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Secondary Metabolites Retrieved from Irciniidae Specimens and the Possible Role of Associated
Microorganisms in Their Biosynthesis

Increasing research interest in the sponge-associated microbiota can be to a large extent attributed
to the production of an enormous diversity of biologically active secondary metabolites by marine
sponges, especially in the class Demospongiae [1]. Some studies suggested that certain bioactive
compounds retrieved from marine sponges; for instance, complex polypeptides and nonribosomal
peptides, are likely to be synthesized by the symbiont bacteria. This is due to their high resemblance
with metabolites known to be produced by bacteria, or to the fact that they belong to a class that is
commonly found in bacteria [2-6]. Notably, species within the family Irciniidae host several
metabolites primarily belonging to the large terpenoid and polyketide classes of natural products.
Many of these metabolites have been directly extracted from the host animal and shown interesting
biological activities. They are described below, along with comments on their potential microbial
origin whenever possible. It is not the scope of this review to provide the molecular structure of the
compounds described below. These structures can be accessed in the original reports covered by
our survey.

1. Terpenoids and Prenylated Compounds

Terpenoids are a class of compounds formally derived from isoprene units and classified based on
the number of carbon atoms in their molecular structure—e.g., monoterpenoids (Cio), sesquiterpenoids
(Cis), etc [7,8]. There are over 24,000 known terpenoids and many have been applied in food and
pharmaceutical industries [8,9]. The antimalarial Artemisinin derived from the plant Artemisia annua
and the anticancer paclitaxel (Taxol®) synthesized by the endophytic fungus Penicillium raistrickii in
the bark of Taxus brevifolia, which is being used to treat ovarian, lung and breast cancers, and head
and neck carcinoma and melanoma [8], are examples of terpenoids used in human health research.
Furthermore, paclitaxel is in clinical trials for other forms of cancer [10]. In 2002, the worldwide sales
of terpenoids-based pharmaceuticals were around 12 billion US dollars [8]. Besides, terpenoids are
also part of other compounds like meroterpenoids, which encompass terpenoid- and non-terpenoid
derived fragments such as chromanols, polyprenylated quinones and hydroquinones possessing a wide
range of biological activities [11]. Terpenoids dominate the chemistry of marine cnidarians, while
terpenoids, quinones and hydroquinones have been detected in marine sponges and in marine
bacteria [11-18]. In the following, we describe terpenoids and prenylated quinones/hydroquinones
isolated from Irciniidae species as well as their cytotoxic activities.

1.1. Anti-Viral Activity

The compounds penta-, hexa- and heptaprenylhydroquinone 4-sulphates were obtained from
Ircinia sp. (Norfolk Ridge region, New Caledonia) and showed to inhibit HIV-integrase enzymes [19].
Although showing promising results as anti-HIV drugs, heptaprenylhydroquinone and its methylated
derivative were found to be toxic to mammalian cells in culture [20]. A MeOH/toluene extract from
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Sarcotragus sp. showed significant in vitro antiviral activity towards Herpes simplex | and Polio
type | [21].

1.2. Antimicrobial Activity

The mixture of variabilin and strobilinin isolated from 1. strobilina showed high activity against
Staphylococcus aureus and Bacillus subtilis [22,23]. Palominin isolated from Ircinia sp. (Palomino
Island, Puerto Rico) inhibited the growth of Proteus vulgaris and Shigella flexineri [24]. The
2-octaprenyl-1,4-hydroquinone isolated from I. spinosula (note by authors: non-valid taxon. Accepted
name: Sarcotragus spinosulus) (Saronicos Gulf, Greece) was the most active metabolite against the
development of marine bacteria and fungi compared to compounds obtained from I. oros and
I. variabilis [25]. Sulfircin obtained from a deep-sea Ircinia sp. (Andros, Bahamas) was active against
Candida albicans [26].

