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Synopsis The chemical ecology and chemical defenses of sponges have been investigated for decades; consequently,
sponges are among the best understood marine organisms in terms of their chemical ecology, from the level of molecules
to ecosystems. Thousands of natural products have been isolated and characterized from sponges, and although relatively
few of these compounds have been studied for their ecological functions, some are known to serve as chemical defenses
against predators, microorganisms, fouling organisms, and other competitors. Sponges are hosts to an exceptional
diversity of microorganisms, with almost 40 microbial phyla found in these associations to date. Microbial community
composition and abundance are highly variable across host taxa, with a continuum from diverse assemblages of many
microbial taxa to those that are dominated by a single microbial group. Microbial communities expand the nutritional
repertoire of their hosts by providing access to inorganic and dissolved sources of nutrients. Not only does this con-
tinuum of microorganism—sponge associations lead to divergent nutritional characteristics in sponges, these associated
microorganisms and symbionts have long been suspected, and are now known, to biosynthesize some of the natural
products found in sponges. Modern “omics” tools provide ways to study these sponge—microbe associations that would
have been difficult even a decade ago. Metabolomics facilitate comparisons of sponge compounds produced within and
among taxa, and metagenomics and metatranscriptomics provide tools to understand the biology of host-microbe
associations and the biosynthesis of ecologically relevant natural products. These combinations of ecological, microbi-
ological, metabolomic and genomics tools, and techniques provide unprecedented opportunities to advance sponge
biology and chemical ecology across many marine ecosystems.

Introduction microbial symbionts, with at least 39 microbial

Marine sponges are an ancient group, with ~9000 spe-
cies currently recognized. Sponges have been widely
successful in their expansion across diverse ecological
niches (poles to tropics; soft and hard bottom habitats;
presence in both shallow and deep seas and into fresh-
water habitats) (Van Soest et al. 2012; Webster and
Thomas 2016). As a group, their success in these sys-
tems is linked to their ability to efficiently remove small
particulate matter (phytoplankton, detritus, bacteria,
and viruses) from the water via heterotrophic filter
feeding (Maldonado et al. 2012; McMurray et al.
2016). Sponges also host a tremendous diversity of
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(Bacterial and Archaeal) phyla detected in recent
large-scale microbiome surveys, with a dominance of
the bacterial groups 7y-, «-, and f-proteobacteria,
Actinobacteria, Cyanobacteria, Chloroflexi, and
Bacteroidetes, as well as the presence of sponge-
specific lineages like Poribacteria (Moya et al. 2008;
Thomas et al. 2016; Pita et al. 2018; Podell et al.
2019). Their success in oligotrophic systems may there-
fore be linked to an expanded metabolic capacity from
these symbiotic associations (Taylor et al. 2007;
Thacker and Freeman 2012; Freeman et al. 2013;
McMurray et al. 2018).
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Marine sponges are a rich source of natural prod-
ucts, which have been reported in sponges from di-
verse ecosystems ranging from tropical to polar seas.
Several decades of intensive searching have uncov-
ered over 10,000 sponge-derived organic natural
products  (http://pubs.rsc.org/marinlit/;  accessed
January 1, 2019). Most research on sponge natural
products has emphasized their biomedical relevance,
such as anticancer activity (Gerwick and Moore
2012; Calcabrini et al. 2017). Sponge natural prod-
ucts encompass a range of structure types including
alkaloids, terpenes (including sterols), polyketides,
fatty acids, and peptides (Calcabrini et al. 2017).
Because of their rich diversity of natural products
and the notable bioactivities demonstrated for these
compounds, sponges are among the best-studied ma-
rine invertebrates for their natural products chemis-
try (Blunt et al. 2018).

