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1. Introduction

Abstract

Natural products played a key role in drug discovery. More than 50% of
currently available FDA-approved drugs are either directly or indirectly
derived from natural origin. However, novel therapeutic agents such as
antimicrobial and anticancer drugs are continuously in demand. Marine
environment is the most recent promising target for discovering new
bioactive natural products. Sponges are sessile marine invertebrates which
are known to be a rich source of structurally unique and chemically diverse
secondary metabolites with potent biological activities. These metabolites
have been frequently hypothesized to be of bacterial origin. More than 99 %
of bacteria are challenging to be cultured under the frequently laboratory
conditions so culture independent techniques such as metagenomics and
metatranscriptomics have been used as effective tools to study the sponges
associated bacterial community. These techniques also provide a mean of
discovering new bioactive metabolites from the associated communities with
the help of many computational and bioinformatics tools.

Keywords: Marine sponge; Natural products; Secondary metabolites;
Biosynthetic gene cluster; polyketide synthase; non ribosomal peptide
synthase.

Marine environment can be considered the most
recent promising source of novel bioactive natural

From the beginning of humanity, natural products have
been a valuable source as a remedy for various diseases.
They played a major role in drug discovery. As of
September 2019, more than 50% of currently available
FDA-approved drugs are either directly or indirectly
derived from natural products (Newman and Cragg
2020). However, novel therapeutic agents such as
antimicrobial and anticancer drugs are continuously in
demand. The prevalence of life-threatening microbial
infections and resistance to current antimicrobial agents
have increased dramatically. In addition, there is an
ongoing high need to overcome the cancer recurrence
associated with drug resistance, high toxicity and severe
side effects of the current chemotherapeutic agents (H.
Zhang et al. 2020; Z. Zhang et al. 2020). Besides, other
medical needs are currently unmet (Vuong 2021).

products with structural and chemical features
generally not found in terrestrial environment
(Romano et al. 2017). It hosts different organisms
that have evolved to live in tough and challenging
extreme conditions such as temperature, salinity,
pressure, and illumination (Karthikeyan, Joseph,
and Nair 2022). As a result, these organisms need
more adaptive changes to survive in these hard
conditions making them produce a special structure
of bioactive substances (Hamed et al. 2015).

Marine natural products are generally secondary
metabolites. Unlike primary metabolites, they are
not generated by regular metabolic pathways and do
not have any primary function associated with the
development, growth, or proliferation of its
producing organism (A et al. 2014) but rather act as
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essential factors to either attract, get rid of or kill other
organisms and thus increase their chance of survival
(Petersen, Kellermann, and Schupp 2020).

Sponges  (phylum Porifera) are sessile marine
invertebrates which are known to be a rich source for the
discovery of structurally unique secondary metabolites
that has potent biological activities such as antimicrobial,
anti-inflammatory, antitumor and general cytotoxicity
(Calcabrini et al. 2017; Carroll et al. 2019;
Varijakzhan et al. 2021).

This review illustrates the methods used for studying the
diversity of the marine sponge associated microbial
community and detecting their potential to produce
bioactive natural products highlighting their importance as
source for bioactive therapeutic natural products

2. Sponges microbiology

Sponges (Phylum: Porifera) are evolutionarily ancient
metazoans that have existed for 700-800 million years.
They are highly abundant not just in tropical oceans but
also in temperate and freshwater (Hentschel et al. 2002;
Radjasa et al. 2007). Marine sponges are found across
different depths from intertidal zones to thousands of
meters deep (Fusetani and Matsunaga 2002). Phylum
Porifera is a highly diverse taxa among sessile
multicellular invertebrates with about 8600 formally
reported and 15,000 estimated species (Orli¢ 2019).
Sponges are lacking muscular, nervous, respiratory,
immune and digestive systems. Instead, they have a body
with many tiny pores on their surface and canals within a
body plan designed to effectively pump water
(Ereskovsky and Lavrov 2021) which make marine
sponges excellent filter feeders. Sponges are strongly
associated with symbiotic microorganisms (Mw et al.
2007). They are considered as one of the most marine
holobiont hosting diverse and complex microbial
communities (L. Pita et al. 2018). Developing sponge can
acquire symbiotic microorganisms through vertical
transmission of microorganisms through the gametes of
the sponge by inclusion of the microbes in the oocytes or
larvae or during filter feeding through selective absorption
of particular microorganisms from the highly diverse
microbes in the surrounding water column that passes
through the sponge.

3. Approaches used in studying sponge

associated microorganisms

3.1 Culture-dependent methods

Most traditional studies of biodiversity and sponge
associated microbial community have depended on the
isolation and cultivation of the microbes from sponges.
However, the majority of bacteria are challenging to be
cultured under the frequently laboratory conditions,
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therefore the culture-dependent method only
provides limited information on the sponge
community structure (Dyda et al. 2018; Qaisrani
et al. 2019).

3.2 Culture independent methods

In the former four decades, culture-independent
molecular approaches, which exceed the need for
isolation and laboratory cultivation of sponge
associated microbes, have been developed. This
novel approach has essentially revolutionized the
field of environmental microbiology, as it is now
feasible to investigate microorganisms, and their
interactions with the environment and other
organisms in situ (Orli¢ 2019). Omics-based culture
independent techniques such as metagenomics and
metatranscriptomics have been used as effective
tools to get genomic and functional information on
sponge symbionts (T et al. 2010; F. L et al. 2012;
R et al. 2012; Boparai and Sharma 2021; El
Samak et al. 2023; Elsaeed et al. 2023).

A term “metagenome” was first used by
Handelsman et al., 1998 as “the genomes of the total
microbiota found in nature”, refers to using
sequencing techniques to analyze all of the genomic
DNA present in a sample to reveal the complete
biodiversity of the sample microbial community
including archaea, bacteria and eukaryotes in
addition to the functional potential of this
community (J et al. 1998; Dd et al. 2017; Pérez-
Cobas, Gomez-Valero, and Buchrieser 2020).
Currently, studying the biodiversity and structure of
sponge microbial communities using high-
throughput sequencing depends on two main
methods:  whole-genome  shotgun  (WGS)
metagenomics and marker gene studies.

Marker gene analysis depends on the sequencing of
a gene-specific region instead of all genomic DNA
to study the diversity and composition of specific
taxonomic groups exist in sponge microbial
community. The main used marker genes are the
16S rRNA gene (to characterize the diversity of
bacteria and archaea) (Rj et al. 2007; Radwan et
al. 2010), the internal transcribed spacer (ITS)
region (to analyse the composition of the fungal
community) (Cl et al. 2012) and the 18S rRNA (to
explore the presence of eukaryotes) (Bd et al.
2013).

Both approaches combined with high-throughput
sequencing technologies have been used widely to
characterize microbial communities. However, the
main advantage of WGS metagenomics against
marker gene sequencing is that it gives the chance
to characterize the genomic diversity of the
analyzed community as well as the potential



functions that are present in the studied community.

Another strategy, metatranscriptomics, used to capture
and sequence all of the RNA in a sample, providing a
profile of all actively transcribed genes and also their
relative abundance to allow the observation of gene
expression patterns and functionality of microbial
communities (Moran et al. 2013; Niu et al. 2018).

4. Diversity and structure of sponge

microbiota

Marine sponges host a wide range of microorganisms
from many domains of life mainly bacteria. To date, more
than 60 bacterial phyla, including newly discovered
candidate phyla that do not have any cultured
representative, have been reported from sponges. The
most predominant sponge-associated microorganisms are
represented in the phyla Proteobacteria, Chloroflexi,
Actinobacteria, Acidobacteria, Nitrospirae and in the
candidate phylum, Poribacteria which occurs almost
exclusively in marine sponges (Thomas et al. 2016;
Moitinho-Silva et al. 2017; Orli¢ 2019; J. A. Taylor et
al. 2021).

Sponges associated microbial communities have a high
degree of host specificity and temporal stability of the
microbial symbionts, in spite of the continuous influx of
seawater microorganisms resulting from filter-feeding
process with low seasonal and inter-annual variation
(Thomas et al. 2016). Surveys along different
environmental conditions (e.g., geographical distance
(Lucia Pita et al. 2013), season (Erwin et al. 2012; Pm
et al. 2015), habitat (Cardenas et al. 2014) and depth
(Steinert et al. 2016) have reliably proved that sponges
host species-specific and stable microbiomes at different
bacterial taxonomic levels (Steinert et al. 2017) and
prevalence levels (Astudillo-Garcia et al. 2017).

5. Bioactive natural products from marine
sponges

Particularly among marine invertebrates, sponges are
known as an important and a wealthy source of bioactive
natural products (Carroll et al. 2022). A lot of these
products showed various biological activities, such as
anticancer, antifungal, antibacterial, antiviral, anti-
inflammatory, antioxidant, antimalarial and bio-surfactant
activity (Abdelmohsen et al. 2010; EI Samak, Solyman,
and Hanora 2018; Abraham et al. 2021; Carroll et al.
2022; Kamel, Hanora, and Solyman 2022). Therefore,
sponge-derived natural products have become an
attractive subject for discovering new drug leads.
Searching for bioactive secondary metabolites produced
from marine sponges have been started in the early 1950s
when  the  nucleosides  spongothymidine  and
spongouridine, the basis for the synthesis of the first
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marine-derived anticancer agent ara-C, and the
antiviral drug ara-A, were isolated from the marine
sponge Cryptotethya crypta (Bergmann and
Feeney 1951; P, Ra, and R 2002).

