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The discovery of natural products derived from marine sources has

demonstrated a consistent upward trajectory for the decade of 2011-2020,

holding significant promise for the development of novel drugs and many

other marine bioproducts. In recent years, the spotlight has shifted away from

marine sponges (Porifera) towards marine microorganisms as the primary source

of discovery. Despite reports of marine sponges spanning 20 different orders and

being the subject of 769 papers between 2011 and 2020, they only contributed to

19.29% of all new compounds discovered, in contrast to 51.94% by marine

microorganisms and phytoplankton. 563 new compounds were reported from

marine sponge-associated microbes, more than doubling the number for the

previous decade (2001-2010). It heralds a positive outlook for a sustainable

resource strategy as the extraction of bioactive compounds produced by pure

cultures of sponge-associated microbes could overcome supply challenges that

arise with isolation from host sponges for the same compound. However, the

application of novel marine natural products (MNPs) remains challenging due to

the limited yield of compounds from large amounts of sponges. This review

covers the literature published between 2011 and 2020, focusing on MNPs

isolated from marine sponges. A total of 2603 new compounds are

documented, detailing their chemical classification, biological activities, source

country or geographic locations, and the taxonomic information of the source

organisms, including order, family, genus, and species.
KEYWORDS

Porifera, sponge, sponge-associated microbes, marine natural products (MNPs),
secondary metabolites, bioactivity
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1 Introduction

During the last decade 2011 to 2020, marine natural product

discovery has shifted the primary focus from marine sponges to

marine microorganisms, especially marine-derived fungi and

bacteria (Blunt et al., 2012). However, sponges were still the

second largest source of new marine natural products, along with

the growing realization that microbial symbionts could be the real

producers of “sponge” specialized metabolites. This new

information highlights the need for more detailed metagenomic

and biosynthetic analyses of sponge matrices (Reveillaud et al.,

2014); and indicates that some of these microorganisms engage in

symbiotic relationships with their host sponges, while others

interact with various organisms within the sponge habitat

(Harvey et al., 2015). Ultimately, both sponges and sponge-

associated microorganisms contribute to the production of

bioactive compounds in the marine environment (Mehbub et al.,

2014; Brinkmann et al., 2017). However, in recent decades sponge-

associated fungi were also found to be a rich source of bioactive

metabolites (Jin et al., 2016). In the present review, it was discovered

that sponge-associated microbes, primarily fungi such as

Aspergillus, Penicillium and actinomycetes such as Streptomyces

and Verrucosispora, contribute up to 563 new compounds.

Altogether sponges and their associated microbes are responsible

for producing over 3166 new compounds. In contrast, marine

microorganisms and phytoplankton, which are mostly available in

sediments, marine organisms and mangroves (Debbab et al., 2010;

Carroll et al., 2023), generate a total of 7009 compounds.

Nevertheless, sponges and their associated microbes together

constitute the second largest sources of new marine-derived

natural compounds (23.46%), accounting for almost half the

number compared to those produced by marine microorganisms

and phytoplankton (47.77%).
1.1 Factors affecting the production of
bioactive compounds by sponges

The production of bioactive compounds in sponges is a complex

process that is regulated by a variety of factors, including

environmental cues, nutrient availability, and genetic factors

(Atanasov et al., 2021). Specialized cells in sponge called

choanocytes and sclerocytes were reported to be responsible for

producing and secreting bioactive secondary metabolites

(Varijakzhan et al., 2021). Some of these compounds play a role in

the sponge defense against predators, while others may help the

sponge compete for resources in its environment (Helber et al., 2018).

Depth can influence the production of bioactive compounds in

sponges in the ocean (Steffen et al., 2022). Studies have shown that the

abundance and diversity of bioactive compounds produced by

sponges can vary with depth due to differences in environmental

conditions, such as light availability, temperature, pressure, and

nutrient availability (Wulff, 2012). Lower light levels can affect the

photosynthetic activity of symbiotic algae associated with some

sponges and may also influence the synthesis of bioactive
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compounds by the sponge itself. Additionally, pressure and

temperature can affect the stability and activity of the enzymes

involved in the biosynthesis of secondary metabolites, leading to

differences in bioactive compound production with depth (Parte

et al., 2017). Some studies have shown that sponges in deeper

waters may produce a greater diversity and quantity of bioactive

compounds than those in shallower waters (Skropeta andWei, 2014).

The color of the sponge can be an important factor in the

production of bioactive compounds in sponges due to its

relationship with light and its role in regulating the sponge’s

photosynthesis and metabolism (Kim and Dewapriya, 2012;

Muñoz-Miranda and Iñiguez-Moreno, 2023). Some species of

sponges particularly colored sponges contain photosynthetic

symbionts, such as algae or cyanobacteria, which are important

sources of energy for the sponge (Erwin and Thacker, 2008; Gao

et al., 2017) and may contribute to the sponge metabolic pathways

and chemical diversity (Pineda et al., 2016) as a means of deterring

potential predators or competitors (Taylor et al., 2007). In sponges,

the colors come from tiny pigment granules inside special cells called

amoebocytes (Bergquist, 1978). Encrusting sponge Acanthancora

cyanocrypta is usually cobalt blue due to a symbiotic blue-green

alga but an orange color morph occurs when the alga is absent (Bakus

and Abbott, 1980). Some of the colorful sponges areMonanchora sp.,

Antho sp. (red), Stylissa flabelliformis (pale orange), Psammoclema sp.

(bright orange), Chondropsis sp. (greenish), Batzella sp. (pale yellow)

(Petek et al., 2017).

Additionally, light wavelengths (blue and red) have been shown

to have different effects on the growth and metabolic activity of

photosynthetic organisms, and this can also impact the production

of bioactive compounds (Curdt et al., 2022; Zhang et al., 2023).

However, the specific role of color will depend on the species and

environmental conditions (Brusca and Brusca, 2002).

Further research is required to better understand the factors

that influence the production of bioactive compounds in sponges

and to identify the optimal conditions for their production.

Over the past five decades, the number of new compounds

discovered from all marine sources has increased almost linearly

(Figure 1). However, in the most recent decade from 2011 to 2020,

the rate of increase in new compounds has surged significantly,

resulting in a total of 13,492 new compounds. This trend is

illustrated in the last 4 years of the previous decade (2001-2010)

where more than 960 new compounds were discovered compared

to over 1400 in the comparable period of the last decade (2011-

2020) (Supplementary Figure S1). The escalating trend presents

abundant opportunities for developing new drugs to combat

various deadly diseases and a myriad of novel marine bioproducts

for many other applications.
1.2 Symbiotic relationships: sponge-
associated microorganisms

According to Mehbub et al. (2015) between 2000 and 2012, a

total of 269 novel compounds were isolated from sponge-associated

microbes. Of these, 186 compounds were derived from 27 genera of

fungi, including two compounds from a single yeast genus. In
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contrast, only 56 new compounds were isolated from seven

actinobacterial genera, and 27 new compounds were obtained

from seven bacterial genera. This shift towards fungal sources is

further supported by the number of publications on fungal

metabolites, which totaled 69, compared to 20 publications on

actinobacteria and 15 on bacteria during the review period

(Mehbub et al., 2015).