The numerous natural products that were being
discovered in marine sponges in the 1970s and 1980s
led to questions about why so many diverse com-
pounds were produced in sponges, and collabora-
tions between chemists and marine biologists
beginning in the 1980s began to address these ques-
tions (reviewed by Pawlik et al. 2013). The field of
chemical ecology integrates chemistry and biology to
examine the ecological roles of natural products and
chemically mediated interactions among organisms
and their environment. Examples of ecological func-
tions of natural products include chemical defenses
against predators and pathogens, settlement cues for
larvae, allelopathic effects that prevent fouling by
epiphytes and overgrowth by competitors, protection
against UV radiation, and pheromones for mate
searching behavior. Marine chemical ecology relies
on chemical isolation, structural elucidation, and eco-
logical experimentation, often conducted in the field
or at least with naturally co-occurring consumers,
competitors, or pathogens, to determine the com-
pounds responsible for mediating observed ecological
interactions. Natural products derived from marine
sponges have been shown to play a role in many of
these behaviors and interactions (Paul et al. 2007;
Baker et al. 2010; Pawlik 2011; Pawlik et al. 2013).
Discovering the compounds responsible for ecological
interactions can contribute to other research fields
including animal behavior, neurobiology, sensory
ecology, reproduction, symbiosis, larval biology, dis-
ease ecology, microbiology, and aquaculture.

While only a small fraction of the 10,000+ natural
products known from marine sponges have been
studied for their ecological functions, sponges are
still the best studied marine invertebrate group in
terms of their chemical ecology. Many reviews of
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marine chemical ecology have been written
(McClintock and Baker 2001; Hay 2009; Paul et al.
2011; Pawlik et al. 2013; Puglisi et al. 2014, 2019;
Puglisi and Becerro 2018), and it is not our intent to
comprehensively review the chemical ecology of ma-
rine sponges. Instead, we provide highlights of recent
research and will focus on some enduring questions
in sponge chemical ecology that can be particularly
aided by integrating “omics” methods into the
chemical ecology toolkit. We examine the roles of
sponge microbiomes and how associated microor-
ganisms and symbionts diversify the nutritional ca-
pacities of sponges and are known to biosynthesize
some of the natural products found in sponges. This
knowledge about the source of different sponge nat-
ural products can provide insights into their evolu-
tion and ecology. Metabolomics methods can yield
insights into the diversity of natural compounds pre-
sent in sponges, including minor or unstable com-
pounds that would be difficult to isolate and
characterize, and we provide examples from our on-
going research. This new knowledge of sponge
metabolomes provides greater insight into diversity,
natural occurrence, and abundance of sponge
compounds.

Sponge microbiology

Pioneering work in sponge microbiology recognized
that microbial community composition was highly
variable across sponge species, with some
“bacteriosponges” hosting abundant symbiont com-
munities (Reiswig 1974). These bacteriosponges
(now termed high microbial abundance [HMA]
sponges) generally have denser tissues and lower wa-
ter pumping rates than sponges that host a lower
diversity and abundance of microbial symbionts
(low microbial abundance [LMA] sponges) (Vacelet
and Donadey 1977; Hentschel et al. 2006). This di-
chotomy was originally established using electron
microscopy to enumerate microbial abundance and
has been widely used to group sponges into struc-
tural and functional groups over the past decade
(Weisz et al. 2007, 2008; Gloeckner et al. 2014;
Moitinho-Silva et al. 2017b). While microbiome sur-
veys using higher resolution techniques like next
generation 16S rDNA amplicon sequencing generally
find higher microbial diversity in HMA sponges, it is
also becoming increasingly evident that host sponge
identity is the dominant driver of variation in
microbial community composition (Easson and
Thacker 2014; Thomas et al. 2016; Moitinho-Silva
et al. 2017a). In fact, host species identity accounts
for ~60-75% of the variation in microbial
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community composition across individual sponges at
regional scales (Caribbean Panama [Easson and
Thacker 2014] and Vietnam [Turon et al. 2018]).
Global assessments of sponge microbiome composi-
tion and diversity as part of the Global Sponge
Microbiome Project also support these regional
trends (Thomas et al. 2016; Moitinho-Silva et al.
2017a; Pita et al. 2018). This, along with strong phy-
logenetic relationships in microbiome diversity,
implies strong evolutionary selection for divergent
microbiomes across different sponge lineages
(Easson and Thacker 2014; Thomas et al. 2016).
Thus, the HMA/LMA dichotomy may represent the
endpoints of a complex and nuanced continuum
that we are only beginning to elucidate (Easson
and Thacker 2014; Pita et al. 2018).