Since this time, it was believed that the bioactive
secondary metabolites were all produced by
sponges themselves but later, it was hypothesized
that they were often produced by the sponges
microbial symbionts (Hentschel et al. 2012;
Esposito et al. 2015). This hypothesis is supported
by the bacterial like structure of various bioactive
compounds isolated from marine sponges such as
complex polyketides (PKSs) and non-ribosomal
peptides (NRPSs), which are exclusively produced
by microorganisms (Varijakzhan et al. 2021).
Faulkner et al. was the first who supported that
hypothesis through experimental investigation of
the localization of natural products within sponge
associated bacteria. For this target, sponge
Theonella swinhoei associated bacterial cells were
separated from sponge tissue by differential
centrifugation and the obtained bacterial cells were
analyzed chemically. As a result, the cytotoxic
peptide theopalauamide and the macrolide
swinholide A were proved to be produced by
filamentous heterotrophic bacteria and
heterotrophic unicellular bacteria, respectively
(Bewley, Holland, and Faulkner 1996).
Cytarabine (ara-C) was the first real start of the
sponge derived natural products to be applied as
approved drug as it was approved from the U.S.
Food and Drug Administration (FDA) as anticancer
drug (Cytosar-U®, Alexan®, Udicil®) (Anjum et
al., 2016; Newman & Cragg, 2016; Sagar et al.,
2010). This was followed by the anticancer
Gemcitabine (Gemzar) (S. G et al. 2001) and the
first intravenous antiviral Vidarabine (Vira-A®)
(Bertin et al. 2015; Brinkmann, Marker, and
Kurtboke 2017). Cytarabine, Gemcitabine and
Vidarabine were all derived from the Caribbean
sponge Cryptotheca crypta (Bergmann and Feeney
1951; P, Ra, and R 2002).

Another sponge derived compound which moved
through clinical trials to be FDA approved as
anticancer drug was the macrolide, eribulin
mesylate (Halaven®) a synthetic analog of the
sponge natural product halichondrin B, isolated
from the Japanese marine sponge Halichondria
okadai and was approved for metastatic breast
cancer chemotherapy (Ledford 2010). Moreover,
the current clinical pipeline contains many sponge
derived drug candidates in different clinical trials in
phase I, Il, or I as illustrated in Table 1.
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Table 1. List of sponges derived drug candidate in different clinical trials phases

Compound name Disease area Company or Reference
Institution
Salinosporamide A Anticancer and Bristol-Myers (National library of
(Marizomib) Potent proteasome | Squibb medicine(us) 2022)
inhibitor
(le\;ll;lp%?gg) Anti-cancer PharmaMar (Newman and Cragg 2014)
Discodermolide Anti-cancer Novartis (Amos B. Smith and
Freeze 2007)
Hemiasterlin (E7974) Anti-cancer Eisai Inc. (K. G et al. 2009)
PM-060184 Anti-cancer PharmaMar (Conte et al. 2021)
NVP-LAQ824 (Psammaplin Anti-cancer Novartis Pharma (Conte et al. 2021)
derivative, Dacinostat)

5.1 Chemical diversity of marine sponge natural
products

Sponges secondary metabolites are characterized by high
chemical diversity as they are grouped according to their
chemical structures into many different classes such as
alkaloids, terpenes, ribosomal peptides, polysaccharides,
anthraquinones, polyketides and non-ribosomal peptides
(Varijakzhan et al. 2021).

Polyketides (PKs) and non-ribosomal peptides (NRPs)
are two of the most important, diverse and largest natural
product families (Staunton and Weissman 2001;
Stssmuth and Mainz 2017). They are widely applied as
pharmaceutical drugs for the treatment of different
diseases such as the antibacterial (erythromycin and
vancomycin), the antifungal (amphotericin and
griseofulvin) (M and M 2018), the anti-parasitic
avermectin (Jf et al. 2017), and the anticancer drugs
(epothilone, anthracycline, doxorubicin and bleomycin)
(Washington and Wilson 1985; Altmann 2003; Ute Galm
et al. 2005; Levine 2006; Li, Kim, and Blenis 2014; K. L
and Rh 2016).

PKs and NRPs are constructed from relatively simple
chemical units which allow their high chemical diversity
(Stssmuth and Mainz 2017; Weissman and Leadlay
2005; Hertweck 2009). Their biosynthesis depends on
complex enzyme machineries named polyketide synthases
(PKSs) and non-ribosomal peptide synthases (NRPSs).
PKSs condense small carboxylic acids, mainly acetate and
propionate while NRPSs condense amino acids or
sometimes other organic acids to form PKs or NRPs ,
respectively (Staunton and Weissman 2001; Siissmuth
and Mainz 2017). However, these simple beginnings give
birth to a wide variety of medicinally valuable
compounds, such as macrolides, polyethers, enediynes,
and lactams (Hertweck 2009; Sussmuth and Mainz
2017).

5.1.1 PKSs

PKSs are classified into three different types (I-111)
depending on their assembly line architecture and
mode of action (Hertweck 2009).

A. Typel modular PKS

Type-1 PKSs are large multi-modular assembly-line
complexes primarily found in bacteria (Wang et al.
2020). They are composed of multiple catalytic
domains which arranged into modules. Each
module is responsible for adding one acyl building
block into the polyketide chain and performing
some types of modification (Hertweck 2009;
Keatinge-Clay 2012). PKS modules contain at least
three main domains: an acyl carrier protein (ACP)
domain, an acyltransferase (AT) domain and a
ketosynthase (KS) domain. AT domain loads an
(alkyl) malonyl extender unit onto the ppant thiol of
the ACP then (KS) domain receives the developing
polyketide chain from the ACP domain of the
upstream module. After that, KS domain catalyzes
a decarboxylative Claisen condensation reaction
with the extender unit attached to the ACP domain
of the downstream module, producing a [-keto
chains. This chain may undergo some modifications
by other accessory domains, i.e. the additional
incorporation of a ketoreductase (KR) domain
converts the keto-functionality into a -OH group,
which can be removed by a dehydratase (DH)
domain to produce an alpha-beta unsaturated
alkene, which can subsequently be reduced to a
single bond in the presence of an enoyl-reductase
(ER) domain. Also, C- and O-methyltransferases
(MTs) domains can modify the growing polyketide
chain. Elongation modules contain all three core
domains (ACP, AT, and KS), while the loading
module lacks a KS domain and the terminal module



have a thioestrase (TE) domain, which is responsible for
only releasing the linear polyketide chain or releasing it
with macrocyclization (Alanjary et al. 2019).

There are two phylogenetically distinct classes of modular
PKSs, cis-AT PKSs and trans-AT PKSs (Khosla et al.
2007). PKSs belong to cis-AT class commonly have AT
domains incorporated into each module. On the other side,
PKSs of trans-AT class mainly have a single standalone
AT domain that provide a malonyl extender unit to each
of the ACP domains in the assembly line (Piel 2002;
Cheng, Tang, and Shen 2003). About 40% of modular
PKSs in bacteria were estimated to be grouped under the
trans-AT class (O’Brien et al. 2014). Metagenomic
investigations have revealed that trans-AT polyketide
synthases are often the source of the most potent and
structurally diverse polyketides isolated from marine
invertebrates (Helfrich and Piel 2016).

B. Type 1 iterative PKS

This type is more dominant in fungi. It is a mono-modular
type so the same set of domains is used multiple times for
each round of polyketide elongation and processing
during a single polyketide biosynthesis (Hertweck 2009).
C. Type 11 PKS

Type Il PKSs are multi-enzyme complexes formed of
mono-functional proteins. They are found mainly in
bacteria and produce diverse aromatic polyketides
(Hertweck et al. 2007; Wang et al. 2020).

D. Type Ill PKS

Type Il PKSs consist of a single protein with multiple
modules. they are also iterative and have been found in
bacteria, fungi and plants (D. Yu et al. 2012). Microbial
type 1l PKSs have many interesting features over that of
plant type IlIl PKSs. Moreover, they actually produce
many compounds with significant biological functions
and important pharmaceutical activities (Katsuyama and
Ohnishi 2012).

5.1.2 NRPSs

NRPSs, similar to modular type 1 PKSs, are large modular
multifunctional enzymes. Each module catalyzes the
incorporation and modification of a certain amino acid and
sequentially extends the peptide in an assembly line
fashion in order to synthesize peptides from different non-
proteinogenic amino acids without using the cell
ribosomal machinery and mRNAs (Soltani 2016;
Alanjary et al. 2019). Each module consists of multiple
catalytic domains at least three main domains that form a
minimal module: the adenylation (A) domain, the peptidyl
carrier protein (PCP) domain and the condensation (C)
domain.

The A domain picks, activates and transfers a certain
amino acid to the PCP domain which holds the amino acid
building blocks via a 4’-phosphopantetheine prosthetic
arm. Successively, the C domain catalyzes the peptide
bond formation of the amino acid attached to the PCP
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domain of the same module and the other amino
acid on the PCP domain of the upstream module.
The formed growing peptide chain can be further
modified by the action of additional accessory
domains such as epimerization (E) domain which is
responsible for the incorporation of D-amino acids
through the epimerization of the C, center of the S-
aminoacyl-PCP. Another additional domain is
methyltransferases (MT) domain which s
responsible for the C- or N-methylation. In addition,
heterocyclization may occur due to cyclization (Cy)
domains, while redox-active (Ox, Red) domains are
able to determine their redox state (Kim et al. 2019;
Alanjary et al. 2019; Setyahadi 2020).

The biosynthesis of both NRPs and type 1 PKs
proceeds according to the co-linearity rule where
the amino acid or acyl units sequence of the peptide
or the polyketide product can be predicted
depending on the organization and order of modules
(Kim et al. 2019; Alanjary et al. 2019; Setyahadi
2020).

5.1.3 Hybride PKS and NRPS

The remarkable similarities between PKSs and
NRPSs enable the formation of hybrid clusters that
contain domains of both classes. The hybrid PKS-
NRPS clusters increase the diversity of the
secondary metabolites produced by microorganisms
(I et al. 2012).

