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ABSTRACT

Mesophotic coral ecosystems (MCEs) host a diverse array of sponge species, which represent a promising source of bioactive
compounds. Increasing evidence suggests that sponge-associated bacteria may be the primary producers of these compounds.
However, cultivating these bacteria under laboratory conditions remains a significant challenge. To investigate the rich resource
of bioactive compounds synthesised by mesophotic sponge-associated bacteria, we retrieved 429 metagenome-assembled ge-
nomes (MAGs) from 15 mesophotic sponges, revealing a strong correlation between bacterial diversity and sponge species.
Furthermore, we identified 1637 secondary metabolite biosynthetic gene clusters (BGCs) within these MAGs. Among the identi-
fied BGCs, terpenes were the most abundant (495), followed by 369 polyketide synthases (PKSs), 293 ribosomally synthesised and
post-translationally modified peptides (RiPPs) and 135 nonribosomal peptide synthetases (NRPSs). The BGCs were classified
into 1086 gene cluster families (GCFs) based on sequence similarity. Notably, only five GCFs included experimentally validated
reference BGCs from the Minimum Information about a Biosynthetic Gene cluster database (MIBiG). Additionally, an unusual
abundance of BGCs was detected in Entotheonella sp. (s191209.Bin93) from the Tectomicrobia phylum. In contrast, members of
Proteobacteria and Acidobacteriota harboured fewer BGCs (6-7 on average), yet their high abundance in MCE sponges suggests
a potentially rich reservoir of BGCs. Analysis of the BGC distribution patterns revealed that a subset of BGCs, including terpene
GCFs (FAM_00447 and FAM_01046), PKS GCF (FAM_00235), and RiPPs GCF (FAM_01143), were widespread across meso-
photic sponges. Furthermore, 32 GCFs were consistently present in the same MAGs across different sponges, highlighting their
potential key biological roles and capacity to yield novel bioactive compounds. This study not only underscores the untapped
potential of mesophotic sponge-associated bacteria as a source of bioactive compounds but also provides valuable insights into
the intricate interactions between sponges and their symbiotic microbial communities.
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1 | Introduction

Sponges (phylum Porifera) are renowned as a prolific resource of
bioactive compounds, with approximately 200 new compounds,
including nonribosomal peptide synthetase (NRPS), polyketide
synthase (PKS) and terpenes, being reported each year (Laport
et al. 2009; Varijakzhan et al. 2021). However, increasing evi-
dence suggests that many of these bioactive compounds are not
directly produced by the sponges themselves but by their sym-
biotic bacteria. Examples include mycalamide, pateamine, poly-
theonamide and peloruside, which have been linked to bacterial
origin (Freeman et al. 2016; Rust et al. 2020; Storey et al. 2020).
This realisation has intensified the focus on sponge-associated
bacteria as potential sources for novel bioactive compounds.
Sponges host a remarkably diverse microbial community,
which can constitute up to 35% of their total biomass (Hentschel
et al. 2012). Despite significant efforts to culture these bacteria
in laboratory conditions, only a small fraction of these microbes
have proven cultivable, thereby limiting their exploration (Dat
et al. 2021).

Genome mining has emerged as a powerful strategy for the
discovery of microbial secondary metabolites. By analysing ge-
nomic data, researchers can identify and predict biosynthetic
gene clusters (BGCs) responsible for the production of novel
compounds (Kautsar et al. 2018; Kalkreuter et al. 2020; Blin
et al. 2021). Advances in sequencing technology and the associ-
ated reduction in costs have driven a rapid increase in available
genome data, further enhancing the utility of genome mining for
uncovering new bioactive compounds (Wei et al. 2021; Shaffer
et al. 2022). As a culture-independent approach, metagenomics
has proven particularly effective in exploring the genetic poten-
tial of environmental microbial communities. By combining
metagenomic assembly, genome binning and BGC prediction,
this method bypasses the cultivation barrier, enabling the iden-
tification of secondary metabolite resources directly from envi-
ronmental microbiomes (Hugenholtz et al. 1998; Marchesi 2012;
Ayling et al. 2020). This integrated approach has already demon-
strated success in uncovering cryptic BGCs from Antarctic soil,
marine waters and oral microbiomes (Aleti et al. 2019; Paoli
et al. 2022; Waschulin et al. 2022).