With the advancement of new technologies, scientists have

become increasingly interested in isolating novel compounds

from sponge-associated microbes. Between 2011 and 2020, a total

of 563 new compounds were discovered. Specifically, 473

compounds were isolated from 46 different genera of fungi, 74

compounds from 10 different genera of actinomycetes, and 16

compounds from other bacteria such as Bacillus sp. In fact, the

discovery rate of new compounds from sponge-associated microbes

in the recent decade doubled compared to the previous decade,

highlighting significant progress in this field. More details about

these microbes is beyond the scope of this paper.

In a study by Pita et al. (2018) the concept of holobionts was

explored, describing them as dynamic ecosystems that interact

across multiple scales and exhibit responses to environmental

changes. The authors argued that sponges exemplify the notion of

nested ecosystems, thereby providing a novel framework for

comprehending holobionts within marine environments (Pita

et al., 2018). This perspective underscores the complexity of

interactions between the sponge host and its associated

microorganisms, which extend beyond simple commensal or

mutualistic relationships. Competition for space and nutrients

may cause marine bacteria associated with sponges to produce

more antibiotic substances (Bibi et al., 2017). Sponge symbionts

reside both within cells and in extracellular spaces, with each

symbiotic microorganism occupying a distinct niche in the host

(Lee et al., 2001). This symbiotic relationship offers advantages to

the associated microbes, including nutrient acquisition, stabilization

of the sponge’s structure, elimination of metabolic waste, and
Frontiers in Marine Science 03
synthesis of secondary metabolites (Thomas et al., 2010). The

primary bacteria responsible for producing secondary metabolites

in sponges come from various phyla, including Proteobacteria,

Firmicutes, Actinobacteria, and Cyanobacteria (S, 2003). Marine

sponge-associated actinomycetes are a valuable resource for drug

discovery due to their production of diverse and potent bioactive

compounds. Streptomyces species from sponges like Halichondria

and Dendrilla nigra produce mayamycin and nocapyrones with

strong antibacterial and anticancer properties (Selvin et al., 2009;

Schneemann et al., 2010a). Actinomycetes such as Nocardiopsis and

Micromonospora yield compounds effective against tuberculosis,

HIV, and malaria (Hill et al., 2004; Schneemann et al., 2010b).

Many isolated actinomycetes contain genes for secondary

metabolite production, highlighting their therapeutic potential

which include the anti-MRSA kocurin and new antimicrobials

from sponge-derived actinomycetes (Palomo et al., 2013).

Proteobacteria are a treasure trove of bioactive metabolites

from sponges, second only to Actinobacteria. Within this phylum,

the a-Proteobacteria and g-Proteobacteria classes stand out for

their prolific production of compounds with impressive

antimicrobial, antitumor, and anticancer properties (Bibi et al.,

2017). Alphaproteobacteria share several genetic traits with

dominant sponge symbionts that are currently challenging to

cultivate. These traits potentially enhance host fitness by

detoxifying substance such as heavy metals and metabolic waste,

breaking down aromatic compounds, and synthesizing essential

vitamins like B6 and B12. They also contribute to nutrient cycling,

particularly involving organic sulfur and nitrogen (Karimi et al.,

2019). Moreover, they play a role in chemical defense by producing

compounds like polyketides and terpenoids (Karimi et al., 2019).

For instance, a Pseudomonas species from the family of sponge

Aplysinellidae produces quinolones with potent antibacterial effects

(Debitus et al., 1998). Pseudoalteromonas piscicida, found in the

sponge Hymeniacidon perleve, generates the powerful antimicrobial

compound norharman, effective against a variety of pathogens
FIGURE 1

Number of new compounds discovered from different marine sources per decade from 1970 to 2020.
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(Zheng et al., 2005). Additionally, Proteobacteria strains associated

with sponges are known for their anti-inflammatory, cytotoxic, and

anti-angiogenic activities, making them a fascinating focus for drug

discovery and therapeutic development (Thakur et al., 2005).

Alphaproteobacteria associated with sponges were reported

widely to exhibit the ability to produce polyketides, terpenes and

bacteriocins (Naughton et al., 2017; Versluis et al., 2018) which

suggest a pivotal role of this bacterial group in shaping the chemical

complexity, diversity of natural product biosynthesis and

taxonomic composition of the marine sponge microbiome

(Karimi et al., 2019). Firmicutes, especially Bacillus strains from

sponges, are notable for producing potent secondary metabolites.

Bacillus cereus from Halichondria japonica synthesizes antibiotics

and thiopeptides effective against drug-resistant bacteria (Nagai

et al., 2003). Bacillus subtilis A184 from Aplysina aerophoba

produces diverse antimicrobial lipopeptides like iturins and

fengycins, active against various pathogens (Pabel et al., 2003;

Thomas et al., 2010). Other Bacillus species associated with

sponges yield compounds such as Apteniol A, which shows

strong antimicrobial activity (Devi et al., 2010). Bacteria found in

sponge Halichondria panacea, particularly from the Cytophaga

genus, are notable for producing agarase enzymes (Imhoff and

Stöhr, 2003). In another instance, Arthrobacter species associated

with sponge Spirastrella sp. produce acetylcholinesterase,

highlighting their enzymatic capabilities (Mohapatra and Bapuji,

1998). Across different marine sponges, bacteria produce enzymes

like proteases, amylases, and cellulases, with significant applications

in biotechnology (Mohapatra et al., 2003). These microbes also

contribute enzymes such as dehalogenases, chitinases, urethanases,

and phospholipase A2 (PLA2), showcasing their role in both

industry and environmental processes (Selvin et al., 2010).

Furthermore, understanding the dynamics of sponge-microbe

interactions has broader implications for marine ecology and

conservation. Sponges are essential components of marine

ecosystems, contributing to nutrient cycling, sediment

stabilization, and biodiversity maintenance (Maldonado et al.,

2012). The role of microbial symbionts in sponge physiology and

ecology underscores the need for integrated approaches to marine

ecosystem management that consider the intricate relationships

between microorganisms and sponges (Mehbub, 2015).
1.3 Overcoming the ‘supply’ challenges

The supply of chemical compounds from sponges is still limited

for several reasons. The major constraints are the low levels of

compound produced per unit weight of sponge tissue, the slow

growth of sponge, the need for sustainability and continuous

production prevent large scale collections. Sponges are not found

in high densities in all areas of the ocean, and some species are rare,

making it difficult to obtain sufficient quantities of bioactive

compounds for commercial purposes. Harvesting sponges from

their natural habitats can be challenging, and many species are

protected from over-collection due to their vulnerable populations

and the slow rate of growth and reproduction. In most cases the
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compound is purified from a small amount of sponge sample and its

structure is elucidated from milligrams of pure compound leaving

enough for a bioassay. This leaves a number of compounds being

tested out of their potency range and in a non-optimized manner.