5.2 Polyketides and non-ribosomal peptides
from marine sponges

Many different macrolides as well as cyclic and
linear peptides which are synthesized by PKSs
or/and NRPS were isolated from sponges.
Swinholide A was the first symmetric 44-membered
macrolide to be isolated from the Red Sea marine
sponge Theonella swinhoei (Carmely and
Kashman 1985). It showed antifungal activity and
potent cytotoxicity against different tumor cells.
Many derivatives of swinholide A were also
isolated from the same sponge. These derivatives
differ from the parent compound of swinholide A in
the carbon backbone as in swinholide |,
misakinolide A and Hurghadolide A. Swinholide |
and hurghadolide A exhibited in vitro cytotoxic
activity against human colon adenocarcinoma
(HCT-116) with 1C50 values of 5.6 and 365 nM,
respectively. In addition, they caused disruption of
the actin cytoskeleton at concentrations of 70 and
7.3 nM, respectively. Furthermore, both compounds
showed antifungal activity against Candida
albicans. Misakinolide A is also considered a highly
active antitumor macrolide (Kato et al. 1987
SakaiRyuichi, HigaTatsuo, and KashmanYoel
2006; Dt and Sl 2006).



a Type | polyketide synthase (PKS)

(=)
""" ) -

...... o]

b Monribosomal peptide synthase (MRPS)

‘c A |ecep| E ‘CyOxAPCP_-_

c Hybrid PKS/NRPS system

e &

o]
le] e
HaN

[e[nlror] e ] CXo)Ten) — [
5

Rec. Pharm. Biomed. Sci. 7 (2), 152-166, 2023

A |PCP E Cy | Ox A

HaN

Figure 1. Hypothetical examples of the modular organization in a) PKSs, b) NRPs and ¢) hybrid PKS/NRPSs
(Sherman et al. 2012).

Theonellamides are bicyclic peptides isolated from the
marine sponge Theonella swinhoei. Theonellamides A-G
were found to be potent antifungal agents and showed
potent cytotoxicity against different cancer cell lines
(Shigeki Matsunaga and Fusetani 1995; Shigeki
Matsunaga et al. 2002; Youssef et al. 2014).
Theonellamide | was shown to possess cytotoxicity
against HeLa cell line (Fukuhara et al. 2018).
Theonellamide F displayed antifungal properties against
different pathogenic fungal strains, such as Candida sp.,
Aspergillus  sp., and Trichophyton sp. (Shigeki
Matsunaga et al. 2002). Another cyclic peptide,
microsclerodermins, exhibited potent antifungal activity.
They were isolated from marine sponges of the genera
Microscleroderma as well as Theonella (Schmidt and
Faulkner 1998).

Discodermin A, a tetra-decaspeptide; , and its analouges,
discodermin B, C, D and E were isolated from the
Japanese sponge Discodermia kiiensis (S. Matsunaga,
Fusetani, and Konosu 1984; Shigeki Matsunaga,
Fusetani, and Konosu 1985). All of them have

antimicrobial activity. In addition, discodermins A—
D are potent inhibitors of enzyme PLA2 while
discodermin E showed cytotoxicity (Ryu,
Matsunaga, and Fusetani 1994; Ebada and
Proksch 2012; Negi, Kumar, and Rawat 2017).
The cytotoxic peptides , discokiolides and
lipodiscamides have also been isolated from
Discodermia kiiensis (Tan, Wakimoto, and Abe
2014; Wakimoto 2023).

A proline-rich cyclopeptide, Callyaerins A, was
isolated from marine sponge Callyspongia aerizusa
and displayed potent antifungal activity against
Candida albicans (Vitali 2018). In addition, the
compound woodylides A and C, a linear polyketide
from marine sponge Plakortis simplex, exhibited
moderate antifungal activity against Cryptococcus
neoformans, with 1Cso values of 3.67 pug/mL and
10.85 pg/mL, respectively (H.-B. Yu et al. 2012).
The macrolides Altohyrtin  A-C and 5-
desacetylaltohyrtin A have been isolated from the
Okinawan marine sponge Hyrtios altum. They



exhibited highly potent cytotoxicity against KB cells with
IC50 values of 0.02, 0.4 and 0.3 ng/ml, respectively
(Kobayashi, Aoki, Sakai, Kawazoe, et al. 1993;
Kobayashi, Aoki, Sakai, Kihara, et al. 1993).

5.3 Approaches for discovering marine natural
products

5.3.1 Traditional isolation methods

Traditional strategies are used for marine sponges’ natural
product discovery. These strategies involve sponge
metabolic extraction followed by isolation of pure
compounds by different separation techniques such as
TLC, column chromatography and HPLC. These pure
compounds are then used for the determination of
structure and screening for biological activity.
(Sasidharan et al. 2011). However, the supply problem is
considered as a major limitation of this method. The
majority of natural products produced from marine
sponges are hypothesized to be produced by the sponge
associated bacteria leading to their production in
inadequate low amounts especially as more than 99% of
these associated bacteria are uncultrable. The insufficient
production of several marine natural products with
promising pharmaceutical applications has led to ending
their progression into clinical phases because the stage of
clinical trial needs a considerable amount of drug mass;
usually kilogram amounts, while the traditional isolation
techniques produce approximately up to 10 ug (Donia et
al. 2011; Tsukimoto et al. 2011). In addition, over
harvesting from marine animals to produce sufficient
amounts is not allowed since this can lead to extinction of
marine species and damage essential coastal reefs.

5.3.2 Mining sponge metagenome for natural products
biosynthetic gene clusters (BGCs)

As a result of the limitations of traditional methods,
development of techniques to both discover and supply
sufficient compounds for biological assay and
pharmaceutical applications is required. On this aspect,
metagenomics provide a mean of discovering new
bioactive metabolites from bacterial communities
associated with marine sponges (Banik and Brady 2010;
Trindade et al. 2015). The enzymatic machineries
responsible for the biosynthesis of these metabolites are
usually encoded by many locally clustered genes within
the genome of the producing microorganism known as
BGCs (Chen et al. 2020). Metagenomics allow the
identification of these BGCs responsible for the
biosynthesis of bioactive natural products within the
marine sponge metagenome. This metagenomics-BGCs
mining approach would enable the cloning of these BGCs
captured directly from sponge metagenome and
subsequently  constructing heterologous expression
systems of these BGCs in easily cultured bacteria allowing
the sustainable production of sponge-derived natural
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products (Ar, J, and T 2018). For example,
approximately 13,000 kg of the marine bryozoan
Bugula neritina are required to obtain only 18 g of
the cyclic polyketides bryostatins for anti-cancer
clinical trials but later, the bryostatin biosynthetic
genes have been discovered and characterized
through metagenomic BGC mining approach and
the uncultivated marine symbiotic bacteria
“Candidatus Endobugula sertula” has been
expected to be its likely natural source so
heterologous expression of this biosynthetic gene
cluster has the potential of producing the bioactive
bryostatins in large enough amounts for
development into a pharmaceutical (M. W. Taylor
et al. 2007; S et al. 2007; Trindade-Silva et al.
2010)

On the other side, the cloning and expression
approach of BGCs captured directly from sponge
metagenome can also overcome the limitation of
the silent or cryptic BGCs of cultrable associated
bacteria as most of the BGCs present in genomes of
cultured sponge symbiotic bacteria are silent or
cryptic under standard laboratory growth conditions
so identification and activation of these BGCs
would allow the production of their encoded natural
product (Mao et al. 2018).

Many computational and bioinformatic tools have
been designed for the identification of the BGCs
responsible for the biosynthesis of bioactive natural
products within the marine sponge metagenome.
The majority of them use the searching tools, Basic
Local Alignment Search Tool (BLAST) or profile
hidden Markov models (HMMs) as a base to
identify the BGCs responsible for natural product
biosynthesis (Ren et al., 2020). These tools include
NAPDOS “Natural Product Domain Seeker”,
antiSMASH “antibiotics and secondary metabolites
analysis shell’, NP.searcher and ClustSca (H, C,
and H 2020).

Many publicly available online databases can
facilitate the metagenome mining analysis of BGCs.
The antiSMASH database is a repository of
antiSMASH-annotated BGCs from more than
20,000 bacterial genomes and includes above
150,000 BGCs. The BGC family database BiG-
FAM is a database of 29,955 GCFs covering the
global diversity of 1,225,071 BGCs detected within
209,206 publicly available microbial genomes and
metagenome-assembled genomes (MAGsS)
(Kautsar et al. 2021). The “Minimum Information
about a Biosynthetic Gene Cluster” (MIBiG)
database contains annotated BGCs with known
functions and the secondary metabolites they
produce. This database is especially useful in



identifying BGCs in sequenced genomes that can produce
the same or similar sets of compounds according to
sequence homology, therefore allow detecting novel
BGCs. The MIBIG till now contains 2021 manually
curated BGCs (Kautsar et al. 2020).

6. Conclusion

Marine sponge hosts highly diverse microbial
communities. The sponges associated bacterial
community is the largest source of marine natural products
with diverse structure and potent therapeutic activities.
Omics based techniques such as meagenomics and
metatranscriptomics are the most effective and
informative tools for studying the sponge associated
microbes and can be used for detecting BGCs responsible
for the biosynthesis of natural products.

7. References
A, Martins, Vieira H, Gaspar H, and Santos S. 2014.
“Marketed Marine Natural Products in the Pharmaceutical

and Cosmeceutical Industries: Tips for Success.” Marine
Drugs 12 (2). https://doi.org/10.3390/md12021066.

Abdelmohsen, Usama Ramadan, Sheila M. Pimentel-
Elardo, Amro Hanora, Mona Radwan, Soad H. Abou-El-
Ela, Safwat Ahmed, and Ute Hentschel. 2010. “Isolation,
Phylogenetic Analysis and Anti-Infective Activity
Screening of Marine Sponge-Associated Actinomycetes.”
Marine Drugs 8 (3): 399-412.
https://doi.org/10.3390/md8030399.