Microbial symbionts confer a nutritional advan-
tage to their host by allowing for the exploitation
of novel sources of nutrients. Autotrophic symbionts
may provide over 50% of their host’s carbon budget
and may also allow for the assimilation of exogenous
nitrogen sources like nitrate and ammonia (NO;-
and NH;) or the recycling of NH; from the host
(Wilkinson 1983; Taylor et al. 2007; Southwell
et al. 2008; Fan et al. 2012; Freeman et al. 2013).
Symbionts may also fix nitrogen, carry out diverse
nitrogen transformations, and facilitate phosphorus
sequestration, potentially providing a selective ad-
vantage in oligotrophic systems like coral reefs
(Hoffmann et al. 2009; Zhang et al. 2014; Pita
et al. 2018). In addition, microbial symbionts may
mediate the assimilation of dissolved organic matter
(DOM) that ultimately contributes to the retention
of carbon and nitrogen in reef environments through
the “sponge loop” (de Goeij et al. 2013; McMurray
et al. 2018; Pita et al. 2018). The breadth of meta-
bolic innovations provided by microbial symbionts is
likely to be considerable and is being expanded with
metagenomic and meta-transcriptomic studies that
report evidence of methylotrophy, vitamin synthesis,
and even feeding on molecules from the extracellular
matrix of the host (Fiore et al. 2015; Webster and
Thomas 2016; Pita et al. 2018). How overall micro-
bial abundance (HMA or LMA status) influences
sponge holobiont (both sponge and microbial meta-
bolic pathways) metabolism has been studied using
the stable isotope ratios for C and N (6"C and 6N,
respectively) to trace the sources of C and N assim-
ilated and transformed by different sponge species
(Weisz et al. 2007). A divergence in holobiont me-
tabolism (0'°C and 6N values based on bulk
sponge tissue including both sponge and microbial
cells) between HMA and LMA sponges was observed.
Most, but not all, HMA sponges had depleted 6'°N
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relative to LMA species, suggesting that nitrogen in
HMA sponges is derived from microbial transforma-
tions, while LMA species rely more on external sour-
ces of nitrogen that they assimilate via heterotrophic
filter feeding (Weisz et al. 2007).

Variation in microbial abundance or community
composition may have important ecological and evo-
lutionary consequences, especially if the presence of
specific symbiont groups allows their host to exploit
novel and unique sources of nutrients (Morganti
et al. 2017). Recent evidence supports strong diver-
gence in these interactions across host species (Erwin
and Thacker 2007; Freeman and Thacker 2011;
Freeman et al. 2013), with even closely related spe-
cies being on distinct evolutionary trajectories with
their symbiont communities (Freeman et al. 2015).
In addition, ~75% of the variation in 6"°C and 6'°N
values of bulk sponge tissue from 19 Caribbean
sponge species was driven by host sponge identity;
overall microbial abundance (HMA or LMA)
accounted for only 21% of this variation (Freeman
et al. 2014). These data are beginning to highlight
the fact that environmental conditions in some
ocean basins may have favored ecological diversifica-
tion in sponges at the species level, with unique mi-
crobial symbiont communities allowing coexisting
sponge species to exploit novel sources (or combina-
tions of sources) on these reefs. The evolutionary
drivers of this diversification and the role that mi-
crobial symbionts have played in the successful ex-
pansion of sponges across coral reefs are still largely
unknown, but this topic is increasingly discussed in
the literature (Pawlik et al. 2018).