Mesophotic coral ecosystems (MCEs) represent a distinct com-
ponent of marine biodiversity. These ecosystems, defined as
coral reef “twilight zones,” are dominated by light-dependent
corals, sponges, and algae, residing at depths of 30 to 150m
(Hinderstein et al. 2010). Accessing these ecosystems requires
professional training, and their microbial diversity and bio-
synthetic potential for secondary metabolites remain largely
unexplored due to the cultivation challenges associated with
their bacterial communities (Olson and Kellogg 2010; Hentschel
et al. 2012). In this study, we collected 15 sponge samples from
MCEs using scuba diving and employed a culture-independent
metagenomic strategy to investigate the biosynthetic poten-
tial of secondary metabolites from their associated bacteria.
A total of 429 metagenome-assembled genomes (MAGs) were
retrieved, from which 1637 BGCs were identified. Analysis of
BGC distribution revealed an uneven pattern across MAGs and
sponge species. Altogether, our study provides new insights into
the untapped reservoir of secondary metabolites in mesophotic
sponge-associated bacteria.

2 | Materials and Methods
2.1 | Sponge Collection and Identification

A total of 15 mesophotic sponge samples were collected from the
Philippines using scuba diving (Table S1 and Figure S1). Samples
were immediately stored at —80°C. Sponge-metagenomic DNA
was extracted following a previously described protocol without
modifications (Gurgui and Piel 2010). This DNA served as a tem-
plate for polymerase chain reaction (PCR) amplification of the
sponge 28S rRNA gene and the sponge mitochondrial 16S rRNA
gene (Erpenbeck et al. 2005; Watkins and Beckenbach 1999).
The PCR conditions were as follows: initial denaturation at 94°C
for 5min, followed by 30cycles of 30s at 94°C, 30s at 48°C and
1min at 72°C, with a final extension at 72°C for 5min. Each
25uL reaction contained 12.5uL of 2xX Wazyme Taq polymerase
(Nanjing Vazyme Biotech), 9uL of DNase-free water, 1L of
each primer (10uM) and 2 1L of DNA (10-20ng). Specific prim-
ers for the sponge 28S rRNA gene were 28sCallyF (5-TGCGA
CCCGAAAGATGGTGAACTA-3’) and 28sCallyR (5'-ACCAAC
ACCTTTCCTGGTATCTGC-3') (Gurgui and Piel 2010; Lépez-
Legentil et al. 2010). Primers for the mitochondrial 16S rRNA
gene were 16S-F (5“-TCGACTGTTTACCAAAAACATAGC-3')
and 16S-R (5-YRTAATTCAACATCGAGGTC-3') (Watkins
and Beckenbach 1999). PCR products were sequenced through
an ABI 3730 platform (Genewiz, Suzhou, China), and the se-
quences were BLASTed against the rRNA/ITS database at the
National Center for Biotechnology Information (NCBI) for taxo-
nomic identification. Phylogenetic analysis of the 28S rRNA gene
was performed to deduce the taxonomic classification of MCE
sponges (Erpenbeck et al. 2005). The analysis of the sponge mi-
tochondrial 16S rRNA gene was employed as a complementary
approach to validate the taxonomic assignments.

2.2 | Sponges Metagenomic Sequencing

Crude sponge-metagenomic DNA was further treated with
RNase (10ug/mL, Sangon Biotech) at 37°C for 1h, followed
by treatment with Proteinase K (50puL/mL, Beyotime Biotech)
at 55°C for 2h. DNA was subsequently purified with magnetic
beads and subjected to high-throughput sequencing on the
HiSeq PE150 platform (Illumina) with a sequencing depth of 30
Gbp. Sequencing services were provided by Genewiz (Suzhou,
China).