Abraham, Reinu E., Mousa Alghazwi, Qi Liang, and Wei
Zhang. 2021. “Advances on Marine-Derived Natural
Radioprotection Compounds: Historic Development and
Future Perspective.” Marine Life Science & Technology 3
(4): 474-87. https://doi.org/10.1007/s42995-021-00095-
X.

Alanjary, Mohammad, Carolina Cano-Prieto, Harald
Gross, and Marnix H. Medema. 2019. “Computer-Aided
Re-Engineering of Nonribosomal Peptide and Polyketide
Biosynthetic Assembly Lines.” Natural Product Reports
36 (9): 1249-61. https://doi.org/10.1039/CONPO0021F.
Altmann, Karl-Heinz. 2003. “Epothilone B and Its
Analogs - A New Family of Anticancer Agents.” Mini-
Reviews in Medicinal Chemistry 3 (2): 149-58.
https://doi.org/10.2174/1389557033405269.

Amos B. Smith, L. I. I., and B. Scott Freeze. 2007. “(+)-
Discodermolide: Total Synthesis, Construction of Novel
Analogues, and Biological Evaluation.” Tetrahedron 64
(2): 261. https://doi.org/10.1016/j.tet.2007.10.039.

Rec. Pharm. Biomed. Sci. 7 (2), 152-166, 2023

Ar, Uria, Piel J, and Wakimoto T. 2018.
“Biosynthetic  Insights of Calyculin- and
Misakinolide-Type Compounds in ‘Candidatus
Entotheonella Sp.”” Methods in Enzymology 604.
https://doi.org/10.1016/bs.mie.2018.02.017.

Astudillo-Garcia, Carmen, James J. Bell, Nicole S.
Webster, Bettina Glasl, Jamaluddin Jompa, Jose M.
Montoya, and Michael W. Taylor. 2017.
“Evaluating the Core Microbiota in Complex
Communities: A Systematic Investigation.”
Environmental Microbiology 19 (4): 1450-62.
https://doi.org/10.1111/1462-2920.13647.

Banik, Jacob J, and Sean F Brady. 2010. “Recent
Application of Metagenomic Approaches toward
the Discovery of Antimicrobials and Other
Bioactive Small Molecules.” Current Opinion in
Microbiology 13 (5): 603-9.
https://doi.org/10.1016/j.mib.2010.08.012.

Bd, Lindahl, Nilsson Rh, Tedersoo L, Abarenkov K,
Carlsen T, Kjeller R, Koljalg U, et al. 2013. “Fungal
Community  Analysis by  High-Throughput
Sequencing of Amplified Markers--a User’s
Guide.” The New Phytologist 199 (1).
https://doi.org/10.1111/nph.12243.

Bergmann, Werner, and Robert J. Feeney. 1951.
“CONTRIBUTIONS TO THE STUDY OF
MARINE PRODUCTS. XXXII. THE
NUCLEOSIDES OF SPONGES. I. 1.” The Journal
of Organic Chemistry 16 (6): 981-87.
https://doi.org/10.1021/jo01146a023.

Bertin, Matthew J., Sarah L. Schwartz, John Lee,
Anton Korobeynikov, Pieter C. Dorrestein, Lena
Gerwick, and William H. Gerwick. 2015.
“Spongosine Production by a Vibrio Harveyi Strain
Associated with the Sponge Tectitethya Crypta.”
Review-article. ACS Publications. American
Chemical Society and American Society of
Pharmacognosy. World. February 10, 2015.
https://doi.org/10.1021/np5009762.

Bewley, C. A., N. D. Holland, and D. J. Faulkner.
1996. “Two Classes of Metabolites FromTheonella
Swinhoei Are Localized in Distinct Populations of
Bacterial Symbionts.” Experientia 52 (7): 716-22.
https://doi.org/10.1007/BF01925581.

Boparai, Jaspreet Kaur, and Pushpender Kumar
Sharma. 2021. “Metagenomics and


https://doi.org/10.3390/md12021066
https://doi.org/10.3390/md8030399
https://doi.org/10.1007/s42995-021-00095-x
https://doi.org/10.1007/s42995-021-00095-x
https://doi.org/10.2174/1389557033405269
https://doi.org/10.1016/j.tet.2007.10.039
https://doi.org/10.1016/bs.mie.2018.02.017
https://doi.org/10.1111/1462-2920.13647
https://doi.org/10.1016/j.mib.2010.08.012
https://doi.org/10.1111/nph.12243
https://doi.org/10.1021/jo01146a023
https://doi.org/10.1021/np5009762
https://doi.org/10.1007/BF01925581

Metatranscriptomics Approaches in Understanding and
Discovering  Novel Molecules in  Rhizosphere
Environment.” Omics Science for Rhizosphere Biology,
41-52. https://doi.org/10.1007/978-981-16-0889-6_3.

Brinkmann, Candice M., Amberlee Marker, and D. Ipek
Kurtboke. 2017. “An Overview on Marine Sponge-
Symbiotic Bacteria as Unexhausted Sources for Natural
Product  Discovery.”  Diversity 9 (4): 40.
https://doi.org/10.3390/d9040040.

Calcabrini, Cinzia, Elena Catanzaro, Anupam Bishayee,
Eleonora Turrini, and Carmela Fimognari. 2017. “Marine
Sponge Natural Products with Anticancer Potential: An
Updated Review.” Marine Drugs 15 (10): 310.
https://doi.org/10.3390/md15100310.

Céardenas, César A., James J. Bell, Simon K. Davy,
Michael Hoggard, and Michael W. Taylor. 2014.
“Influence of Environmental Variation on Symbiotic
Bacterial Communities of Two Temperate Sponges.”
FEMS Microbiology Ecology 88 (3): 516-27.
https://doi.org/10.1111/1574-6941.12317.

Carmely, Shmuel, and Yoel Kashman. 1985. “Structure of
Swinholide-a, a New Macrolide from the Marine
Sponge.” Tetrahedron Letters 26 (4): 511-14.
https://doi.org/10.1016/S0040-4039(00)61925-1.

Carroll, Anthony R., Brent R. Copp, Rohan A. Davis,
Robert A. Keyzers, and Michéle R. Prinsep. 2019.
“Marine Natural Products.” Natural Product Reports 36
(1): 122-73. https://doi.org/10.1039/C8NPO0092A.

2022. “Marine Natural Products.” Natural
Product Reports 39 (6): 1122-71.
https://doi.org/10.1039/D1NP00076D.

Chen, Ray, Hon Lun Wong, Gareth S. Kindler, Fraser lain
MacLeod, Nicole Benaud, Belinda C. Ferrari, and
Brendan P. Burns. 2020. “Discovery of an Abundance of
Biosynthetic Gene Clusters in Shark Bay Microbial
Mats.” Frontiers in Microbiology 0.
https://doi.org/10.3389/fmicb.2020.01950.

Cheng, Yi-Qiang, Gong-Li Tang, and Ben Shen. 2003.
“Type 1 Polyketide Synthase Requiring a Discrete
Acyltransferase for  Polyketide Biosynthesis.”
Proceedings of the National Academy of Sciences 100 (6):
3149-54. https://doi.org/10.1073/pnas.0537286100.

Cl, Schoch, Seifert Ka, Huhndorf S, Robert V, Spouge JI,
Levesque Ca, and Chen W. 2012. “Nuclear Ribosomal
Internal Transcribed Spacer (ITS) Region as a Universal

160

DNA Barcode Marker for Fungi.” Proceedings of
the National Academy of Sciences of the United
States of America 109 (16).
https://doi.org/10.1073/pnas.1117018109.

Conte, Mariarosaria, Elisabetta Fontana, Angela
Nebbioso, and Lucia Altucci. 2021. “Marine-
Derived Secondary Metabolites as Promising
Epigenetic  Bio-Compounds  for  Anticancer
Therapy.” Marine Drugs 19 (2).
https://doi.org/10.3390/md19010015

Dd, Roumpeka, Wallace Rj, Escalettes F,
Fotheringham I, and Watson M. 2017. “A Review
of Bioinformatics Tools for Bio-Prospecting from
Metagenomic Sequence Data.” Frontiers in
Genetics 8 (March).
https://doi.org/10.3389/fgene.2017.00023.

Donia, Mohamed S., Duane E. Ruffner, Sheng Cao,
and Eric W. Schmidt. 2011. “Accessing the Hidden
Majority of Marine Natural Products through
Metagenomics.” ChemBioChem 12 (8): 1230-36.
https://doi.org/10.1002/cbic.201000780.

Dt, Youssef, and Mooberry SI. 2006.
“Hurghadolide A and Swinholide I, Potent Actin-
Microfilament Disrupters from the Red Sea Sponge
Theonella Swinhoei.” Journal of Natural Products
69 (1). https://doi.org/10.1021/np050404a.

Dyda, Magdalena, Przemyslaw Decewicz,
Krzysztof Romaniuk, Martyna Wojcieszak,
Aleksandra Sklodowska, Lukasz Dziewit, Lukasz
Drewniak, and Agnieszka Laudy. 2018.
“Application of Metagenomic Methods for
Selection of an Optimal Growth Medium for
Bacterial Diversity Analysis of Microbiocenoses on
Historical ~ Stone  Surfaces.”  International
Biodeterioration & Biodegradation 131 (July): 2—
10. https://doi.org/10.1016/j.ibiod.2017.03.009.

Ebada, Sherif S., and Peter Proksch. 2012. “The
Chemistry of Marine Sponges*.” In Handbook of
Marine Natural Products, edited by Ernesto
Fattorusso, William H. Gerwick, and Orazio
Taglialatela-Scafati, 191-293. Dordrecht: Springer
Netherlands. https://doi.org/10.1007/978-90-481-
3834-0 4.