1.3. Anti-Crustacean Activity

Some terpenoids were highly toxic in the Artemia salina shrimp test. These encompassed palominin
recovered from Ircinia sp. (Palomino Island, Puerto Rico; [24]), ircinin-1 and -2 (furanosesterterpenes)
isolated from 1. oros (North Adriatic Sea; [27]), and palinurin and fasciculatin sulphates recovered
from I. variabilis and I. fasciculata (Currently accepted taxon: Sarcotragus fasciculatus. For the sake
of clarity, in this review we will keep the source name Ircinia fasciculata whenever referring to
previous studies.) (Bay of Policastro), respectively [28]. From Sarcotragus sp., sarcotin P
(norsesterterpenoids) was also effective in the A. salina shrimp test [29]. Additionally, three sulphated
2-prenylhydroquinone derivatives retrieved from 1. spinosula (note by authors: non-valid taxon.
Accepted name: Sarcotragus spinosulus) (Sutomixica, Zadar, Croatia) exhibited greater activity in the
A. salina shrimp assay than the corresponding hydroquinones. This indicates that these compounds
play a defensive role against macro-symbionts, which were indeed absent in the host sponge [30].

Ircinin-1 and -2 (furanosesterterpenes), obtained from the Mediterranean I. oros, were very active
in a settlement inhibition assay of the cyprids Balanus ampbhitrite, whereas the acetates of the
compounds 2-octaprenyl-1,4-hydroquinone and 2-(24-hydroxy)-octaprenyl-1,4-hydroquinone isolated
from S. spinosulus (Saronicos Gulf, Greece) reduced the settlement of B. amphitrite larvae [25,31,32].

1.4. Activities against Vertebrates (Fish and Sea Urchin)

Tsoukatou and colleagues [25] demonstrated that the mixture of ircinin-1 and -2 obtained from
I. oros was responsible for the anti-feeding behaviour of the generalist predator fish Thalassoma pavo.
Palinurin has been recovered from I. variabilis at different sampling sites [28,33,34] and from
Psammocinia sp. (Korea; [35]), and moderate cytotoxicity was observed in the fish lethality test [28].
Reef fishes avoided the crude extract of 1. strobilina incorporated into carrageenan or calcium alginate
strips at its natural concentration. Further analysis revealed variabilin as the deterrent agent, whereas
pure variabilin added to calcium alginate was responsible to deter the feeding of natural assemblages
of reef fishes [36,37]. Variabilin also inhibited the feeding of the generalist predator fish
T. pavo [25]. Fasciculatin isolated from 1. fasciculata, I. oros and I. variabilis sampled at different
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locations [28,31,38,39] showed high toxicity in the fish lethality assay [28]. Moreover, the
furanosesterterpene tetronic acid (FTA) suvanine recovered from Ircinia sp. (Fiji Island) displayed
toxicity to goldfish and inhibited cell division of the sea urchin [40]. Freeman and Gleason found
FTAs in the inner body of I. felix, whereas in I. campana there was no significant difference between
the concentration of FTAs in the inner and outer layers [41]. This observation contradicts the previous
idea that the antipredator compounds should be in the outermost 2 mm of the sponge body. The
authors suggested that this high concentration of FTAs in the interior of the sponge may act to protect
this important region where physiological processes take place. In another survey, Freeman and
Gleason [42] demonstrated that extracts from inner and outer compartments of I. campana did not
differ in the capacity to deter generalist temperate reef fishes and the widespread sea urchin, whereas
extracts from the inner region of I. felix did not show enhanced deterrence to generalist reef fish and
one species of sea urchin. These results indicate that an increase in the concentrations of the defensive
chemical did not improve the protection of the sponges from predators, and that other factors might
play a role in the defensive compound allocation.