2.3 | Quality Trimming Sequencing Data
and Adapter Removal

Raw sequencing reads were processed using Trimmomatic
(Bolger et al. 2014) to remove Illumina adapters and fil-
ter for quality. Parameters used were PE -threads 8
-phred33 ILLUMINACLIP:adapter.fa:2:30:10 LEADING:20
TRAILING:20 SLIDINGWINDOW:4:20 MINLEN:75.

2.4 | Metagenome Assembly

Filtered reads from all sponge samples were assembled using
MEGAHIT (Li et al. 2016) with the --min-contig-len parameter
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set to 500 bp. Low-coverage contigs were removed using Salmon
(Patro et al. 2017; Xie et al. 2022). The final assembly data have
been deposited in the NCBI database (Table S1).

2.5 | Sequence Estimated Coverage

Redundancy and coverage of reads were evaluated using
Nonpareil v3.304 (Rodriguez et al. 2018) with the -T kmer and
-X 1000000 parameters. Nonpareil curves were generated using
the R package Nonpareil in RStudio (v4.0.3).

2.6 | MAG Binning and Classification

MAGs were binned using MetaBAT2 (Kang et al. 2019) with
--abdFile, incorporating mean and variance information of base
coverage depth. MAG completeness and contamination were
evaluated using CheckM (Parks et al. 2015). Bins with >80%
completeness and <10% contamination were retained. Clean
reads were aligned to the MAGs using BWA-MEM (Li 2013).
MAG-associated reads were reassembled with SPAdes (Nurk
et al. 2013), retaining contigs >1000bp. CheckM was used for
re-evaluation, and average nucleotide identity (ANI >95%)
was applied to remove redundant MAGs (Parks et al. 2015).
Taxonomic classification of filtered MAGs was performed using
the GTDB-Tk with default parameters (Chaumeil et al. 2022).

2.7 | AntiSMASH and BiG-SCAPE Analysis

BGCs were predicted using antiSMASH v6.0 (Blin et al. 2021)
with the following parameters: --genefinding-tool prodigal
--cb-knownclusters --tigrfam --cb-subclusters --asf --pfam2go
--cc-mibig --rre. BiG-SCAPE v1.0.1 (Navarro-Mufioz et al. 2020)
was used to cluster BGCs based on sequence similarity with the
parameters --mix --mibig and a similarity cutoff of 0.5. Predicted
BGCs were compared to reference pathways in the MIBiG da-
tabase (Medema et al. 2015). Network visualisations were con-
structed in Cytoscape v3.10.1 (Shannon et al. 2003).

2.8 | Comparative Analysis of 429 Genomes

A highly resolved phylogenetic tree of 429 genomes was con-
structed based on a pre-defined core gene using the Universal
Biased Clustered Genes (UBCG) pipeline (Na et al. 2018). The
genome files were initially converted from the FASTA format to
the BCG format. Then, the resulting BCG files containing UBCG
gene sequences and metadata were aligned to construct the evo-
lutionary tree, which was exported in the Newick (NWK) file
format. The resulting phylogenetic tree was visualised and an-
notated using iTOL v5 (Letunic and Bork 2019; Na et al. 2018).

2.9 | Existence/Absence Matrix

The presence or absence of 41 gene cluster families (GCFs)
across mesophotic sponge samples was visualised using iTOL
v5. A script was developed to extract and integrate data on BGC
occurrence. The output was visualised in iTOL v5 with MAG

types labelled in different colours. The script is available at
https://itol.embl.de/shared_projects.cgi.