El Samak, Manar, Samar M. Solyman, and Amro
Hanora. 2018. “Antimicrobial Activity of Bacteria
Isolated from Red Sea Marine Invertebrates.”
Biotechnology Reports 19 (September): e00275.


https://doi.org/10.1007/978-981-16-0889-6_3
https://doi.org/10.3390/d9040040
https://doi.org/10.3390/md15100310
https://doi.org/10.1111/1574-6941.12317
https://doi.org/10.1016/S0040-4039(00)61925-1
https://doi.org/10.1039/C8NP00092A
https://doi.org/10.1039/D1NP00076D
https://doi.org/10.3389/fmicb.2020.01950
https://doi.org/10.1073/pnas.0537286100
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.3390/md19010015
https://doi.org/10.3389/fgene.2017.00023
https://doi.org/10.1002/cbic.201000780
https://doi.org/10.1021/np050404a
https://doi.org/10.1016/j.ibiod.2017.03.009
https://doi.org/10.1007/978-90-481-3834-0_4
https://doi.org/10.1007/978-90-481-3834-0_4

https://doi.org/10.1016/j.btre.2018.e00275.

El Samak, Manar, Samira Zakeer, Amro Hanora, and
Samar M. Solyman. 2023. “Metagenomic and
Metatranscriptomic Exploration of the Egyptian Red Sea
Sponge Theonella Sp. Associated Microbial Community.”
Marine Genomics 70 (August): 101032.
https://doi.org/10.1016/j.margen.2023.101032.

Elsaeed, Esraa, Shymaa Enany, Samar Solyman,
Mohamed Shohayeb, and Amro Hanora. 2023. “Mining
Chromodoris Quadricolor Symbionts for Biosynthesis of
Novel Secondary Metabolites.” Marine Genomics 68
(April): 101017.
https://doi.org/10.1016/j.margen.2023.101017

Ereskovsky, Alexander, and Andrey Lavrov. 2021.
“Porifera,” January, 19-54.
https://doi.org/10.1002/9781119507697.ch2.

Erwin, Patrick M., Lucia Pita, Susanna Lopez-Legentil,
and Xavier Turon. 2012. “Stability of Sponge-Associated
Bacteria over Large Seasonal Shifts in Temperature and
Irradiance.” Applied and Environmental Microbiology,
October. https://doi.org/10.1128/AEM.02035-12.

Esposito, Germana, Roberta Teta, Roberta Miceli, Luca S.
Ceccarelli, Gerardo Della Sala, Rosa Camerlingo, Elena
Irollo, Alfonso Mangoni, Giuseppe Pirozzi, and Valeria
Costantino. 2015. “Isolation and Assessment of the in
Vitro Anti-Tumor Activity of Smenothiazole A and B,
Chlorinated Thiazole-Containing Peptide/Polyketides
from the Caribbean Sponge, Smenospongia Aurea.”
Marine Drugs 13 (2): 444-59,
https://doi.org/10.3390/md13010444.

Fukuhara, Kazuya, Kentaro Takada, Ryuichi Watanabe,
Toshiyuki  Suzuki, Shigeru Okada, and Shigeki
Matsunaga. 2018. “Colony-Wise Analysis of a Theonella
Swinhoei Marine Sponge with a Yellow Interior Permitted
the Isolation of Theonellamide 1.” Journal of Natural
Products 81 (12): 2595-99.
https://doi.org/10.1021/acs.jnatprod.8b00591.

Fusetani, Nobuhiro, and Shigeki Matsunaga. 2002.
“Bioactive Sponge Peptides.” ACS Publications.
American Chemical Society. World. May 1, 2002.
https://doi.org/10.1021/cr00021a007.

G, Kuznetsov, TenDyke K, Towle Mj, Cheng H, Liu J,
Marsh Jp, Schiller Se, et al. 2009. “Tubulin-Based
Antimitotic Mechanism of E7974, a Novel Analogue of
the Marine Sponge Natural Product Hemiasterlin.”
Molecular Cancer Therapeutics 8 (10).

Rec. Pharm. Biomed. Sci. 7 (2), 152-166, 2023

https://doi.org/10.1158/1535-7163.MCT-09-0301.

G, Schwartsmann, Brondani da Rocha A, Berlinck
Rg, and Jimeno J. 2001. “Marine Organisms as a
Source of New Anticancer Agents.” The Lancet.
Oncology 2 (4). https://doi.org/10.1016/s1470-
2045(00)00292-8.

H, Ren, Shi C, and Zhao H. 2020. “Computational
Tools for Discovering and Engineering Natural
Product Biosynthetic Pathways.” IScience 23 (1).
https://doi.org/10.1016/j.isci.2019.100795.

Hamed, Imen, Fatih Ozogul, Yesim Ozogul, and Joe
M. Regenstein. 2015. “Marine Bioactive
Compounds and Their Health Benefits: A Review.”
Comprehensive Reviews in Food Science and Food
Safety 14 (4): 446-65.
https://doi.org/10.1111/1541-4337.12136.

Helfrich, Eric J. N., and Jorn Piel. 2016.
“Biosynthesis of Polyketides by Trans-AT
Polyketide Synthases.” Natural Product Reports 33
(2): 231-316.
https://doi.org/10.1039/C5NP00125K.

Hentschel, Ute, Jorn Hopke, Matthias Horn, Anja B.
Friedrich, Michael Wagner, Jorg Hacker, and
Bradley S. Moore. 2002. “Molecular Evidence for a
Uniform Microbial Community in Sponges from
Different Oceans.” Applied and Environmental
Microbiology, September.
https://doi.org/10.1128/AEM.68.9.4431-
4440.2002.

Hentschel, Ute, Jérn Piel, Sandie M. Degnan, and
Michael W. Taylor. 2012. “Genomic Insights into
the Marine Sponge Microbiome.” Nature Reviews
Microbiology 10 (9): 641-54.
https://doi.org/10.1038/nrmicro2839.

Hertweck, Christian. 2009. “The Biosynthetic
Logic of Polyketide Diversity.” Angewandte
Chemie International Edition 48 (26): 4688—4716.
https://doi.org/10.1002/anie.200806121.

Hertweck, Christian, Andriy Luzhetskyy, Yuri
Rebets, and Andreas Bechthold. 2007. “Type II
Polyketide Synthases: Gaining a Deeper Insight into
Enzymatic Teamwork.” Natural Product Reports
24 (1): 162-90. https://doi.org/10.1039/B507395M.

I, Garcia, Vior Nm, Brafia Af, Gonzalez-Sabin J,
Rohr J, Moris F, Méndez C, and Salas Ja. 2012.
“Elucidating the Biosynthetic Pathway for the


https://doi.org/10.1016/j.btre.2018.e00275
https://doi.org/10.1016/j.margen.2023.101032
https://doi.org/10.1016/j.margen.2023.101017
https://doi.org/10.1002/9781119507697.ch2
https://doi.org/10.1128/AEM.02035-12
https://doi.org/10.3390/md13010444
https://doi.org/10.1021/acs.jnatprod.8b00591
https://doi.org/10.1021/cr00021a007
https://doi.org/10.1158/1535-7163.MCT-09-0301
https://doi.org/10.1016/j.isci.2019.100795
https://doi.org/10.1111/1541-4337.12136
https://doi.org/10.1039/C5NP00125K
https://doi.org/10.1128/AEM.68.9.4431-4440.2002
https://doi.org/10.1128/AEM.68.9.4431-4440.2002
https://doi.org/10.1038/nrmicro2839
https://doi.org/10.1002/anie.200806121
https://doi.org/10.1039/B507395M

Polyketide-Nonribosomal Peptide Collismycin A:
Mechanism for Formation of the 2,2’-Bipyridyl Ring.”
Chemistry & Biology 19 3).
https://doi.org/10.1016/j.chembiol.2012.01.014.

J, Handelsman, Rondon Mr, Brady Sf, Clardy J, and
Goodman Rm. 1998. “Molecular Biological Access to
the Chemistry of Unknown Soil Microbes: A New
Frontier for Natural Products.” Chemistry & Biology 5
(10).

https://doi.org/10.1016/s1074-5521(98)90108-9.

Jf, Barajas, Blake-Hedges Jm, Bailey Cb, Curran S,
and Keasling Jd. 2017. “Engineered Polyketides:
Synergy  between Protein and Host Level
Engineering.” Synthetic and Systems Biotechnology 2
(3). https://doi.org/10.1016/j.synbio.2017.08.005

Kamel, Hasnaa L., Amro Hanora, and Samar M.
Solyman. 2022. “Metataxanomic, Bioactivity and
Microbiome Analysis of Red Sea Marine Sponges
from Egypt.” Marine Genomics 61 (February):
100920.
https://doi.org/10.1016/j.margen.2021.100920.

Karthikeyan, Akash, Abey Joseph, and Baiju G. Nair.
2022. “Promising Bioactive Compounds from the
Marine Environment and Their Potential Effects on
Various Diseases.” Journal of Genetic Engineering
and Biotechnology 20 (2): 1-38.
https://doi.org/10.1186/

s43141-021-00290-4.

Kato, Yuko, Nobuhiro Fusetani, Shiegeki Matsunaga,
Kaneshisa Hashimoto, Ryuichi Sakai, Tatsuo Higa,
and Yoel Kashman. 1987. “Antitumor Macrodiolides
Isolated from a Marine Sponge Sp.: Structure Revision
of Misakinolide A.” Tetrahedron Letters 28 (49):
6225-28. https://doi.org/10.1016/S0040-
4039(00)61853-1.

Katsuyama, Yohei, and Yasuo Ohnishi. 2012. “Type
I Polyketide Synthases in Microorganisms.” In
Methods in Enzymology, 515:359-77. Elsevier.
https://doi.org/10.1016/B978-0-12-394290-6.00017-3.

Kautsar, Satria A., Kai Blin, Simon Shaw, Jorge C.
Navarro-Mufioz, Barbara R. Terlouw, Justin J. J.
van der Hooft, Jeffrey A. van Santen, et al. 2020.
“MIBiG 2.0: A Repository for Biosynthetic Gene
Clusters of Known Function.” Nucleic Acids Research
48 (D1): D454. https://doi.org/10.1093/nar/gkz882.