1.5. Anti-Cancer Activity

Several compounds recovered from Sarcotragus sp. showed marginal to significant cytotoxicity
towards a panel of five human cancer cell lines (A549 (colon), SK-OV-3 (ovarian), SK-MEL-2
(skin), XF498 (Central Nervous System - CNS) and HCT-15 (colon)). These comprehended sarcotins
A to J, M, N and O; sarcotins K and L (bisfuranoditerpenes) obtained as an inseparable mixture;
ent-kurospongin; sarcotragins A and B (trinosesterterpene lactans); epi-sarcotins A, B and F
(pyrrolosesterterpenoids); epi-sarcotrine A and B; ircinin-1 and -2; (7E,12E,18R,20Z)-variabilin;
(8E,13E,18R,202)-strobilin; sarcotrine A to F; epi-sarcotrines A to C (pyrrolosesterterpenoids); and
iso-sarcotrines E and F (pyrrolosesterterpenoids) [29,43-48]. Ircinin-1 isolated from Sarcotragus sp.
inhibited the proliferation of the skin cancer cell line SK-MEL-2 [49]. Further, the crude extract
containing sarcotragins A and B displayed moderate cytotoxicity towards the leukaemia cancer cell
line K652 [48]. Moreover, palinurin and isopalinurin were recovered from a Korean Psammocinia sp.
The former exhibited moderate selective cytotoxicity against the SK-MEL-2, A549, SK-OV-3, XF498
and HCT15 cancer cell lines [35]. Fasciculatin obtained from I. fasciculata (Bay of Naples, Italy)
inhibited the growth of the human cancer cell lines MCF-7 (breast), NCI-H640 (lung) and SF-268
(CNS) on a dose-dependent manner [39].

The kohamaic acids A and B (bicyclic sesterterpenoids) isolated from Ircinia sp. exhibited
cytotoxicity against the P388 leukaemia cell line [50]. From a Taiwan Ircinia spp., Su and
colleagues [51] isolated 15-acetylirciformonin B and 10-acetylirciformonin F, which exhibited strong
and moderately cytotoxic activity, respectively, against the K562 (chronic myelogenous leukaemia),
DLD-1 (colon adenocarcinoma), HepG2 and Hep3B (liver carcinoma) cancer cell lines. The authors
suggested that the furan moiety was essential for the cytotoxic activity of Cz2 furanoterpenoids.
Irciformonin B and F were also retrieved and the former showed significant cytotoxicity against the
K562, DLD-1 and HepG2 cancer cell lines, whereas the latter was active against the HepG2 cancer
cell line [51]. Further, heptaprenyl- and octaprenylhydroquinones isolated from S. spinosulus
(Callejones, Ceuta) inhibited cell metabolism and the number of cancer cells (K562) by, most likely,
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inducing apoptosis [52]. Irciformonin C and D (trinorsesterterpenoids) isolated from I. formosana
(Taiwan), exhibited mild cytotoxicity against WiDr (colon adenocarcinoma) cancer cells [53].

Wa&jen and colleagues [54] retrieved hexa- and nonaprenylhydroquinone from S. muscarum and
heptaprenylhydroquinone from I. fasciculata collected in Mersin and Fethiye (Turkey), respectively.
These compounds inhibited nuclear factor-kappa B (NF-kB)-signalling in H4IIE hepatoma cells, and
heptaprenylhydroquinone was the most active. Hexa- and heptaprenylhydroquinone disrupted the
extracellular-signal regulated kinase signalling pathway by inhibition of the epidermal growth factor
receptor (EGF-R), and heptaprenylhydroquinone also inhibited the activity of other kinases. Thus, the
heptaprenylhydroquinone might be especially useful for the development of anti-cancer drugs.

From a Korean Psammocinia sp., three novel scalarane sesterterpenes were obtained—212-deacetoxy-
23-hydroxyscalaradial (i), 12-dehydroxy-23-hydroxyhyrtiolide (ii) and 12-O-acetyl-16-deacetoxy-23-
acetoxyscalarafuran (iii) along with the known compounds 12-deacetoxy-23-hydroxyheteronemin (iv);
12-deacetoxy-23-acetoxy-19-O-acetylscalarin (v); 12-deacetoxy-23-O-acetoxyheteronemin (vi) and
12-deacetoxyscalaradial (vii) [55]. Among them, compound (iv) showed the most potent activities
towards human kidney carcinoma (ACHN), epithelioid carcinoma (PANC-1) and human pancreatic
carcinoma cell lines, and its activity was significantly stronger than the general anticancer drugs
used as positive controls. Compounds (v) and (vi) were also more cytotoxic than the control drugs
employed [55].