Chemical defenses are another important adapta-
tion allowing some sponges to survive on coral reefs
by deterring predators, competitors, and fouling
organisms, and preventing disease (Pawlik et al.
1995; Pawlik 2011; Webster and Thomas 2016).
Although microbial symbionts have been shown to
provide their hosts with supplemental nutrients, an
enduring question in sponge chemical ecology is
whether the sponge or the microbial symbiont is
responsible for the production of defensive com-
pounds. In addition, it is unclear whether sponges
use symbiont-derived nutrition to produce these
metabolites. If the production of chemical defenses
utilizes energy that would otherwise be used for host
growth (Pawlik 2011), then symbiont production of
these compounds might be energetically favorable.
High-resolution methods that couple the use of
enriched stable isotope tracer compounds (enriched
in one or more of the heavy atoms 3¢, BN, or *H)
that target specific microbial metabolic pathways
may allow future studies to investigate the fate of
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atoms assimilated or transformed by microbial sym-
bionts. These tracers have proven useful in following
the transfer of isotopically (’C- and 'N) labeled
precursors from symbionts to host sponge cells
(Freeman et al. 2013, 2015). Mass spectrometry tech-
niques, such as imaging mass spectrometry, could
trace the accumulation of isotopically enriched pre-
cursors in organelles or cells within the sponge hol-
obiont (Buchberger et al. 2018). Tracing the
metabolism and fates of these precursors via high
resolution mass spectrometry of sponge metabo-
lomes may also help to elucidate the source and
the biosynthetic pathways involved in producing
these metabolites.

Sponge-derived natural products
chemistry

Sponges are a rich source of bioactive natural prod-
ucts and have been studied extensively for decades.
Recent trends, however, suggest that the excitement
for sponge natural products seems to be dwindling,
suggesting that the abundant molecules from easier
to access marine sponges have been tapped and that
novel natural product discovery from sponges is be-
coming increasingly onerous (Blunt et al. 2018). The
search for sponge-derived natural products is mov-
ing in multiple new directions. Mass spectrometry-
based metabolomics reveals a much higher diversity
of natural products in sponges than has been previ-
ously recognized. Tandem mass spectrometry-based
molecular networking of extracts of Theonella swin-
hoei and enriched cell fractions of the sponge’s sym-
biotic filamentous bacteria “Candidatus
Entotheonella” suggested the presence of unrecog-
nized chemical diversity and previously unknown
types of metabolites in the sponge (Wilson et al.
2014). Coupling mass spectrometry-guided fraction-
ation of sponge extracts with the characterization of
natural product chemical structures based on molec-
ular fragmentation expanded the diversity of poly-
brominated diphenyl ethers (PBDEs) known from
the Dysideidae family of sponges (Agarwal et al.
2015), a class of natural products that has been in-
tensively studied for more than four decades from
multiple geographical locations (Sharma and Vig
1972; Carte and Faulkner 1981; Calcul et al. 2009;
Agarwal et al. 2015; Liu et al. 2016). Liquid chroma-
tography mass spectrometry (LC-MS) datasets for
marine sponge extracts are starting to be made ac-
cessible on metabolome mining tools, such as the
Global Natural Products Social (GNPS) Molecular
Networking platform, which enables a community-
wide effort to curate natural products, dereplicate
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previously known natural products, and discover
novel natural products based on chemical similarity
to known natural product structures (Wang et al.
2016). Molecular networking was also used to ad-
vance the diversity of smenamides, hybrid polyke-
tide—peptide natural products of cyanobacterial
origin  first  described  from  the  sponge
Smenospongia aurea (Teta et al. 2013; Via et al.
2018). Advances in mass spectrometry instrumenta-
tion have the potential to transform sponge-derived
natural product discovery. Using sub-gram amounts
of sponge material, it is now facile to collect high
resolution metabolomic datasets with high scan rate
mass spectrometers that afford an in-depth represen-
tation of the chemical diversity harbored by marine
sponges. Coupled with fingerprinting marker genes,
such as 18S rDNA, metabolomics reveals that sponge
species can be differentiated based on their metabo-
lomic signatures (Fig. 1). As demonstrated for four
Dysideidae sponges, molecular networking and prin-
cipal component analyses reveal the clustering of
sponge metabolomes according to species differences
(Fig. 1C). Comparison of the sponge metabolomes
against known natural product repositories reveals
that a very small fraction of the sponge chemistry
has been described. For the well-studied Dysideidae
sponges, only very few molecules, such as fatty acids
and sterols, can be dereplicated based on their mass
spectrometric fragmentation signatures (Fig. 1D, E).
A majority of the Dysideidae chemistry remains
undescribed, and this is likely the case for most other
sponge taxa.