Kautsar, Satria A., Kai Blin, Simon Shaw, Tilmann
Weber, and Marnix H. Medema. 2021. “BiG-FAM:

162

The Biosynthetic Gene Cluster Families Database.”
Nucleic  Acids Research 49 (D1): D490.
https://doi.org/10.1093/nar/gkaa812.

Keatinge-Clay, Adrian T. 2012. “The Structures of
Type I Polyketide Synthases.” Natural Product Reports
29 (10):

1050-73. https://doi.org/10.1039/C2NP20019H.

Khosla, Chaitan, Yinyan Tang, Alice Y. Chen, Nathan
A. Schnarr, and David E. Cane. 2007. “Structure and
Mechanism of the 6-Deoxyerythronolide B Synthase.”
Review-article.
Https://Doi.0rg/10.1146/Annurev.Biochem.
76.053105.093515.

Annual  Reviews. World. June 19, 2007.
https://doi.org/10.1146/annurev.biochem.
76.053105.093515.

Kim, Woojoo E., Ashay Patel, Gene H. Hur, Peter
Tufar, Michael G. Wuo, J. Andrew McCammon, and
Michael D. Burkart. 2019. “Mechanistic Probes for the
Epimerization Domain of Nonribosomal Peptide
Synthetases.” Chembiochem : A European Journal of
Chemical Biology 20 (2): 147.
https://doi.org/10.1002/cbic.201800439

Kobayashi, Motomasa, Shunji Aoki, Haruhiko Sakai,
Kazuyoshi Kawazoe, Noriaki Kihara, Takuma Sasaki,
and Isao Kitagawa. 1993. “Altohyrtin A, a Potent Anti-
Tumor Macrolide from the Okinawan Marine Sponge
Hyrtios Altum.” Tetrahedron Letters 34 (17): 2795-98.
https://doi.org/10.1016/S0040-4039(00)73564-7.

Kobayashi, Motomasa, Shunji Aoki, Haruhiko Sakai,
Noriaki Kihara, Takuma Sasaki, and Isao Kitagawa.
1993. “ALTOHYRTINS B AND C AND 5-
DESACETYLALTOHYRTIN A, POTENT
CYTOTOXIC MACROLIDE CONGENERS OF
ALTOHYRTIN A, FROM THE OKINAWAN
MARINE SPONGE HYRTIOS ALTUM.” Chemical
and Pharmaceutical Bulletin 41 (5): 989-91.
https://doi.org/10.1248/cpb.41.989.

L, Fan, Reynolds D, Liu M, Stark M, Kjelleberg S,
Webster Ns, and Thomas T. 2012. ‘“Functional
Equivalence and Evolutionary Convergence in
Complex Communities of Microbial Sponge
Symbionts.” Proceedings of the National Academy of
Sciences of the United States of America 109 (27).
https://doi.org/10.1073/pnas.1203287109.

L, Katz, and Baltz Rh. 2016. “Natural Product
Discovery: Past, Present, and Future.” Journal of


https://doi.org/10.1016/j.chembiol.2012.01.014
https://doi.org/10.1016/s1074-5521(98)90108-9
https://doi.org/10.1016/j.synbio.2017.08.005
https://doi.org/10.1016/j.margen.2021.100920
https://doi.org/10.1186/
https://doi.org/10.1016/S0040-4039(00)61853-1
https://doi.org/10.1016/S0040-4039(00)61853-1
https://doi.org/10.1016/B978-0-12-394290-6.00017-3
https://doi.org/10.1093/nar/gkz882
https://doi.org/10.1093/nar/gkaa812
https://doi.org/10.1039/C2NP20019H
https://doi.org/10.1146/Annurev.Biochem
https://doi.org/10.1146/annurev.biochem
https://doi.org/10.1002/cbic.201800439
https://doi.org/10.1016/S0040-4039(00)73564-7
https://doi.org/10.1248/cpb.41.989
https://doi.org/10.1073/pnas.1203287109

Industrial Microbiology & Biotechnology 43 (2-3).
https://doi.org/10.1007/s10295-015-1723-5.

Ledford, Heidi. 2010. “Complex Synthesis Yields
Breast-Cancer Therapy.” News. Nature. Nature
Publishing  Group. November 30,  2010.
https://doi.org/10.1038/468608a.

Levine, Donald P. 2006. “Vancomycin: A History.”
Clinical Infectious Diseases 42 (Supplement_1): S5-
12. https://doi.org/10.1086/491709.

Li, Jing, Sang Gyun Kim, and John Blenis. 2014.
“Rapamycin: One Drug, Many Effects.” Cell
Metabolism 19 3): 373-79.
https://doi.org/10.1016/j.cmet.2014.01.001.

M, Klaus, and Grininger M. 2018. “Engineering
Strategies for Rational Polyketide Synthase Design.”
Natural Product Reports 35 (10).
https://doi.org/10.1039/c8np00030a.

Mao, Dainan, Bethany K Okada, Yihan Wu, Fei Xu,
and Mohammad R Seyedsayamdost. 2018. “Recent
Advances in Activating Silent Biosynthetic Gene
Clusters in Bacteria.” Current Opinion in
Microbiology 45 (October): 156-63.
https://doi.org/10.1016/j.mib.2018.05.001.

Matsunaga, S., N. Fusetani, and S. Konosu. 1984.
“Bioactive Marine Metabolites VI.  Structure
Elucidation of Discodermin a, an Antimicrobial
Peptide from the Marine Sponge Discodermia
Kiiensis.” Tetrahedron Letters 25 (45): 5165-68.
https://doi.org/10.1016/S0040-4039(01)81553-7.

Matsunaga, Shigeki, and Nobuhiro Fusetani. 1995.
“Theonellamides A-E, Cytotoxic Bicyclic Peptides,
from a Marine Sponge Theonella Sp.” The Journal of
Organic Chemistry 60 (5): 1177-81.
https://doi.org/10.1021/j000110a020.

Matsunaga, Shigeki, Nobuhiro Fusetani, Kanehisa
Hashimoto, and Markus Walchli. 2002.
“Theonellamide F. A Novel Antifungal Bicyclic
Peptide from a Marine Sponge Theonella Sp.” ACS
Publications. American Chemical Society. World.
May 1, 2002. https://doi.org/10.1021/ja001892a035.

Matsunaga, Shigeki, Nobuhiro Fusetani, and Shoji
Konosu. 1985. “Bioactive Marine Metabolites, IV.
Isolation and the Amino Acid Composition of
Discodermin A, an Antimicrobial Peptide, from the
Marine Sponge Discodermia Kiiensis.” Journal of

Rec. Pharm. Biomed. Sci. 7 (2), 152-166, 2023

Natural Products 48 (2): 236-41.

https://doi.org/10.1021/np50038a006.

Moitinho-Silva, Lucas, Shaun Nielsen, Amnon Amir,
Antonio Gonzalez, Gail L. Ackermann, Carlo Cerrano,
Carmen Astudillo-Garcia, et al. 2017. “The Sponge
Microbiome  Project.”  GigaScience 6  (10).
https://doi.org/10.1093/gigascience/gix077.

Moran, Mary Ann, Brandon Satinsky, Scott M. Gifford,
Haiwei Luo, Adam Rivers, Leong-Keat Chan, Jun
Meng, et al. 2013. “Sizing up Metatranscriptomics.”
The ISME Journal 7 (2): 237-43.
https://doi.org/10.1038/ismej.2012.94.

Mw, Taylor, Radax R, Steger D, and Wagner M. 2007.
“Sponge-Associated  Microorganisms:  Evolution,
Ecology, and Biotechnological Potential.”

Microbiology and Molecular Biology Reviews : MMBR
71 (2). https://doi.org/10.1128/MMBR.00040-06.

Negi, Beena, Deepak Kumar, and Diwan S. Rawat.
2017. “Marine Peptides as Anticancer Agents: A
Remedy to Mankind by Nature.” Current Protein &
Peptide Science 18 (9).
https://doi.org/10.2174/1389203717666160724200849.

Newman, David J., and Gordon M. Cragg. 2014.
“Marine-Sourced Anti-Cancer and Cancer Pain Control
Agents in Clinical and Late Preclinical Development.”
Marine Drugs 12 2): 255-78.
https://doi.org/10.3390/md12010255.

Niu, Sheng-Yong, Jinyu Yang, Adam McDermaid, Jing
Zhao, Yu Kang, and Qin Ma. 2018. “Bioinformatics
Tools for Quantitative and Functional Metagenome and
Metatranscriptome Data Analysis in Microbes.”
Briefings in Bioinformatics 19 (6): 1415-29.
https://doi.org/10.1093/bib/bbx051.

O’Brien, Robert V., Ronald W. Davis, Chaitan Khosla,
and Maureen E. Hillenmeyer. 2014. “Computational
Identification and Analysis of Orphan Assembly-Line
Polyketide Synthases.” The Journal of Antibiotics 67
(1): 89-97. https://doi.org/10.1038/ja.2013.125.

Orli¢, Sandi. 2019. “Microbial Diversity of
Sponge/Coral Microbiome.” Symbiotic Microbiomes of
Coral Reefs Sponges and Corals, 29-41.
https://doi.org/10.1007/978-94-024-1612-1 3.