Understanding the biosynthetic mechanisms of chemical

production and how to stimulate it in sponges is still a major

challenge (Mehbub et al., 2016; Mehbub et al., 2018). The cost of

producing bioactive compounds from sponges can be high due to

the challenges of harvesting, processing, and purifying the

compounds. In addition, the chemical synthetic production of

these natural compounds with often complex structures can be

academically feasible but may be expensive and difficult for industry

synthesis. These challenges restrict the chemical synthesis and

subsequent supply of bioactive compounds from sponges,

hindering the scalability of production for commercial purposes.

However, ongoing research aimed at enhancing our understanding

of sponge biology and chemistry could lead to more efficient

methods for harvesting, processing, and producing these bioactive

compounds by synthetic biotechnology.

One way to mitigate supply issues is to develop sponge

farming techniques that allow for the sustainable harvest of

sponges (Maslin et al., 2021). This would provide a reliable and

sustainable source of bioactive compounds and could reduce the

pressure on wild populations of sponges. Another way is to

develop improved collection techniques that allow for a more

efficient and sustainable collection of sponges from the wild

(Schiefenhövel and Kunzmann, 2012). This includes the use

of remote operated vehicles (ROVs) and other underwater

technologies to access deeper and more remote habitats, as well

as the development of more selective and sustainable collection

methods. Another potential solution to the supply issue is to use

techniques to stimulate the production of bioactive compounds in

sponge in an aquarium. The bioactive compounds and other

organic compounds produced are captured by a hydrophobic

resin (Hill et al., 2004) and placed in a porous bag in the sponge

tank. The resin keeps the sponge alive by removing any toxic

materials, as well as capturing the compounds produced by the

stimulation and can be replaced with fresh resin before the next

stimulation. Meanwhile, the resin is eluted to keep the ‘milking’

process going. This would allow for the large-scale production of

bioactive compounds without the need for wild-collected sponges

(Mehbub et al., 2016; Carroll et al., 2022).
2 Data sources and methods

The new compounds isolated during the last decade 2011-2020

are based on the data reviewed by Blunt et al. and Carroll et al. from

Natural Product Reports of 2012 to 2022 (Blunt et al., 2012; Blunt

et al., 2013; Blunt et al., 2014; Blunt et al., 2015; Blunt et al., 2016;

Blunt et al., 2017; Blunt et al., 2018; Carroll et al., 2019; Carroll et al.,

2020; Carroll et al., 2022). The World Porifera Database and The

World Register of Marine Species (WoRMS) database (Bernot et al.,

2024) were used to cross-check detailed taxonomical information
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(order and family) for each surveyed species and to validate and/or

update their scientific names.
3 Results

3.1 Distribution of novel marine natural
products isolated from different marine
organisms/resources

In recent years, there has been a noticeable shift in the field of

marine natural product discovery. Instead of focusing primarily on

compounds derived from sponges, it consistently shows an

increasing trend of discovery for marine microorganisms and

phytoplankton over the last decade (2011 to 2020), as depicted in

Figure 2. While there has been a decreasing trend for sponge-

derived natural products (Supplementary Figure S2). This shift

reflects a growing understanding of the complex symbiotic

relationships within marine ecosystems and the potential wealth

of bioactive compounds they contain. Furthermore, advances in

metagenomic and metabolomic techniques have revolutionized our

ability to explore the complex interactions between sponges and

their microbial partners (Hentschel et al., 2012; Taylor et al., 2012),

facilitating the identification and characterization of bioactive

molecules previously hidden within these symbiotic networks

(Aguiar-Pulido et al., 2016; El-Samak et al., 2023). This shift

towards sponge-associated microbes as a prolific source of natural

compounds underscores the importance of understanding and

preserving these delicate ecosystems in the face of environmental

challenges and anthropogenic impacts (Mehbub et al., 2016;

Mehbub et al., 2018; Li et al., 2023).

Marine-sourced fungi and bacteria emerged as the primary

producers of novel compounds contributed by marine

microorganisms and phytoplankton during the last decade

spanning from 2011 to 2020, as depicted in Figure 3.
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3.2 The distribution of new marine natural
products from sponges

The discovery of potent bioactive compounds from sponges, such

as the anticancer agent ara-A from Tethya crypta in the 1950s, marked

the beginning of a new era in natural product research (Bergmann

and Feeney, 1950; Bergmann and Feeney, 1951).Throughout the latter

decades of the 20th century and into the early 2000s, sponges reigned

supreme as a prolific source of novel natural compounds (Sipkema

et al., 2005). This intensive exploration effort yielded a wealth of

bioactive compounds with diverse pharmacological properties,

including antiviral, antibacterial, antifungal, and anticancer activities

(Gunasekera et al., 1990; Blunt et al., 2009; Blunt et al., 2012; Blunt

et al., 2014; Blunt et al., 2016; Blunt et al., 2018; Carroll et al., 2020;

Carroll et al., 2021; Carroll et al., 2022). Over the last decade, 2011 to

2020, more than 2600 novel compounds have been discovered from

311 families, 487 genera, and 677 species of sponges. A comprehensive

compilation of this data drew upon 769 references.

The identification of sponge species has progressed

significantly, with estimates suggesting that up to 15,000 species

have been characterized to date (Han et al., 2019). From 2011 to

2020 the distribution of new compounds (2603) came from 20

different orders of sponges. One of the driving factors behind the

sustained interest in sponges is their intricate associations with

microorganisms, encompassing bacteria and fungi (Zhang et al.,

2017; Buttachon et al., 2018; Kiran et al., 2018). The interplay

between sponges and microorganisms is highly complex, as sponge-

derived metabolites can selectively enrich microbial populations

(Sathiyanarayanan et al., 2017).

During the last decade, the sponges studied can be classified as

19 known orders and two sponges of unknown identity (Figure 4).

These included Agelasida, Astrophorida, Axinellida, Biemnida,

Bubarida, Clathrinida, Clionaida, Dendroceratida, Dictyoceratida,

Halichondrida, Haplosclerida, Homosclerophorida, Lyssacinosida,

Poecilosclerida, Polymastiida, Scopalinida, Suberitida,
FIGURE 2

Total number of new compounds isolated from different groups of marine organisms/resources between 2011 and 2020.
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Tetractinellida, and Verongiida whereas in 2001 to 2010 sponges

were collected from the orders that had changed their nomenclature

(Mehbub et al., 2014) as the taxonomy of sponges was amended in

2015 (Morrow and Cárdenas, 2015).