1.6. Anti-Inflammatory Activity

The search for selective inhibitors of phospholipase Az and their capacity to control inflammatory
processes appeared as an alternative to non-steroidal anti-inflammatory drugs. From S. spinosulus (Bay
of Naples, Italy), the compounds 2-octaprenyl-1,4-hydroquinone and 2-(24-hydroxy)-octaprenyl-1,4-
hydroquinone were recovered, and the greatest inhibitory effect occurred on a human recombinant
synovial enzyme in a concentration-dependent manner compared to snake and bee venom [56].
Moreover, octa- and nonaprenylhydroquinone sulphates retrieved from Sarcotragus sp. (Cleveland
Bay, Australia) inhibited a1, 3-fucosyltransferase VII and thus may be strong drug candidates to treat
inflammatory diseases [57]. Instead, the compound Sch599473 isolated from Ircinia sp. exhibited
weak inhibitory activity in the CCR7 receptor binding assay which is involved in a biological
cascade including inflammatory, allergic and metastasis processes [58]. From I. spinosula (note by
authors: non-valid taxon. Accepted name: Sarcotragus spinosulus) collected at Saronicos
Gulf (Greece) the compounds 2'-(28-hydroxy)-heptaprenyl-1',4’-hydroquinone, 2-hexaprenyl- and
2-heptaprenylhydroquinones were recovered and displayed anti-inflammatory activities [59].

1.7. Inhibitors of Protein Kinases

From a deep-sea Ircinia sp. (Norfolk Ridge region, New Caledonia) the compounds penta-, hexa-
and heptaprenylhydroquinone 4-sulphates were recovered and inhibited the tyrosine protein
kinase [19]. The cheilanthanes sesterterpenoids 25-hydroxy-13(24),15,17-cheilanthatrien-19,25-olide;
13,16-epoxy-25-hydroxy-17-cheilanthen-19,25-olide; 16,25-dihydroxy-13(24),17-cheilanthadien-
19,25-olide and 25-hydroxy-13(24),17-cheilanthadien-16,19-olide, retrieved from an Australian
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Ircinia sp., inhibited the serine protein kinases MSK1 (mitogen and stress activated kinase) and
MAPKAPK-2 (mitogen activated protein kinase) which are involved in signal transduction [60].

1.8. Other Activities

Sarcochromenol sulphate A and sarcohydroquinone sulphates A to C isolated from S. spinosulus
(Tasmanian Sea) repressed the activity of Na*, K* -ATPase from the rat brain [61].

The bicyclic sesterterpenoid kohamaic acid A, retrieved from Ircinia sp., was a potent DNA
polymerase inhibitor [50]. Additionally, 11 analogues of kohamaic acid A have been synthesized in the
laboratory and it was proposed that the carboxylic acid was important for the inhibition of DNA
polymerase [62].

From S. spinosulus (Saronicos Gulf, Greece) the compounds 2-octaprenyl-1,4-hydroquinone
and 2-(24-hydroxy)-octaprenyl-1,4-hydroquinone were isolated [25,31]. The former showed strong
interaction with 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) and had a moderate effect on lipid
peroxidation, whereas the latter interacted extensively with DPPH and exhibited a significant effect
against lipid peroxidation [25]. Methanolic extracts from I. fasciculata collected at Kremer (Turkey)
significantly scavenged nitric oxide (NO) and superoxide (SO) radicals [63]. These three free radicals
(DPPH, NO and SO) are involved in the pathogenesis of diabetes, arteriosclerosis, cardiovascular
diseases, cancer and several neurodegenerative disorders [63].

Irciformonin | (trinorsesterterpenoids) isolated from a Taiwan I. formosana showed significant
inhibition on peripheral blood mononuclear cell proliferation induced by phytohemagglutinin [64].