P, Proksch, Edrada Ra, and Ebel R. 2002. “Drugs from
the Seas - Current Status and Microbiological
Implications.” Applied Microbiology and


https://doi.org/10.1007/s10295-015-1723-5
https://doi.org/10.1038/468608a
https://doi.org/10.1086/491709
https://doi.org/10.1016/j.cmet.2014.01.001
https://doi.org/10.1039/c8np00030a
https://doi.org/10.1016/j.mib.2018.05.001
https://doi.org/10.1016/S0040-4039(01)81553-7
https://doi.org/10.1021/jo00110a020
https://doi.org/10.1021/ja00189a035
https://doi.org/10.1021/np50038a006
https://doi.org/10.1093/gigascience/gix077
https://doi.org/10.1038/ismej.2012.94
https://doi.org/10.1128/MMBR.00040-06
https://doi.org/10.2174/1389203717666160724200849
https://doi.org/10.3390/md12010255
https://doi.org/10.1093/bib/bbx051
https://doi.org/10.1038/ja.2013.125
https://doi.org/10.1007/978-94-024-1612-1_3

Biotechnology 59 (2-3). https://doi.org/10.1007/s00253-
002-1006-8.

Pérez-Cobas, Ana Elena, Laura Gomez-Valero, and
Carmen Buchrieser. 2020. “Metagenomic Approaches in
Microbial Ecology: An Update on Whole-Genome and
Marker Gene Sequencing Analyses.” Microbial Genomics
6 (8). https://doi.org/10.1099/mgen.0.000409.

Petersen, Lars-Erik, Matthias Y. Kellermann, and Peter J.
Schupp. 2020. “Secondary Metabolites of Marine
Microbes: From Natural Products Chemistry to Chemical
Ecology.” YOUMARES 9 - The Oceans: Our Research,
Our Future, 159-80. https://doi.org/10.1007/978-3-030-
20389-4 8.

“Phase I Study of Marizomib + Panobinostat for Children
With DIPG - Full Text View - ClinicalTrials.Gov.” n.d.
Accessed March 10, 2023.
https://clinicaltrials.gov/ct2/show/NCT04341311.

Piel, Jorn. 2002. “A Polyketide Synthase-Peptide
Synthetase Gene Cluster from an Uncultured Bacterial
Symbiont of Paederus Beetles.” Proceedings of the
National Academy of Sciences 99 (22): 14002-7.
https://doi.org/10.1073/pnas.222481399.

Pita, L., L. Rix, B. M. Slaby, A. Franke, and U. Hentschel.
2018. “The Sponge Holobiont in a Changing Ocean: From
Microbes to Ecosystems.” Microbiome 6 (1): 1-18.
https://doi.org/10.1186/s40168-018-0428-1.

Pita, Lucia, Xavier Turon, Susanna Lépez-Legentil, and
Patrick M. Erwin. 2013. “Host Rules: Spatial Stability of
Bacterial Communities Associated with Marine Sponges
(Ircinia Spp.) in the Western Mediterranean Sea.” FEMS
Microbiology Ecology 86 (2): 268-76.
https://doi.org/10.1111/1574-6941.12159

Pm, Erwin, Coma R, Lépez-Sendino P, Serrano E, and
Ribes M. 2015. “Stable Symbionts across the HMA-LMA
Dichotomy: Low Seasonal and Interannual Variation in
Sponge-Associated Bacteria from Taxonomically Diverse
Hosts.” FEMS Microbiology Ecology 91 (10).
https://doi.org/10.1093/femsec/fiv115.

Qaisrani, Muther Mansoor, Ahmad Zaheer, Muhammad
Sajjad Mirza, Tahir Naqggash, Tahira Batool Qaisrani,
Muhammad Kashif Hanif, Ghulam Rasool, et al. 2019. “A
Comparative Study of Bacterial Diversity Based on
Culturable and Culture-Independent Techniques in the
Rhizosphere of Maize (Zea Mays L.).” Saudi Journal of
Biological Sciences 26 (7): 1344-51.
https://doi.org/10.1016/j.sjbs.2019.03.010.

164

R, Radax, Rattei T, Lanzen A, Bayer C, Rapp Ht,
Urich T, and Schleper C. 2012.
“Metatranscriptomics of the Marine Sponge Geodia
Barretti: Tackling Phylogeny and Function of Its
Microbial Community.” Environmental
Microbiology 14 (5).
https://doi.org/10.1111/j.1462-2920.2012.02714 X.

Radjasa, Ocky Karna, Agus Sabdono, J. Junaidi,
and Elena Zocchi. 2007. “Richness of Secondary
Metabolite-Producing Marine Bacteria Associated
with Sponge Hatictona Sp.” International Journal
of Pharmacology 3 (3): 275-79.

Radwan, Mona, Amro Hanora, Jindong Zan, Naglaa
M. Mohamed, Dina M. Abo-Elmatty, Soad H.
Abou-El-Ela, and Russell T. Hill. 2010. “Bacterial
Community Analyses of Two Red Sea Sponges.”
Marine  Biotechnology 12  (3):  350-60.
https://doi.org/10.1007/s10126-009-9239-5.

Rj, Case, Boucher Y, Dahll6f I, Holmstrom C,
Doolittle W, and Kjelleberg S. 2007. “Use of 16S
RRNA and RpoB Genes as Molecular Markers for
Microbial Ecology Studies.” Applied and
Environmental Microbiology 73 2).
https://doi.org/10.1128/AEM.01177-06.

Romano, G., M. Costantini, C. Sansone, C.
Lauritano, N. Ruocco, and A. Ianora. 2017. “Marine
Microorganisms as a Promising and Sustainable
Source of Bioactive Molecules.” Marine
Environmental Research 128 (July): 58-69.
https://doi.org/10.1016/j.marenvres.2016.05.002.

Ryu, Geonseek, Shigeki Matsunaga, and Nobuhiro
Fusetani. 1994. “Discodermin E, a Cytotoxic and
Antimicrobial Tetradecapeptide, from the Marine
Sponge Discodermia Kiiensis.” Tetrahedron Letters
35 (44): 8251-54. https://doi.org/10.1016/0040-
4039(94)88295-9

S, Sudek, Lopanik Nb, Waggoner Le, Hildebrand
M, Anderson C, Liu H, Patel A, Sherman Dh, and
Haygood Mg. 2007. “Identification of the Putative
Bryostatin Polyketide Synthase Gene Cluster from
‘Candidatus Endobugula Sertula’, the Uncultivated
Microbial Symbiont of the Marine Bryozoan
Bugula Neritina.” Journal of Natural Products 70
(1). https://doi.org/10.1021/np060361d.

SakaiRyuichi, HigaTatsuo, and KashmanYoel.
2006. “Misakinolide-A, an Antitumor Macrolide
from the Marine Sponge Theonella Sp.” Chemistry


https://doi.org/10.1007/s00253-002-1006-8
https://doi.org/10.1007/s00253-002-1006-8
https://doi.org/10.1099/mgen.0.000409
https://doi.org/10.1007/978-3-030-20389-4_8
https://doi.org/10.1007/978-3-030-20389-4_8
https://clinicaltrials.gov/ct2/show/NCT04341311
https://doi.org/10.1073/pnas.222481399
https://doi.org/10.1186/s40168-018-0428-1
https://doi.org/10.1111/1574-6941.12159
https://doi.org/10.1093/femsec/fiv115
https://doi.org/10.1016/j.sjbs.2019.03.010
https://doi.org/10.1111/j.1462-2920.2012.02714.x
https://doi.org/10.1007/s10126-009-9239-5
https://doi.org/10.1128/AEM.01177-06
https://doi.org/10.1016/j.marenvres.2016.05.002
https://doi.org/10.1016/0040-4039(94)88295-9
https://doi.org/10.1016/0040-4039(94)88295-9
https://doi.org/10.1021/np060361d

Letters, March. https://doi.org/10.1246/cl.1986.1499.

Sasidharan, S., Y. Chen, D. Saravanan, K. M. Sundram,
and L. Yoga Latha. 2011. “Extraction, Isolation and
Characterization of Bioactive Compounds from Plants’
Extracts.” African Journal of Traditional,
Complementary, and Alternative Medicines 8 (1): 1.

Schmidt, E., and D. Faulkner. 1998. “Microsclerodermins
C-E, Antifungal Cyclic Peptides from the Lithistid Marine
Sponges Theonella Sp. and Microscleroderma Sp.”
Tetrahedron. https://www.semanticscholar.org/paper/
Microsclerodermins- C-E%2C-antifungal-cyclic-
peptides-Schmidt-
Faulkner/ac1c96305cb001f900f4ed5fe8cd76baed3d0c27.

Setyahadi, Siswa. 2020. “Polyketide Synthase from
Marine Sponge,” August, 2411-22.
https://doi.org/10.1002/9781119143802.ch108.

Sherman, David H., Christopher M. Rath, Jon Mortison,
Jamie B. Scaglione, and Jeffrey D. Kittendorf. 2012.
“Biosynthetic Principles in Marine Natural Product
Systems.” Handbook of Marine Natural Products, 947—
76. https://doi.org/10.1007/978-90-481-3834-0 18.

Soltani, J. 2016. “Secondary Metabolite Diversity of the
Genus Aspergillus: Recent Advances.” In New and Future
Developments in  Microbial Biotechnology and
Bioengineering, 275-92. Elsevier.
https://doi.org/10.1016/B978-0-444-63505-1.00035-X.

Staunton, James, and Kira J. Weissman. 2001. “Polyketide
Biosynthesis: A Millennium Review.” Natural Product
Reports 18 (4): 380-416.
https://doi.org/10.1039/A909079G.

Steinert, Georg, Sven Rohde, Dorte Janussen, Claudia
Blaurock, and Peter J. Schupp. 2017. “Host-Specific
Assembly of Sponge-Associated Prokaryotes at High
Taxonomic Ranks.” Scientific Reports 7 (1): 1-9.
https://doi.org/10.1038/s41598-017-02656-6.

Steinert, Georg, Michael W. Taylor, Peter Deines, Rachel
L. Simister, Nicole J. de Voogd, Michael Hoggard, and
Peter J. Schupp. 2016. “In Four Shallow and Mesophotic
Tropical Reef Sponges from Guam the Microbial
Community Largely Depends on Host Identity.” Peerd 4
(April): e1936. https://doi.org/10.7717/peerj.1936.