The distribution of new natural products from sponges is quite

diverse and extensive as shown in Figure 4; Table 1, mainly

discovered from Dictyoceratida (25.04%), Haplosclerida (15.98%),

Poecilosclerida (12.86%), Tetractinellida (10.52), Verongiida

(7.10%), Homsclerophorida (5.91%) and Suberitida (5.91%)

(Supplementary Figure S3). In contrast, when we analyzed the

new compounds isolated from sponge-associated microorganisms

(Figure 5), most of the new compounds discovered were from

Haplosclerida, Unknown sponges, Dictyoceratida, Axinellida and

Suberitiida (Figure 5).

On average, during the last decade Dictyoceratida contributed

an average of 25.9% of new compounds each year, with a minimum
Frontiers in Marine Science 06
of 9.3% and a maximum of 36.4% (Supplementary Figure S3).

Haplosclerida contributed an average of 15.8% of the new

compounds each year with the highest number of new

compounds in the 2011, at 26.7%. Poecilosclerida was the third

highest producing order which ranged between 4.9 to 23.1%.

Although these three orders showed a similar trend when

compared with the previous decade (Mehbub et al., 2014), the

contribution of the 4th and 5th highest orders changed in the recent

decade. Tetractinellida and Verongiida contributed more from 2011

to 2020 than Halichondrida and Astrophorida (2001 to 2010).

The sponge order Haplosclerida is known to host a diverse array

of microorganisms within their tissues, including bacteria and fungi

(Beniddir et al., 2022). Interestingly, during the last decade,

Haplosclerida produced multiple compounds either from the

hosts or their associated microbes. Previous research found

Dictyoceratida and Haplosclerida were reported with more
FIGURE 4

Total number of new compounds isolated from different orders of marine sponges 2011–2020.
FIGURE 3

New compounds isolated from marine microorganisms and phytoplankton between 2011 and 2020.
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FIGURE 5

Total number of new compounds isolated from marine microbes associated with different orders of marine sponges from 2011 to 2020.
TABLE 1 Total number of new compounds isolated from different orders of marine sponges with number of families, genera, species and references
published from 2011 to 2020.

Order
Number of

new
compounds

Number
of families

Number
of genera

Number
of species

Number
of references

Agelasida 103 10 11 27 28

Astrophorida 17 5 5 5 5

Axinellida 81 18 22 24 26

Biemnida 19 4 4 6 6

Bubarida 48 8 11 11 12

Clathrinida 18 5 5 7 8

Clionaida 20 5 6 7 7

Dendroceratida 32 7 9 9 11

Dictyoceratida 652 39 102 147 179

Halichondrida 4 2 2 2 2

Haplosclerida 416 43 75 129 148

Homosclerophorida 154 11 19 34 38

Lyssacinosida 57 5 5 5 5

Poecilosclerida 335 57 69 83 84

Polymastiida 2 1 1 1 1

Scopalinida 28 6 8 13 15

Suberitida 154 18 34 47 51

Tetractinellida 274 41 64 78 98

Unknown 4 2 2 2 2

Verongiida 185 24 33 40 43

Total 2603 311 487 677 769
F
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species when compared with other sponge orders (Turon et al.,

2009) (Table 1).

It is noted that there was a fluctuation in the number of genera

discovered to produce new compounds annually within the

Dictyoceratida order, ranging from 5 to 14 genera (Figure 6).

This variability highlights a significant diversity of genera within

this specific order, with the peak number of 14 recorded in both

2015 and 2017. Between 2011 and 2020, there were fluctuations in

the number of genera within the orders Haplosclerida,

Poecilosclerida, Tetractinellida, and Verongiida that were found

to produce new compounds. The range of genera varied each year as

follows: Haplosclerida (6-9), Poecilosclerida (4-12), Tetractinellida

(4-9), and Verongiida (1-6) (Hong et al., 2022).
3.3 Distribution of new compounds per
species from different sponge orders

Between 2011 and 2020, individual species from various sponge

orders typically contributed an average of two to four new

compounds, except Lyssacinosida, which contributed an average

of 11 compounds per species (Figure 7). On average, species from

the orders Bubarida, Dictyoceratida, Homosclerophorida,

Poecilosclerida, and Verongiida each contributed approximately

four compounds per species. This observation suggests that

regardless of the order, individual species have the potential to

contribute a similar number of new compounds. However,

Lyssacinosida stands out as warranting further study due to its

notably higher average number of new compounds contributed

per species.
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3.4 The distribution of chemical classes
from different sponge orders

The chemical classes considered for this manuscript followed

Blunt et al. and Carroll et al. from Natural Product Reports of 2012

to 2022 (Blunt et al., 2012; Blunt et al., 2013; Blunt et al., 2014; Blunt

et al., 2015; Blunt et al., 2016; Blunt et al., 2017; Blunt et al., 2018;

Carroll et al., 2019; Carroll et al., 2020; Carroll et al., 2022) as

mentioned earlier. However, there are some overlaps in macrolide

and polyketide, sterol and steroid, and fatty acid and lipid.

Sponges are remarkable organisms that have evolved to thrive

in various aquatic environments. They are known to produce a wide

array of secondary metabolites, including alkaloids, terpenes,

terpenoids, peptides, and lipids.

The trend in chemical classes during the last decade (2011 to

2020) has not changed from the previous decade (2001 to 2010).

However, the number of compounds has increased particularly in

the top three chemical classes compared to the last decade. The

dominant chemical classes (Figure 8) were (total number of new

compounds in brackets) Alkaloids (609), Terpenes (392),

Terpenoids (264), Peptides (140), Quinones (123), and Lipids

(116). Alkaloids contributed 23.4% of the new compounds during

the last decade (Supplementary Figure S4) whereas Terpenes and

Terpenoids together contributed 25.2% of the new compounds.

Therefore, almost 50% of the new compounds belong to these three

chemical classes.

Alkaloids, ubiquitous in sponge species, serve multifaceted roles

in chemical defense against predators and pathogens. Recent

research highlights the pharmacological importance of sponge-

derived alkaloids, showing promise for cancer treatment, pain
FIGURE 6

Number of different genera used for isolation of new compounds from different orders of marine sponges from 2011 to 2020.
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management, and neurological disorders (Sobarzo-Sánchez, 2015;

Cragg and Pezzuto, 2016; Bian et al., 2020). The production of

alkaloids by sponges is thought to be an evolutionary adaptation to

the competitive and predatory pressures of their environment,

enhancing their survival and reproductive success.

