associated Penicillium sp. F37 inhibits biofilm formation of the pathogenic Staphylococcus epidermidis.
Bioorg. Med. Chem. Lett. 2013, 23, 624-626. [CrossRef] [PubMed]

Arai, M.; Niikawa, H.; Kobayashi, M. Marine-derived fungal sesterterpenes, ophiobolins, inhibit biofilm
formation of Mycobacterium species. J. Nat. Med. 2013, 67, 271-275. [CrossRef] [PubMed]

Maréchal, ].P; Hellio, C. Challenges for the development of new non-toxic antifouling solutions. Int. J.
Mol. Sci. 2009, 10, 4623-4637. [CrossRef] [PubMed]

Zhang, Y.; He, L.S.; Zhang, G.; Xu, Y.; Lee, O.0.; Matsumura, K.; Qian, PY. The regulatory role of the
NO/cGMP signal transduction cascade during larval attachment and metamorphosis of the barnacle
Balanus (=Amphibalanus) amphitrite. |. Exp. Biol. 2012, 215, 3813-3822. [CrossRef] [PubMed]

Zhang, Y.F,; Zhang, H.; He, L.; Liu, C; Xu, Y.; Qian, P.Y. Butenolide inhibits marine fouling by altering the
primary metabolism of three target organisms. ACS Chem. Biol. 2012, 7, 1049-1058. [CrossRef] [PubMed]
Han, Z; Sun, J.; Zhang, Y.; He, F; Xu, Y.; Matsumura, K.; He, L.S.; Qiu, ] W.; Qi, S.H.; Qian, PY. iTRAQ-based
proteomic profiling of the barnacle Balanus amphitrite in response to the antifouling compound meleagrin.
J. Proteome Res. 2013, 12, 2090-2100. [CrossRef] [PubMed]

Zhang, H.; Wong, Y.H.; Wang, H.; Chen, Z.; Arellano, S.M.; Ravasi, T.; Qian, P.Y. Quantitative proteomics
identify molecular targets that are crucial in larval settlement and metamorphosis of Bugula neritina.
J. Proteome Res. 2011, 10, 349-360. [CrossRef] [PubMed]


http://dx.doi.org/10.1271/bbb.110943
http://www.ncbi.nlm.nih.gov/pubmed/22790932
http://dx.doi.org/10.1016/j.tet.2013.01.021
http://dx.doi.org/10.1080/08927010701566384
http://www.ncbi.nlm.nih.gov/pubmed/17852071
http://dx.doi.org/10.1007/s10126-007-7091-z
http://www.ncbi.nlm.nih.gov/pubmed/17436046
http://dx.doi.org/10.1080/07924259.1992.9672258
http://dx.doi.org/10.1007/s10126-007-9001-9
http://www.ncbi.nlm.nih.gov/pubmed/17497196
http://dx.doi.org/10.3390/md9102010
http://www.ncbi.nlm.nih.gov/pubmed/22073007
http://dx.doi.org/10.2174/1389557515666150101095853
http://www.ncbi.nlm.nih.gov/pubmed/25553429
http://dx.doi.org/10.1016/j.bmcl.2012.09.073
http://www.ncbi.nlm.nih.gov/pubmed/23084904
http://dx.doi.org/10.1016/j.bmcl.2009.08.095
http://www.ncbi.nlm.nih.gov/pubmed/19775890
http://dx.doi.org/10.1080/08927014.2011.594883
http://www.ncbi.nlm.nih.gov/pubmed/21707248
http://dx.doi.org/10.1080/08927014.2011.586127
http://www.ncbi.nlm.nih.gov/pubmed/21614700
http://dx.doi.org/10.1016/j.bmcl.2012.12.020
http://www.ncbi.nlm.nih.gov/pubmed/23290053
http://dx.doi.org/10.1007/s11418-012-0676-5
http://www.ncbi.nlm.nih.gov/pubmed/22684914
http://dx.doi.org/10.3390/ijms10114623
http://www.ncbi.nlm.nih.gov/pubmed/20087457
http://dx.doi.org/10.1242/jeb.070235
http://www.ncbi.nlm.nih.gov/pubmed/22855617
http://dx.doi.org/10.1021/cb200545s
http://www.ncbi.nlm.nih.gov/pubmed/22458453
http://dx.doi.org/10.1021/pr301083e
http://www.ncbi.nlm.nih.gov/pubmed/23540395
http://dx.doi.org/10.1021/pr100817v
http://www.ncbi.nlm.nih.gov/pubmed/21090758

Mar. Drugs 2017, 15, 266 21 of 21

81. Thompson Clarke Shipping Pty. Ltd.; CTI Consultants Pty. Ltd.; Lewis, J.A. Antifouling Performance
Standards for the Maritime Industry. Available online: http://www.environment.gov.au/marine/
publications/antifouling-performance-standards-maritime-industry (accessed on 21 July 2007).

82. Leroy, C.; Delbarre-Ladrat, C.; Ghillebaert, F.; Compere, C.; Combes, D. Effects of commercial enzymes on
the adhesion of a marine biofilm-forming bacterium. Biofouling 2008, 24, 11-22. [CrossRef] [PubMed]

83. Harder, T,; Lam, C.; Qian, PY. Induction of larval settlement in the polychaete Hydroides elegans by marine
biofilms: An investigation of monospecific diatom films as settlement cues. Mar. Ecol. Prog. Ser. 2002, 229,
105-112. [CrossRef]

84. Lau, S.CK,; Harder, T,; Qian, P.Y. Induction of larval settlement in the serpulid polychaete Hydroides elegans
(Haswell): Role of bacterial extracellular polymers. Biofouling 2003, 19, 197-204. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://www.environment.gov.au/marine/publications/antifouling-performance-standards-maritime-industry
http://www.environment.gov.au/marine/publications/antifouling-performance-standards-maritime-industry
http://dx.doi.org/10.1080/08927010701784912
http://www.ncbi.nlm.nih.gov/pubmed/18058451
http://dx.doi.org/10.3354/meps229105
http://dx.doi.org/10.1080/08927014.2003.10382982
http://www.ncbi.nlm.nih.gov/pubmed/14619288
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Fatty Acids and Lactones 
	Terpenes and Steroids 
	Benzenoids and Phenyl Ethers 
	Polyketides 
	Alkaloids 
	Nucleosides and Peptides 
	Enzymes 
	Biofilm Inhibitors 
	Conclusions and Future Perspectives 