Microbial biosynthesis of sponge-derived
natural products

As previously discussed, marine sponges harbor com-
plex microbiomes that are being cataloged on a global
scale (Thomas et al. 2016; Moitinho-Silva et al.
2017a). Many sponge-derived natural products are
now known to be biosynthesized by sponge-
associated microorganisms (Wilson et al. 2014;
Ueoka et al. 2015; Agarwal et al. 2017; Mori et al.
2018; Morita and Schmidt 2018), with prominent
examples discussed below. The biosynthetic capacity
of these oftentimes uncultivable members of the
sponge microbiome can be revealed by metagenomic
and single-cell DNA sequencing. For instance, using
metagenomics, the genes responsible for the construc-
tion of PBDEs in Dysideidae sponges were localized to
the obligate cyanobacterial symbiont Hormoscilla
spongeliae (previously named Oscillatoria spongeliae)
residing within the sponge and experimentally char-
acterized in an heterologous cyanobacterial host
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Fig. 1 Metabolomics for Dysideidae sponges. (A) Four representative Dysideidae sponges collected by the authors in Guam (years
2014-2015) with the dominant PBDEs present in each sponge. (B) A molecular network of metabolites detected in the extracts of
Dysideidae sponges. Nodes unique to a Dysideidae species are color-coded as in panel A. Nodes shared between multiple species are
colored gray. A molecular network was created using the online workflow at GNPS. The data were filtered by removing all MS/MS
peaks within £17 Da of the precursor m/z. The data were then clustered with MS-Cluster with a parent mass tolerance of 0.1 Da and
a MS/MS fragment ion tolerance of 0.1 Da to create consensus spectra. Further, consensus spectra that contained less than 1 spectra
were discarded. A network was then created where edges were filtered to have a cosine score above 0.7 and more than 4 matched
peaks. Further edges between two nodes were kept in the network if and only if each of the nodes appeared in each other’s respective
top 10 most similar nodes. The spectra in the network were then searched against GNPS’ spectral libraries. The library spectra were
filtered in the same manner as the input data. All matches kept between network spectra and library spectra were required to have a
score above 0.7 and at least 4 matched peaks. Multiple biological replicates were used for each sponge species. (C) Principal com-
ponent analyses of the sponge metabolomes. Biological replicates of Lamellodysidea herbacea (in red) and of Dysidea granulosa (yellow)
cluster together and can be neatly differentiated. A greater divergence is observed for the other two Dysidea sp. sponges which can be
resolved by increasing the number of replicates in this analysis. Dereplicated (D) phospholipids (denoted by * in panel B) and (E)
sterols (denoted by # in panel B) in the Dysideidae molecular network. Chemical identities of a large majority of Dysideidae
metabolites remain unknown.
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(Agarwal et al. 2017). The discovery of the hs_bmp
gene cluster responsible for the production of
PBDEs in H. spongeliae was facilitated by the prior
discovery of the homologous bmp gene cluster in ma-
rine proteobacteria that encodes biosynthetic enzymes
for the elaboration of numerous brominated phenols
and pyrroles (Agarwal et al. 2014, 2017; El Gamal et al.
20165 Busch et al. 2019). Hybridization of fluorescent
nucleotide probes revealed that cyanobacterial sym-
bionts are also responsible for the biosynthesis of
chlorinated peptidic natural products such as dysidi-
nin in Dysideidae sponges (Flatt et al. 2005). Prior to
these methods, physical separation of the cyanobacte-
rial filaments from the sponge tissue was required to
determine if Dysideidae cyanobacterial symbionts
were responsible for the biosynthesis of PBDEs and
chlorinated peptides (Unson et al. 1994; Flowers et al.
1998); cell separation methods also showed that
sponge cells contained terpenes such as spirodysin