A recent study reviewed 149 marine alkaloids extracted from

sponges, examining their structures and reported bioactivities

between 2015 and 2020. The study also analyzed the marine

sponge habitats rich in alkaloids, which include indole alkaloids,

carboline alkaloids, guanidine alkaloids, bromotyrosine alkaloids,

pyrrole alkaloids, diterpene alkaloids, and others. Additionally, the

research investigated the habitats of marine sponges containing

potential alkaloids and explored the biosynthetic pathways of

pyrrole and guanidine alkaloids from the marine sponges Agelas

and Monanchora (Bian et al., 2020).
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Manzamines represent a significant alkaloid family, with the first

member, Manzamine A, isolated fromHaliclona sp (Sakai et al., 1986).

This group of compounds displays a range of bioactivities, including

cytotoxicity and antibacterial effects (Kim et al., 2017). Bromopyrrole

alkaloids are exclusive to the Porifera phylum. Oroidin, featuring

pyrrole-imidazole and bromopyrrole carboxamide components,

stands as the pioneering compound in this class. These alkaloids are

predominantly found in the families Agelasidae, Axinellidae, and

Halichondridae, where they likely serve as a deterrent against

predators (Lindel et al., 2000). Pyrrole−imidazole alkaloids are a

large and chemically complex class of sponge natural products with

over 150 congeners (Mohanty et al., 2020). Natural product

researchers are particularly intrigued by this alkaloid class due to its

diverse range of biological activities, including insecticidal,

antibacterial, and cytotoxic properties (Edrada et al., 1996).
FIGURE 8

Chemical Class of new compounds isolated from different marine sponge orders from 2011 to 2020.
FIGURE 7

Average number of new compounds per species isolated from different orders of marine sponges from 2011 to 2020.
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Similarly, terpenes and terpenoids, extensively produced by

sponges, play crucial roles in chemical defense mechanisms and

ecological interactions. Previous studies emphasized the

antimicrobial, antifungal, and anticancer properties of sponge-

derived terpenes and terpenoids, as well as their potential as leads

for drug development (Minale, 2012; Ruiz-Ruiz et al., 2017;

Martignago et al., 2023). Sponges synthesize these compounds as

a response to environmental stressors, including predation and

competition, highlighting their adaptive significance in

marine ecosystems.

Peptides are another abundant class of compounds in sponges,

known for their diverse structures and biological activities. The

antimicrobial, antiviral, and anticancer properties of sponge-

derived peptides, along with their potential applications in

biomedicine has been discussed previously by several researchers

(Tincu and Taylor, 2004; Vitali, 2018). Sponges produce peptides as

a defense mechanism against microbial colonization and predation,

underscoring their importance in maintaining symbiotic

relationships and ecological balance in marine communities

(Wulff, 2006; Flórez et al., 2015).

Moreover, sponges are rich sources of various lipids, including

fatty acids, sterols, and lipid-soluble compounds. Lipids are

important for the structural and functional properties of sponges

which contribute to membrane integrity, energy storage, and

intercellular signaling (Koutsouveli et al., 2022). The production

of lipids by sponges are essential for their physiological processes

and adaptation to fluctuating environmental conditions, illustrating

their ecological and evolutionary importance (Blunt et al., 2012;

Bennett et al., 2018).

Sponge-derived quinones represent a significant chemical class

with diverse ecological and pharmacological importance. These

compounds, abundant in marine sponges, play pivotal roles in the

chemical defense mechanisms of these organisms, acting as

deterrents against predators and competitors. Additionally,

sponge-derived quinones exhibit antimicrobial properties,

contributing to the defense against microbial colonization and

infection. Past study highlighted the ecological significance of

sponge-derived quinones, emphasizing their role in maintaining

the ecological balance of marine ecosystems (Hong et al., 2022).

Furthermore, quinones from sponges have drawn attention from

the pharmaceutical industry due to their potential as lead

compounds for drug discovery and development (Motti et al.,

2007). Their diverse biological activities, including antimicrobial,

antifungal, and anticancer properties, make them promising

candidates for further pharmacological research, offering potential

applications in various therapeutic areas.
3.5 Bioactivities of the compounds from
different sponge orders

In this review, the bioactivates of new compounds from

different sponge orders are classified into 10 distinct types.

Among these, nine have definitive activities, which are presented

in Table 2, while all other activities fall under the miscellaneous

group. Compounds with no activity reported were excluded from
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this table. For compounds that exhibit more than one activity, each

is considered individually.

The highest number of compounds with activities (383) was

found in Dictyoceratida sponges during the last decade 2011 to

2020. Among these, anticancer/antitumor/cytotoxicity activity was

dominant (182). Additionally, this order also exhibited activities

against bacteria (39), fungi (14), inflammation (6), Alzheimer’s, and

miscellaneous (139). Mehbub et al. (2014) mentioned that during

the decade from 2001 to 2010, compounds reported from the order

Dictyoceratida exhibited a diverse range of bioactivities, including

antibacterial, anticancer, antifungal, anti-HIV, anti-inflammatory,

cytotoxicity, Gsk-3b inhibitor, inhibitor of phosphatase (Cdc25B),

inhibitor of PLA2, inhibitor of protein kinase, and other

miscellaneous activities (Mehbub et al., 2014). However, in the

decade from 2011 to 2020, compounds were extracted from fewer

genera compared to the previous decade, with similar genera of

sponges, except Petrosaspongia, which was not evident in the

previous decade.

The order Haplosclerida contains the greatest biodiversity of

sponges, with representatives inhabiting all oceans and habitat

types, including freshwater bodies, on every continent in the

world (Goudie et al., 2013). The abundance of bioactive

compounds in Haplosclerida sponges can be attributed to several

factors. Firstly, these sponges often host diverse microbial

communities, including bacteria, archaea, fungi, and microalgae,

which can produce bioactive compounds either independently or in

symbiosis with the sponge host (Taylor et al., 2007) which also

revealed in the present study. Secondly, sponges, including those in

the Haplosclerida order, rely on bioactive compounds as chemical

defenses against predators, competitors, and pathogens, driving the

production of diverse secondary metabolites with biological

activities (Pawlik et al., 1995). Sponge falling under the order

Haplosclerida are renowned as some of the most abundant

reservoirs of bioactive natural products. These include alkaloids,

polyacetylenes, and terpene derivatives. Thirdly, Haplosclerida

sponges inhabit various marine environments, such as coral reefs

and shallow coastal waters, where the production of bioactive

compounds may aid in adaptation to specific environmental

conditions or ecological niches (Goudie et al., 2013). Notably, this

group stands out for its exceptional diversity both in terms of

species numbers and habitats. Moreover, these sponges possess

complex metabolic pathways capable of synthesizing a wide range

of secondary metabolites, which often serve ecological roles, such as

allelopathy or antifouling, in addition to their bioactivity against

microbes. The relationship between Haplosclerida sponges and

microbes is intricate, with symbiotic interactions, microbial

diversity, chemical communication, and bioprospecting potential

all playing significant roles in shaping the production and diversity

of bioactive compounds within these sponge-microbe ecosystems

(Thomas et al., 2010). Interestingly, members of the Haplosclerida

also possess relatively few distinguishing morphological

characteristics (Tribalat et al., 2016).