Stssmuth, Roderich D., and Andi Mainz. 2017.
“Nonribosomal Peptide  Synthesis—Principles and
Prospects.” Angewandte Chemie International Edition 56
(14): 3770-3821.

Rec. Pharm. Biomed. Sci. 7 (2), 152-166, 2023

https://doi.org/10.1002/anie.201609079.

T, Thomas, Rusch D, DeMaere Mz, Yung Py, Lewis
M, Halpern A, Heidelberg Kb, Egan S, Steinberg
Pd, and Kjelleberg S. 2010. “Functional Genomic
Signatures of Sponge Bacteria Reveal Unique and
Shared Features of Symbiosis.” The ISME Journal
4 (12). https://doi.org/10.1038/ismej.2010.74.

Tan, Karen Co, Toshiyuki Wakimoto, and Ikuro
Abe. 2014. “Lipodiscamides A—C, New Cytotoxic
Lipopeptides from Discodermia Kiiensis.” Organic
Letters 16 (12): 3256-59.
https://doi.org/10.1021/01501271v.

Taylor, Jessica A., Giorgia Palladino, Bernd
Wemheuer, Georg Steinert, Detmer Sipkema,
Timothy J. Williams, and Torsten Thomas. 2021.
“Phylogeny Resolved, Metabolism Revealed:
Functional Radiation within a Widespread and
Divergent Clade of Sponge Symbionts.” The ISME
Journal 15 (2): 503-19.
https://doi.org/10.1038/s41396-020-00791-z.

Taylor, Michael W., Regina Radax, Doris Steger,
and Michael Wagner. 2007. “Sponge-Associated
Microorganisms:  Evolution, Ecology, and
Biotechnological Potential.” Microbiology and
Molecular Biology Reviews: MMBR 71 (2): 295-
347. https://doi.org/10.1128/MMBR.00040-06.

Thomas, Torsten, Lucas Moitinho-Silva, Miguel
Lurgi, Johannes R. Bjork, Cole Easson, Carmen
Astudillo-Garcia, Julie B. Olson, et al. 2016.
“Diversity, Structure and Convergent Evolution of
the Global Sponge Microbiome.” Nature
Communications 7 (2): 1-12.
https://doi.org/10.1038/ncomms11870.

Trindade, Marla, Leonardo Joaquim van Zyl, José
Navarro-Fernandez, and Ahmed Abd Elrazak.
2015. “Targeted Metagenomics as a Tool to Tap
into Marine Natural Product Diversity for the
Discovery and Production of Drug Candidates.”
Frontiers in  Microbiology 6  (August).
https://doi.org/10.3389/fmicb.2015.00890.

Trindade-Silva, Amaro E., Grace E. Lim-Fong,
Koty H. Sharp, and Margo G. Haygood. 2010.

“Bryostatins: Biological Context and
Biotechnological Prospects.” Current Opinion in
Biotechnology 21 (6): 834.

https://doi.org/10.1016/j.copbio.2010.09.018.



https://doi.org/10.1246/cl.1986.1499
https://www.semanticscholar.org/paper/
https://doi.org/10.1002/9781119143802.ch108
https://doi.org/10.1007/978-90-481-3834-0_18
https://doi.org/10.1016/B978-0-444-63505-1.00035-X
https://doi.org/10.1039/A909079G
https://doi.org/10.1038/s41598-017-02656-6
https://doi.org/10.7717/peerj.1936
https://doi.org/10.1002/anie.201609079
https://doi.org/10.1038/ismej.2010.74
https://doi.org/10.1021/ol501271v
https://doi.org/10.1038/s41396-020-00791-z
https://doi.org/10.1128/MMBR.00040-06
https://doi.org/10.1038/ncomms11870
https://doi.org/10.3389/fmicb.2015.00890
https://doi.org/10.1016/j.copbio.2010.09.018

Tsukimoto, Moriya, Masato Nagaoka, Yoshiyuki
Shishido, Junji Fujimoto, Fukiko Nishisaka, Sachiko
Matsumoto, Enjuro Harunari, Chiaki Imada, and Takeshi
Matsuzaki. 2011. “Bacterial Production of the Tunicate-
Derived Antitumor Cyclic Depsipeptide Didemnin B.”
Rapid-communication. ACS Publications. American
Chemical Society and American Society of
Pharmacognosy.  World.  October 28,  2011.
https://doi.org/10.1021/np200543z.

Ute Galm, 7, T Martin H. Hager, T Steven G. Van Lanen,
+ Jianhua Ju, * Jon S. Thorson, and T Ben Shen*. 2005.
“Antitumor Antibiotics: Bleomycin, Enediynes, and
Mitomycin.”  Research-article. ~ACS  Publications.
American Chemical Society. World. January 21, 2005.
https://doi.org/10.1021/cr030117g.

Varijakzhan, Disha, Jiun-Yan Loh, Wai-Sum Yap,
Khatijah Yusoff, Rabiha Seboussi, Swee-Hua Erin Lim,
Kok-Song Lai, and Chou-Min Chong. 2021. “Bioactive
Compounds from Marine Sponges: Fundamentals and
Applications.” Marine Drugs 19 (5).
https://doi.org/10.3390/md19050246.

Vitali, Alberto. 2018. “Antimicrobial Peptides Derived
from Marine Sponges.” American Journal of Clinical
Microbiology and Antimicrobials 1 (2).
https://www.remedypublications.com/american-journal-
of-clinical-microbiology-and-antimicrobials-
abstract.php?aid=2073.

Vuong, Thu V. 2021. “Natural Products and Their
Derivatives with  Antibacterial, ~Antioxidant and
Anticancer Activities.” Antibiotics 10 (1): 70.
https://doi.org/10.3390/antibiotics10010070.

Wakimoto, Toshiyuki. 2023. “Biosynthesis of Bioactive
Natural Products Derived from Theonellidae Family
Marine Sponges.” Chemical and Pharmaceutical Bulletin
71 (1): 1-8. https://doi.org/10.1248/cpb.c22-00715.

Wang, Jia, Ruihua Zhang, Xin Chen, Xinxiao Sun, Yajun
Yan, Xiaolin Shen, and Qipeng Yuan. 2020.
“Biosynthesis of  Aromatic Polyketides in
Microorganisms Using Type II Polyketide Synthases.”
Microbial  Cell Factories 19  (1): 1-11.
https://doi.org/10.1186/s12934-020-01367-4

Washington, John A., and Walter R. Wilson. 1985.
“Erythromycin: A Microbial and Clinical Perspective
After 30 Years of Clinical Use (First of Two Parts)*.”
Mayo Clinic Proceedings 60 (3): 189-203.
https://doi.org/10.1016/S0025-6196(12)60219-5.

166

Weissman, Kira J., and Peter F. Leadlay. 2005.
“Combinatorial ~ Biosynthesis of  Reduced
Polyketides.” Nature Reviews Microbiology 3 (12):
925-36. https://doi.org/10.1038/nrmicro1287.

Youssef, Diaa T. A., Lamiaa A. Shaala, Gamal A.
Mohamed, Jihan M. Badr, Faida H. Bamanie, and
Sabrin R. M. Ibrahim. 2014. “Theonellamide G, a
Potent Antifungal and Cytotoxic Bicyclic
Glycopeptide from the Red Sea Marine Sponge
Theonella Swinhoei.” Marine Drugs 12 (4): 1911-
23. https://doi.org/10.3390/md12041911.

Yu, Dayu, Fuchao Xu, Jia Zeng, and Jixun Zhan.
2012. “Type III Polyketide Synthases in Natural
Product Biosynthesis.” IUBMB Life 64 (4): 285-95.
https://doi.org/10.1002/iub.1005.

Yu, Hao-Bing, Xiang-Fang Liu, Ying Xu, Jian-
Hong Gan, Wei-Hua Jiao, Yang Shen, and Hou-
Wen Lin. 2012. “Woodylides A—C, New Cytotoxic
Linear Polyketides from the South China Sea
Sponge Plakortis Simplex.” Marine Drugs 10 (5):
1027-36. https://doi.org/10.3390/md10051027.

Zhang, Hanfeng, Guorong Wang, Bin Jiang,
Maogiu Cao, Qinghua Jiang, Li Yin, Bencui Fu, and
Jian Zhang. 2020. “The Knowledge, Attitude, and
Self-Reported Behaviors of Oncology Physicians
Regarding Fertility Preservation in Adult Cancer
Patients.” Journal of Cancer Education 35 (6):
1119-27. https://doi.org/10.1007/s13187-019-
01567-6.

Zhang, Zhe, Li Zhou, Na Xie, Edouard C. Nice, Tao
Zhang, Yongping Cui, and Canhua Huang. 2020.
“Overcoming Cancer Therapeutic Bottleneck by
Drug Repurposing.” Signal Transduction and
Targeted Therapy 5 2): 1-25.
https://doi.org/10.1038/s41392-020-00213-8.



https://doi.org/10.1021/np200543z
https://doi.org/10.1021/cr030117g
https://doi.org/10.3390/md19050246
https://www.remedypublications.com/american-journal-of-clinical-microbiology-and-antimicrobials-abstract.php?aid=2073
https://www.remedypublications.com/american-journal-of-clinical-microbiology-and-antimicrobials-abstract.php?aid=2073
https://www.remedypublications.com/american-journal-of-clinical-microbiology-and-antimicrobials-abstract.php?aid=2073
https://doi.org/10.3390/antibiotics10010070
https://doi.org/10.1248/cpb.c22-00715
https://doi.org/10.1186/s12934-020-01367-4
https://doi.org/10.1016/S0025-6196(12)60219-5
https://doi.org/10.1038/nrmicro1287
https://doi.org/10.3390/md12041911
https://doi.org/10.1002/iub.1005
https://doi.org/10.3390/md10051027
https://doi.org/10.1007/s13187-019-01567-6
https://doi.org/10.1007/s13187-019-01567-6
https://doi.org/10.1038/s41392-020-00213-8