(Flowers et al. 1998). These cyanobacteria—sponge
associations are host-specific, with each sponge spe-
cies hosting a distinct H. spongeliae strain (Thacker
and Starnes 2003; Ridley et al. 2005), but it is unclear
what the molecular drivers of this specificity are. The
production of PBDEs or chlorinated peptidic natural
products may provide the sponge with chemical de-
fense against predation (Pennings et al. 1994), but
they are not essential to maintain the cyanobacteria—
sponge association as Dysideidae sponges that lack
these types of natural products still maintain large
population of H. spongeliae (Agarwal et al. 2017).
Hormoscilla spongeliae likely plays a critical role in
carbon fixation, as shading this species has led to a
large reduction in sponge mass (Thacker 2005).
Symbiotic cyanobacteria associated with other marine
invertebrates are similarly prolific sources of natural
products, with Prochloron cyanobacteria associated
with tunicates producing diverse cyanobactins
(Schmidt et al. 2012). The characteristic fluorescence
of the photosynthetic pigment chlorophyll a allows for
simple imaging of cyanobacterial symbionts within
diverse holobionts, and these techniques can be paired
with imaging mass spectrometry to determine the spa-
tial co-localization of cyanobacteria with natural
products in the sponge tissue (Simmons et al. 2008;
Buchberger et al. 2018). As complete genomes of ob-
ligate cyanobacterial symbionts become available, it
will be instructive to compare them against closely
related free-living cyanobacterial genomes to deter-
mine the molecular determinants of cyanobacterial
mutualism with various marine invertebrates.
Another example of bacterial production of
sponge-derived natural product biosynthesis is the
production of polyketides and ribosomal and non-
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ribosomal peptide natural products by the filamen-
tous “Candidatus Entotheonella sp.” within the
sponge T. swinhoei (Fig. 2). These filaments were
originally thought to be oJ-proteobacteria (Bewley
et al. 1996; Schmidt et al. 1998, 2000), but cell sort-
ing, multiple displacement amplification of genomic
DNA from individual cells, and DNA sequencing
supported their placement into the independent can-
didate phylum “Tectomicrobia”; their phylogenetic
status has been further refined as more member
genomes are assembled from sponge microbiomes
(Wilson et al. 2014; Lackner et al. 2017; Mori et al.
2018). Prominent examples of natural products for
which the biosynthetic genes have been determined
include the extensively modified, ribosomally synthe-
sized peptidic polytheonamides (Freeman et al. 2012,
2016), and the polyketide onnamides (Piel et al
2004), among several other natural products
(Wilson et al. 2014). The biosynthetic genes for mis-
akinolide, which structurally resembles swinholide A,
were localized to another “Entotheonella” bacterium
found in a distinct chemotype of T. swinhoei (Ueoka
et al. 2015). Swinholide A has been isolated from T.
swinhoei (Carmely and Kashman 1985; Bewley et al.
1996) as well as marine cyanobacteria (Andrianasolo
et al. 2005), and the gene cluster involved in swin-
holide A biosynthesis was identified in a terrestrial
cyanobacterium (Humisto et al. 2018). Furthermore,
gene clusters involved in the biosynthesis of other
related macrolides were also discovered in cyanobac-
teria (Ueoka et al. 2015). Taken together, these
results are suggestive of the transfer of the swinho-
lide biosynthetic gene cluster between free-living cya-
nobacteria and heterotrophic microbes within the
microbiome of T. swinhoei. The ecological benefit
of these compounds to T. swinhoei is largely un-
known, but “Ca. Entotheonella sp.” in the marine
sponge Discodermia calyx synthesizes the hybrid
NRPS-PKS natural product phosphocalyculin A
that is dephosphorylated upon damage to the sponge
tissue, implying, perhaps, a role of this molecule to
respond to host tissue damage or as a chemical de-
fense (Wakimoto et al. 2014; Uria et al. 2018).