The second-largest group showcasing diverse bioactivities is

affiliated with the Haplosclerida order of sponges, which

contributed 321 bioactivities between 2011 and 2020 (Figure 9)

(Table 2). While Haplosclerida sponges showed no activity against
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TABLE 2 Total number of new compounds isolated from different orders of sponges with different bioactivities from 2011 to 2020.

ntifungal Antiinflammatory Antimalarial
Anti-
HIV

Antiviral Miscellaneous Total

29 0 0 0 0 14 87

0 0 0 0 0 12 21

4 1 0 0 0 6 53

0 0 5 0 0 0 14

7 0 0 0 0 10 43

0 0 0 0 0 3 11

10 0 0 0 0 3 27

0 0 0 0 0 4 19

14 6 0 0 0 139 383

0 0 0 0 0 0 3

14 0 3 1 1 79 321

15 0 9 0 0 26 91

0 0 0 0 0 0 1

6 2 17 2 0 76 236

2 0 0 0 0 0 2

0 3 4 0 0 6 24

8 0 1 0 0 24 86

8 8 3 6 0 45 167

0 0 0 0 0 0 2

3 0 9 0 0 29 89
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Orders
of Sponges

Antialzheimer's Antibacterial Antituberculosis
Anticancer/

Antitumour/Cytotoxicity
A

Agelasida 0 35 0 9

Astrophorida 0 0 0 9

Axinellida 4 1 0 37

Biemnida 0 0 0 9

Bubarida 0 0 0 26

Clathrinida 0 0 0 8

Clionaida 0 4 0 10

Dendroceratida 0 5 6 4

Dictyoceratida 3 39 0 182

Halichondrida 0 0 0 3

Haplosclerida 0 44 1 178

Homosclerophorida 0 12 2 27

Lyssacinosida 0 0 0 1

Poecilosclerida 0 18 0 115

Polymastiida 0 0 0 0

Scopalinida 0 0 2 9

Suberitida 0 10 4 39

Tetractinellida 0 9 0 88

Unknown 0 0 0 2

Verongiida 5 16 0 27
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inflammation, they did demonstrate activity against malaria, HIV,

and viruses. Otherwise, their activities were largely comparable to

those of the Dictyoceratida order and mostly exhibited cytotoxicity

similar to Dictyoceratida. The Poecilosclerida order encompasses 25

families, with species recorded in all marine habitats characterized

by the presence of both organic (fiber) and inorganic (specular)

skeletal components. An interesting observation from these sponges

is that they exhibited distinguished antimalarial activity in 17

instances (see Table 2), comprising a total of 236 bioactivities.

Tetractinellida sponges are distributed across a variety of marine

habitats worldwide (Fromont et al., 2016), frequently inhabiting

intertidal zones, coral reefs, and deep-sea environments. They

display a diverse array of structural complexity in their

compounds, offer refuge and breeding grounds for various

species, thus promoting biodiversity and supporting the balance

of the marine ecosystems. This sponge order produced compounds

that exhibited the highest activity against HIV, and hold great

promise from a pharmaceutical perspective (Al-Khayri et al., 2022).

The other two orders that demonstrated these activities are

Poecilosclerida and Haplosclerida.

During the last decade it has been found that most of the

bioactivities shown by new compounds from different orders of

marine sponges are anticancer/antitumor/cytotoxicity (Figure 10).

Astrophorida, Axinellida, Biemnida, Clathrinida, Dictyoceratida,

Halichondrida, Haplosclerida, Lyssacinosida, Poecilosclerida,

Suberitida and Tetractinellida order of sponges when tested for

bioactivity showed more than 50% bioactivity as anticancer/

antitumor/cytotoxicity (Figure 11). The expanding understanding

of the bioactivities of compounds isolated from marine sponges to

target different stages of the carcinogenic process implies their

potential utility as a source of anticancer agents because of their

potential to inhibit tumor growth through various mechanisms,
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including cell-cycle regulation, anti-inflammatory effects, apoptosis

induction, initiation of ER stress, and interaction with multiple

targets implicated in cancer progression, such as the mitochondrial

membrane, PARP, cytochrome c, Akt, and caspases (Calcabrini et al.,

2017). It has been reported that Petrosia, Haliclona (Haplosclerida),

Rhabdastrella (Tetractinellida), Coscinoderma, and Hippospongia

(Dictyoceratida) have emerged as the most promising genera due

to their ability to generate novel bioactive compounds. Many of these

newly discovered compounds and their synthetic counterparts have

exhibited cytotoxic and pro-apoptotic effects in vitro against a range

of tumor and cancer cell lines (Mioso et al., 2017).

Marine sponges have been increasingly recognized for their

potential to provide natural sources of antibacterial agents. It was

hypothesized that sponge-associated microbes particularly bacteria

are responsible for producing those bioactive compounds (Anand

et al., 2006; Bibi et al., 2020; Nasser Alahmari et al., 2022). Studies have

revealed that extracts and compounds derived from marine sponges

exhibit significant antibacterial activity against various pathogens,

including both Gram-positive and Gram-negative bacteria (Cita et al.,

2017). These antibacterial properties are attributed to the diverse

chemical compounds present in the sponges, such as peptides,

alkaloids, terpenoids, and polyketides (Varijakzhan et al., 2021).

Furthermore, the unique marine environment in which sponges

thrive offers a rich biodiversity that may contribute to the discovery

of novel antibacterial agents (Bayona et al., 2020). The exploration

of marine sponge microbiomes has also revealed the presence of

symbiotic microorganisms that produce bioactive compounds with

antibacterial properties (Brinkmann et al., 2017).

There have been many new sponge-derived compounds with

unusual structures and potent bioactivity which were discovered

during the last decade of 2011-2020. Some of these representative

compounds are illustrated in Table 3.
FIGURE 9

Annual distribution of bioactivity of new compounds isolated from different marine sponge orders from 2011 to 2020.
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4 Discussion

4.1 The discovery of marine natural
products from sponges across different
geographic locations
The geographic location and its local water environment play a

significant role in shaping the metabolite profiles present in marine

sponges around the world (Lee et al., 2021) with diverse biological

activities (Folkers and Rombouts, 2020). Specific location can

directly influence the variety and abundance of metabolites

present (Zhang et al., 2022). Environmental factors, such as

temperature, salinity, nutrient availability, light penetration, and

water currents, vary across different geographic locations leading to
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variations in metabolite production (Pita et al., 2018). Geographic

location can also influence the ecological interactions of marine

sponges with other organisms, such as predation and competition

(Wulff, 2012) and thus impacts on the production of metabolites by

marine sponges (Tan, 2023).