3 | Results
3.1 | MAGs Retrieved From Mesophotic Sponges

To investigate the diversity of secondary metabolite resources
in mesophotic sponge-associated bacteria, we collected 15
sponge samples from the mesophotic zones of Puerto Galera
and Apo Reef via SCUBA diving (Table S1 and Figure S1). The
sponge samples were preliminarily identified through phylo-
genetic analyses of 16S rRNA and 28S rRNA genes (Table S1).
Subsequently, metagenomic sequencing was employed to ex-
plore the associated bacterial communities. Initial feasibility
tests on samples '190707' and '191227" indicated that sequencing
depths between 1 and 20 Gbp were required to recover 80% of
the sequence diversity, as determined by nonpareil projection
curves (Figure S2). Based on these findings, a sequencing depth
of 30 Gbp per sample was applied to ensure comprehensive
coverage.

Draft MAGs were constructed through de novo assembly and
binning of contigs. To mitigate the impact of low genome qual-
ity—which often results in fragmented BGC predictions—
MAGs with completeness >80% and contamination <10% were
retained (Bowers et al. 2017). Of the 429 MAGs, 60.84% were
classified as high-quality (completeness >90%, contamination
< 5%; Table S2). These MAGs exhibited a median GC content of
62.92% and a median contig N50 of 65,237 (Table S2). Concerning
genome size, the MAGs range from 0.72Mb to 8.00 Mb, includ-
ing completeness values into the genome size estimations, with
N50 values between 4986 and 3,337,178.

Using the GTDB-Tk pipeline (Chaumeil et al. 2022), the MAGs
were classified into 27 bacterial phyla (Table S3). Sample-
specific MAG counts varied from 3 to 59 (Figure 1, Table S1),
with higher abundances observed in sponges Melophlus,
Rhabderemia, Terpios and Xestospongia (average: 45 MAGs
per sponge). Heatmap analysis (Figure 1) revealed that cer-
tain phyla, such as Actinobacteriota, Desulfobacterota_D and
Proteobacteria, were widely distributed, while others showed
strong host specificity. For instance, Tectomicrobia was enriched
in Theonella, and Nitrospinota was prevalent in Cinachyrella.
Notably, Acidobacteriota dominated in Axinella, Rhabderemia
and Terpios, while Chloroflexota was abundant in Melophlus,
Terpios and Xestospongia. This compositional specificity among
different sponge genera offers valuable insights for the targeted
exploration of bacteria resources within mesophotic sponge eco-
systems. Although the bacteria composition of samples from the
same sponge genus, such as Axinella and Cinachyrella, shows
noticeable variation, we attribute this to the limited biomass of
the samples and the low yield of high-quality DNA.

3.2 | Diversity and Novelty of BGCs in
Assembled MAGs

The biosynthetic potential of sponge-associated bacteria
was assessed using antiSMASH 6.0 (Blin et al. 2021), which
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FIGURE 1 | The analysis of 429 metagenome-assembled genomes revealed a characteristic composition of bacteria in mesophotic sponges.

Lineage statistics of metagenome assembly genomes (MAGs) from 15 mesophotic sponge samples (Left, bar graphs). The x-axis represents the tax-
onomic names of sponges, and the y-axis indicates the total number of MAGs in each sponge sample. Statistics of the number of MAGs classified at
the phylum level (Above, bar graphs). The x-axis represents the taxonomic names of MAGs, and the y-axis indicates the total number of MAGs in
each bacteria phylum. The MAGs (Below, heatmap) were classified at the phylum level using ANT analysis and assigned to their host sponges in the
heat map. The x-axis indicates the taxonomic names of MAGs, and the y-axis indicates the sponge sample names. The depth of colour represents the
number of MAGs, ranging from 0 to 14. The tool used for creating the heatmap is available at http://www.ehbio.com/ImageGP/index.php/Home/
Index/PCAplot.html. The symbols *, # and $ indicate that the marked sponge samples are from the same species.