The compounds chromarols A to D isolated from a Papua New Guinea Psammocinia sp. were
shown to be potent and effective inhibitors of human 15-lipoxygenase which is responsible for the
signal pathway of atherosclerosis [65].

From an Australian Ircinia sp. and Psammocinia sp., three compounds (glycinyl lactam sesterterpene/
sesterterpene tetronic acids) were retrieved, from which (12E,20Z,18S)-8-hydroxyvariabilin may lead
the development of new drugs to treat temporal lobe epilepsy, while 8-hydroxyircinialactam A and B
could be helpful in the treatment of movement disorders [66]. The compounds (—)-ircinianin,
(—)-ircinianin sulphate, (—)-ircinianin lactam A, (—)-ircinianin lactam A sulphate, (—)-0xoircinianin,
(—)-oxoircinianin lactam A, and (—)-ircinianin lactone A were obtained from three Australian
Psammocinia sp. The glycinyl lactams (—)-ircinianin lactam A and (—)-oxoircinianin lactam A showed
to be a remarkably strong and selective a3 glycine-gated chloride channel receptor (GlyR) potentiator
and a selective al GlyR potentiator, respectively [67]. The authors attributed to the glycinyl-lactam
moiety the optimal potentiating effect. GlyRs play an essential role coordinating the inhibitory
neurotransmission in the spinal cord, brainstem and retina [68].

Using a metabolomics-chemometrics approach, Ali and colleagues [69] identified the metabolites
halisulphates 1, 3-5 and suvanine from Psammocinia and Sarcotragus spp. (Weno Island, Federated
States of Micronesia). Among these compounds, halisulphate-5 was the most active substance in the
adenosine receptor binding activity [69]. The adenosine Al receptor has been targeted as an
anti-obesity drug, because it blocks the receptor by an antagonist or inverse agonist [70,71].

In this section, the enormous amount of terpenoids and terpenoid-quinones retrieved from Irciniidae
species as well as their broad spectrum of activities were revealed. However, none of these studies
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discussed the possibility of these compounds to be produced by sponge symbionts. The capacity of
marine microorganisms to synthesize these molecules is well documented [15,72—75]. Considering the
high diversity of bacterial phyla associated with Ircinia spp. and S. spinosulus [76-80], it is likely that
some of these compounds are indeed produced by the bacterial associates. Further research is thus
needed to determine the real producers of the terpenoids and terpenoid-quinones detected in Irciniidae
species. Novel insights into this can be gained by the combined use of metagenomics, single-cell
genomics, metabolomics and alternative culturing approaches to the microbiome of irciniids.

2. Polyketides

Polyketides comprise the class of compounds for which most compelling evidence exists for the
prokaryotic origin of bioactive metabolites in marine sponges [2,81,82]. Displaying diverse structures
and bioactivities, polyketides present a worldwide pattern of occurrence across a vast range of marine
sponge species.

From an Australian I. ramosa 73-deoxychondropsin A was retrieved, whereas chondropsin C was
isolated from Ircinia sp. collected in the Philippines. These compounds belong to the condropsin
family of polyketide-derived macrolide lactams and showed cytotoxicity against the LOX (melanoma)
and the MOLT-4 (leukaemia) cancer cell lines [83].

Mycalolide A and C (trixazole macrolide) were isolated from Sarcotragus sp. [84]. The former was
originally obtained from the sponge Mycale sp., showing antagonistic activities towards many
pathogenic fungi and cytotoxicity against the B-16 melanoma cancer cell line [85]. Tedanolide C was
retrieved from Ircinia sp. collected at Papua New Guinea, and was shown to be cytotoxic to the
HCT-116 (colorectal) cancer cell line and proposed to act as an inhibitor of protein synthesis [86].