The extent of scientific sampling efforts varies across locations,

with less explored regions potentially harboring undiscovered

species with unique metabolite profi les. International

collaboration and sharing of research findings support sponge

research globally, while conservation efforts aimed at protecting

marine habitats preserve ecosystems crucial for sponge diversity

and the discovery of new compounds.

Over the last decade (2011 to 2020), new compounds were

isolated from sponges collected from 59 identified locations,

including countries, continents, provinces, seas, and unspecified
FIGURE 10

Total number of bioactivities shown by new compounds from different orders of marine sponges from 2011 to 2020.
FIGURE 11

Distribution of bioactivities of new compounds isolated from different orders of marine sponges from 2011 to 2020.
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TABLE 3 Selected representative new compounds with unusual structure and significant bioactivity from sponges discovered between 2011-2020.

Organism Order Compound
Name

Chemical Class Special Feature/Activity Source,
Country,

Year,/Depth

Reference

Zyzzya sp. Poecilosclerida
Tsitsikammamine

C
Bispyrroloiminoquinone

alkaloid

Potent in vitro antimalarial activity
against chloroquine sensitive and

chloroquine-resistant
Plasmodium falciparum.

Rodda Reef,
Queensland,

Australia/2003/43 m

(Davis
et al., 2012)

Haliclona fulva Haplosclerida Fulvynes A-I
Linear

polyoxygenated
acetylenes

Contains 9 linear polyoxygenated
acetylenes active vs.

chloramphenicol-resistant
Bacillus subtilis

Punta Pizzaco,
Procida Island,

Naples, Italy/2009/
40 m

(Nuzzo
et al., 2012)

Smenospongia
aurea

Dictyoceratida
Smenamide A

and B
Hybrid peptide

Contains dolapyrrolidinone and
showed potent cytotoxic activity at
nanomolar levels on lung cancer

Calu-1 cells

collected by Scuba
along the coast of

Little Inagua
(Bahamas Islands)
during the 2013

(Teta
et al., 2013)

Callyspongia sp. Haplosclerida Callyspongiolide Macrolide

Features a conjugated diene-ynic
side chain ending at a brominated

benzene ring, which is
unprecedented among all marine

macrolides reported so far.
Showed pronounced inhibitory
activities when tested against

human Jurkat J16 T and Ramos B
lymphocytes, which exhibited IC50

values of 70 and 60 nM,
respectively, after 48 h

of treatment.

Indonesia
(Pham

et al., 2014)

Cinachyrella sp. Tetractinellida Cinanthrenol A Phenanthrene-steroid

It is a novel aromatic steroid,
containing a phenanthrene and a

spiro [2,4] heptane system.
Revealed cytotoxicity against P-
388 and HeLa cells with IC50 4.5
and 0.4 mg/mL, respectively and
also showed estrogen activity.

Yongxiong Island of
the Xisha Islands,
South China Sea,

China 2003

(Machida
et al., 2014)

Spirastrella mollis Clionaida
Mollenyne B, C,

D and E
Chlorobromohydrin

Showed antifungal activity in a
disk-diffusion assay against
Candida albicans and other

pathogenic fungi

The sponge was
collected in 2011 at

Hogsty Reef,
Bahamas at a depth

of 28 m

(Wang
et al., 2015)

Jaspis splendens Tetractinellida Jaspnin A Imidazole alkaloid
Contains a rare

rare thiomethylated
imidazolinium unit

It was collected by
scuba (−23 m) in
Mid Reef of Great
Barrier Reef, North

Queensland,
Australia, on July

3, 2003.

(Wang
et al., 2016)

Echinochalina
bargibanti

Poecilosclerida
Arsenicin B

and C
Sulfur-containing

organic polyarsenical

The structures of these unusual
caged structures were established
from comprehensive NMR studies,

including comparison of both
experimental and time dependent
DFT (TD-DFT) calculated 1H and
13C NMR data. Its quadrupolar

nucleus leads to extremely
broadened signals in the As (III)
spectrum, therefore the absolute
configuration of these strongly
anti-bacterial and antifungal

compounds was established using
comparison of calculated and

experimental ECD spectra. These
compounds showed activity

New Caledonia/18-
25 m

(Tähtinen
et al., 2018)

(Continued)
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locations (Supplementary Figure S5). Among these, sponges from

China emerged as the primary source, yielding 561 new compounds

(accounting for 21.5% of all new compounds discovered).

Additionally, significant contributions came from other leading
Frontiers in Marine Science 15
locations such as Japan, Indonesia, and Australia, each providing

over 200 new compounds individually. Korea and Vietnam also

contributed substantially, with each yielding more than 100

new compounds.
TABLE 3 Continued

Organism Order Compound
Name

Chemical Class Special Feature/Activity Source,
Country,

Year,/Depth

Reference

especially against S. aureus, which
is comparable to the reference

compound gentamycin.

Phorbas sp. Poecilosclerida

Alotaketals D and
E (Atanasov et al.,
2021), Ansellones
D, E, F and G and

Anvilones A
and B

Sesterterpenoids

Anvilones A & B belong to a new
class with an unprecedented
tetracyclic anvilane terpenoid
carbon skeleton. In addition,

Ansellone F possesses the rare 1,2-
3,4-bisepoxide moiety, rarely seen
amongst natural products. Several

of the isolates induced HIV
proviral gene expression, through

activation of protein kinase
C signaling.

Collected on
multiple occasions
by hand using

SCUBA on rocky
shorelines near
Ansell Point and
Anvil Island in
Howe Sound,

British Columbia.

(Wang
et al., 2016)

Leucetta
chagosensis

Clathrinida

Leuchagodine A
Leuchagodine B
Kealiinine D

Bis (naamidine J)
zinc
Bis

(pyronaamidine)
zinc

Imidazole Alkaloid

Leuchagodine B
and Bis (pyronaamidine) zinc
showed significant inhibitory

activities toward the LPS-induced
production of IL-6 in the human
acute monocytic leukemia cell line

THP-1

Yongxing Islands,
South China Sea,
China, June 2015

(Tang
et al., 2018)

Axinella sp. Halichondrida Recifin A Peptide

It represents unique structural
class of knotted disulfide-rich
peptides. The unusual disulfide

linkage gives Recifin A an
unprecedented three-dimensional
structure, with a central four-

stranded b-sheet motif sandwiched
by two helical turns. The disulfides

create an embedded ring that
encloses one of the strands,

defining a new type of cystine
knot peptide that also locks Tyr6
in threedimensional space. Recifin

A inhibited the cleavage of
phosphodiester bonds by TDP1 in
a FRET assay with an IC50 of 190

nM. Enzyme kinetics studies
revealed that recifin A can
specifically modulate the

enzymatic activity of full-length
TDP1 while not affecting the
activity of a truncated catalytic
domain of TDP1 lacking the N-
terminal regulatory domain (D1-
147), suggesting an allosteric

binding site for recifin A on the
regulatory domain of TDP1

Cape Recife Nature
Reserve, South
Africa/40 m.