Metagenomic and single cell genomics approaches
delineated above are complemented by efforts to di-
rectly culture sponge-associated bacteria (Esteves
et al. 2016; Indraningrat et al. 2016; Versluis et al.
2017). For example, a bacterial isolate from
the sponge Arenosclera brasiliensis produces bromo-
tyrosine alkaloids, which are commonly found in
sponges (Nicacio et al. 2017). It is anticipated that
a combination of these methods will continue to
resolve members of the microbiome that are respon-
sible for the production of natural products.
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Fig. 2 Chemical structures of key Theonella swinhoei natural products discussed in text.

Sponges also host diverse eukaryotes that are bio-  laboratory is still unrealized. While a recent report
synthetically active in producing natural products. validates the prokaryotic potential to synthesize mer-
For example, sponges harbor a wide diversity and  oterpene natural products similar to those detected in
high abundance of meroterpene natural products sponges, no gene loci encoding meroterpene produc-
(Menna et al. 2013; Smith 2017). Fungi cultivated tion have been characterized from sponge prokaryotic
from sponge sources biosynthesize meroterpenes metagenomes (Moosmann et al. 2017). Other eukary-
(Zhou et al. 2011; Zhang et al. 2018). However, a  otic symbionts, such as dinoflagellates, may also con-
one-to-one correspondence between meroterpenes tribute to the natural product biosynthetic milieu in
detected in the sponge metabolome, and those bio-  sponge hosts. Given their genetic complexity, a meta-
synthesized by sponge-derived fungi cultivated in the  transcriptomic approach may help to facilitate the

6102 JoquiaAoN GO UO Jesn uojbully e sexa] Jo AlsieAlun Aq £9/92S5/S9//v/6G10BASqe-8[011e/qol/wod dnoolwepeoe//:sdyy Wol) papeojumod



772

identification of natural product biosynthetic genes in
sponge eukaryotic symbionts and in the sponge cells
themselves.

Future directions

A combination of expanding metagenome sequenc-
ing capacity with the computational tools to mine
for natural product biosynthetic gene clusters can
potentially revolutionize natural product discovery
from sponges (Medema and Fischbach 2015;
Medema et al. 2015; Blin et al. 2017) and further
our understanding of the functions of these com-
pounds. Particularly for HMA sponges, metage-
nomes reveal that some microbial genomes are a
tremendous source of silent or cryptic natural prod-
uct gene clusters, the small molecule products of
which are either not produced in the sponge holo-
biont or are produced in quantities that are unde-
tectable by contemporary analytical methods. When
cultivation of symbiotic bacteria is not possible, syn-
thetic biology workflows, perhaps using synthetic
DNA tailored for expression in specific heterologous
hosts, will allow for the elaboration of small mole-
cules encoded in gene loci detected in sponge meta-
genomes (Kim et al. 2015; Morita and Schmidt
2018). Marine metagenomes are already starting to
yield interesting biocatalysts (Smith et al. 2017;
Neubauer et al. 2018). We expect to observe a trans-
formative expansion in this field as synthetic biolo-
gists and natural product chemists team up with
geneticists and chemical ecologists to explore in
greater molecular detail the biosynthetic potential
of the sponge holobiont. Efforts to culture bacteria
and fungi from sponges for discovery of new natural
products and for the description of natural product
biosynthetic gene clusters when successful can cir-
cumvent the complexity of the holobiont metage-
nomes and metatranscriptomes.

Finally, sponges appear to be less impacted by the
predicted effects of ocean warming and ocean acid-
ification that affect benthic organisms like corals,
potentially leading to a structural and functional
shift to “sponge reefs” in the near future (Bell
et al. 2013; Rovellini et al. 2018). Changes in tem-
perature, light, nutrients, and other environmental
factors will impact sponges and their microbial asso-
ciations in diverse ways. For example, cyanobacteria
and other photosynthetic organisms will likely be
affected by various environmental changes differently
than heterotrophic microorganisms, with differing
impacts on the nutritional ecology of sponges and
the production of natural products. Changing envi-
ronmental conditions may have profound effects on
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sponge ecology, with expected changes in their
chemical defensive capabilities as well. A better un-
derstanding of the roles that symbionts and natural
products chemistry have played in the past and cur-
rent ecological success of sponges is therefore critical
if we are to predict how these organisms will re-
spond to continued environmental change in the fu-
ture. With high abundance and diversity and a
cosmopolitan distribution, sponges and their sym-
bionts may act as sentinel species within their
ecosystems.
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