The compounds (+)-psymberin (resembling the pederin family of polyketides), (+)-pederin,
(-)-variabilin, (—)-psymbamide A, (-)-preswinholide A, and (+)-swinholide A were obtained from
P. aff. bulbosa (Papua New Guinea) [87,88]. Psymberin showed strong cytotoxic activity against the
HCT-116 (colorectal) cancer cell line [87]. In a pioneering study, Bewley and colleagues [89]
demonstrated that the occurrence of swinholide A isolated from Theonella swinhoei was limited to the
mixed population of unicellular heterotrophic bacteria. Further, psymberin was also recovered from
Psammocinia sp. and exhibited outstanding cytotoxicity against diverse human cancer cells lines, for
instance MDA-MB-435 and T-47 (breast), HCT-116 (colon), and SK-MEL-5 and -28 (melanoma).
Indeed, psymberin might be one of the most prominent candidates for drug development [90]. In the
beetle Paederus fuscipes, an uncultured bacterium closely related to Pseudomonas aeruginosa was
suggested to be the producer of pederin [91].

Although it is not possible to determine whether all polyketides recovered from Irciniidae species
have a bacterial origin, evidences from other sponge species and hosts [2,3,92] strongly suggest that
members of the complex irciniid microbiome may produce many of these compounds.

Supplementary Figure S1 (see the separate file)

Phylogenetic inference of the most abundant bacterial phyla retrieved from irciniids. All bacterial
16S rRNA gene sequences obtained from Irciniidae species publicly available at the National Center
for Biotechnology Information (NCBI) database [93] until December 2013 were downloaded.
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Sequences’ affiliation was assessed using the Ribosomal Database Project 11 (RDP) classifier tool [94]
with the confidence threshold at 80%. Sequences were then aligned using the SINA web aligner [95]
according to their phylum level affiliation. Aligned sequences were imported into the modified Silva
16S rRNA gene database version 102, which contained all sponge-derived 16S rRNA gene sequences
available in early 2010 [96], using the Arb parsimony interactive tool [97]. Alignments of several
sequences with a confidence threshold below 80% were manually checked and corrected when
necessary using the Arb alignment window. Once the affiliation of the sequences was
confirmed, phylogenetic trees were constructed with sequences obtained from cultivation (S1a) and
cloning-and-sequencing (S1b—i) studies. To this end, an appropriate evolutionary model was
determined for each phylogenetic tree using MEGA®G [98], and found to be the general-time reversible
model (GTR, [99]) with a discrete gamma-distribution of among-site rate variation (I's) and a
proportion of invariant sites (1), except for Alphaproteobacteria and Cyanobacteria inferences, in which
the invariant sites did not fit. Maximum likelihood analyses were conducted using MEGAG6 [98].
Bootstrap values (1000 repetitions) greater than or equal to 75% are shown on tree nodes. Sequences
marked in green, fuchsia and blue are from irciniids collected at the Caribbean region, Eastern Atlantic
Ocean and Mediterranean Sea, respectively.

Figure Sla. 16S rRNA-based phylogeny of bacteria cultured from irciniids, containing 328 sequences
(-In likelihood: 7108.6128).

Figure S1b. 16S rRNA-based phylogeny of irciniids-associated Alphaproteobacteria, containing 142
sequences (-In likelihood: 7635.5613).

Figure Slc. 16S rRNA-based phylogeny of irciniids-associated Gammaproteobacteria, containing 180
sequences (-In likelihood: 6018.4595).

Figure S1d. 16S rRNA-based phylogeny of irciniids-associated Deltaproteobacteria, containing 136
sequences (-In likelihood: 4391.2552).

Figure Sle. 16S rRNA-based phylogeny of irciniids-associated Cyanobacteria, containing 200
sequences (-In likelihood: 1789.9077).

Figure S1f. 16S rRNA-based phylogeny of irciniids-associated Chloroflexi, containing 121 sequences
(-In likelihood: 7709.7985).

Figure Sl1g. 16S rRNA-based phylogeny of irciniids-associated Acidobacteria, containing 107
sequences (-In likelihood: 4027.1615).

Figure Slh. 16S rRNA-based phylogeny of irciniids-associated Actinobacteria, containing 41
sequences (-In likelihood: 3234.7474).

Figure S1i. 16S rRNA-based phylogeny of irciniids-associated Bacteroidetes, containing 50 sequences
(-In likelihood: 4511.6255).
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