(Krumpe
et al., 2020)

Verongula rigida Verongiida Veranamine Pyridoacridine alkaloid

Similar in structure to
psychoactive b-carboline harmine.
In vivo studies with mice showed
significant anti-depressant activity,
and in vitro selective binding to
the 5-hydroxytryptamine receptor
2B (5HT2B) and sigma-1 receptor,

with nM potency.

Collected from
shallow coral reef
habitat between 3
and 21 m depth at
Key Largo, Florida,
USA in July and
August 2005

(Kochanowska-
Karamyan
et al., 2020)
frontiersin.org

https://doi.org/10.3389/fmars.2024.1462825
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Mehbub et al. 10.3389/fmars.2024.1462825
An intriguing shift occurred during the decade from 2011 to

2020, with China emerging as the new hotspot for the discovery of

sponge-derived compounds, surpassing Australia, Indonesia, and

Japan, which held the positions of fourth, third and second hotspot

locations (Figure 12).

At least 40 new compounds each year from 2011 to 2020 were

isolated from Chinese sponge samples, with the highest output

occurring in 2014 and 2011 with 83 and 79 new compounds

(Supplementary Table S1). In contrast, the top three ranking

locations are Japan, Indonesia and China contributed at least 9%

of new compounds discovered during the previous decade 2001 to

2010 (Mehbub et al., 2014).

China has been recognized as one of the top “megadiverse”

nations, boasting an abundance of marine genetic resources that

rank among the richest and most varied worldwide (Huang et al.,

2021). The significant discovery of numerous new compounds from

sponges in China can be attributed to several factors. Firstly,

China’s extensive coastline and diverse marine ecosystems

provide a rich habitat for sponge biodiversity, offering ample

opportunities for researchers to explore and uncover new species.

Secondly, advancements in marine biodiscovery research

infrastructure in China have facilitated more extensive and

systematic studies of marine organisms, including sponges.

Furthermore, increased collaboration and investment in marine

science and bioprospecting projects have enabled scientists in China

to conduct comprehensive surveys and expeditions, leading to the

discovery of novel compounds.
4.2 Conservation implications: protecting
sponge-microbe symbioses in the face of
environmental change

As we unlock the chemical diversity of sponge and sponge-

associated microbial communities, it is essential to consider the
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conservation implications of our discoveries and the need to protect

these delicate ecosystems in the face of environmental change.

Sponges are highly susceptible to anthropogenic stressors,

including habitat destruction, pollution, overfishing, and climate

change, which threaten the stability of sponge-microbe symbioses

and the ecological services they provide. Moreover, the extraction of

sponge-derived natural products for commercial pharmaceutical

and biotechnological purposes raises ethical concerns regarding

biodiversity conservation and sustainable use of marine resources.

It has been widely recognised that marine invertebrates,

particularly sponges, host a wide-ranging and varied array of

associated microorganisms, many of which are genuine symbionts

(Gomes et al., 2016). Efforts to conserve sponge-microbe symbioses

and their associated biodiversity require a multifaceted approach

that integrates scientific research, policy development, and

stakeholder engagement. Marine protected areas, sustainable

fishing practices, and ecosystem-based management strategies can

help mitigate the impacts of human activities on sponge habitats

and promote the resilience of sponge-associated microbial

communities. Furthermore, initiatives aimed at raising public

awareness and fostering community stewardship of marine

ecosystems are essential for fostering a culture of conservation

and promoting sustainable use of natural resources for many

generations to come.
4.3 Sponge-associated microbes: a
gateway to medicinal and marine
bioproducts potential

The production of natural compounds produced by microbes

living in sponges present a promising, and likely sustainable avenue

for commercial development including medical and other marine

bioproducts for industrial applications. Prior research has shown

that these microbes, including bacteria, fungi, and algae, produce
FIGURE 12

Total number of new compounds isolated from marine sponges from the top 10 source countries from 2011 to 2020.
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metabolites that can be utilized in medicine, cosmetics,

environmental protection, and manufacturing. Both temporary

and permanent bacteria make up the microbial community of

sponges, with the latter significantly contributing to the

production of secondary metabolites. The diverse and rich

microbial communities within sponges have various symbiotic

relationships, which attract attention due to their potential to

overcome the supply issues of marine-sponge-derived compounds

for medicinal and other uses.

A recent study as well as present study identified several

sponge orders as sources of sponge-associated microbes

including Agelasida, Axinellida, Bubarida, Chondrillida,

Chondrosi ida , Choris t ida , Cl ionaida , Dictyocerat ida ,

Hadromerida, Haplosclerida, Poecilosclerida, Scopalinida,

Sphaerocladina, Suberitida, Tethyida, Tetractinellida, and

Verongiida (Samirana et al., 2022). The discovery of new

compounds from these sponge orders is crucial for advancing

drug development and understanding microbial symbiosis.

Techniques such as genome mining and synthetic bioengineering

provide avenues for sustainable supply and application

development of these new compounds (Rastegari et al., 2020;

Rotter et al., 2021). Among all the sponge orders explored from

2011 to 2020, Haplosclerida, Dictyoceratida, Axinellida, Suberitida,

and Tetractinellida appear to be particularly promising.

More efforts are needed to explore the resources of marine

sponge-associated microbes. Collaboration at national and

international levels is vital for establishing dedicated facilities for

marine-based drug discovery and preserving microbial cultures.

Despite challenges such as accessing harsh marine environments

and maintaining laboratory conditions, the benefits of marine

microbial resources continue to drive new discovery. This

underscores the importance of ongoing research and innovation

in this field.
5 Conclusion

In conclusion, sponges remain an important, second largest source

of newmarine natural product discovery during the decade 2011-2020,

but only accounting for around one-third of the largest source, marine

microbes and phytoplankton. The pivot towards marine microbes,

similarly sponge-associated microbes as a prolific source of bioactive

compoundsmarks a paradigmatic change in natural product discovery,

propelled by advances in metagenomics, metabolomics, and

bioinformatics. By unraveling the chemical complexity of sponge-

microbe interaction, researchers are uncovering a treasure trove of

bioactivemolecules with pharmaceutical potential and biotechnological

applications. However, as we harness the therapeutic and industrial

promise of sponge-derived natural products, it is imperative that we

prioritize the conservation of sponge habitats and protect the delicate

balance of symbiotic relationships that underpin these valuable

ecosystems. Only through collaborative efforts and holistic

approaches we can fully unlock the potential of sponge-associated

microbes and their biosynthetic capacity for the sustainable benefit of

human health, industry and the environment.
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