identified 1637 BGCs across the 429 MAGs, spanning 35
categories, including NRPS, PKS, terpene, RiPPs and oth-
ers (Table S3). Among these, terpene BGCs were the most
abundant (30.2%), followed by PKS (22.1%), RiPPs (17.9%)
and NRPS (8.3%), cumulatively comprising 78.5% of all de-
tected BGCs (Figure S3 and Table S3). Phylogenetic analysis
using the UBCG pipeline (Na et al. 2018) revealed that ter-
pene and PKS BGCs were widely distributed across MAGs,
whereas NRPS and RiPP clusters exhibited greater species
specificity (Figure 2). NRPS clusters were predominantly
found in Poribacteria, Latescibacterota and Acidobacteriota,
while RiPPs were enriched in Nitrospirota, Acidobacteriota,
Proteobacteria, Poribacteria and Gemmatimonadetes.
Additionally, BGC types such as ectoine, arylpolyene, resor-
cinol and hserlactone were categorised as ‘others’ due to their
sporadic distribution (Figure 2 and Table S3).

To enhance accuracy in defining BGC boundaries, BiG-SCAPE
was employed to cluster BGCs into GCFs using pairwise dis-
tance metrics (Navarro-Mufioz et al. 2020). This approach
identified 270 GCFs and 816 singletons, with only five GCFs
matching experimentally validated BGCs in the MIBiG data-
base. These included one desferrioxamine, one aerobactin and
three eicosapentaenoic acid BGCs (Figure 3 and Table S3).

PKS and NRPS BGCs are widely regarded as critical targets
for the discovery of clinically relevant drugs (Katz et al. 2016).
In this study, we identified 369 PKS and 135 NRPS gene clus-
ters (Table S4). Among the various bacterial groups analysed,
Acidobacteriota exhibited the highest average number of PKS
and NRPS gene clusters per MAG, with an average of three per
MAG (Table S4). Of the identified PKS gene clusters, 40 were
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FIGURE 2 | Bioinformatics analysis of 429 metagenome-assembled genomes points toward a high biosynthetic genetic potential and distribution
diversity. Layer 1: The phylum classification of MAGs is marked with different colours on the left. Layer 2: BGC content was classified into five BGC
types in the top left corner, which are RiPPs, PKS, Terpene, NRPS and others (Table S3). All five groups were marked with different colours. The

phylogenetic tree was constructed using UBCG with 92 genes.

categorised as type III PKS, while the remaining clusters were
grouped as type I PKS or PKS-like (Table S3).

Five type I PKS GCFs displayed a conserved architecture char-
acterised by an NRPS-like core gene that included domains for
ketosynthase (KS), acyltransferase (AT), dehydrogenase (DH),
c-methyltransferase (cMT), enoylreductase (ER), ketoreductase
(KR) and acyl carrier protein (ACP), as well as a repeat of the KS-
AT modules (Figure 4a). Flanking these core genes were additional
genes, including abhydrolase, 4-phosphopantetheinyl transferase,
transporter and genes of unknown function. AntiSMASH analy-
sis revealed similarities between these GCFs and the known BGC
encoding strobilurin A (MiBIG accession no. BGC0001909.1).
However, structural variations in the adjacent genes and the NRPS-
like core domains strongly suggest the potential for cryptic bioac-
tive compounds. Notably, GCFs FAM_00235 and FAM_00459
appeared to be vertically transferred, as they were exclusively de-
rived from Actinobacteriota and Desulfobacterota_D, respectively.
In contrast, the other three GCFs (FAM_00382, FAM_01276 and
FAM_00977) exhibited horizontal gene transfer across diverse
bacterial origins (Figure S4).

Additionally, two large trans-AT PKS BGCs were identified
in a Verrucomicrobiota MAG (190,116 bin62, d_Bacteria; p_
Verrucomicrobiota; c¢_Kiritimatiellae) (Figure 4b, Table S3).
These two gene clusters contained 23 and 13 assembly mod-
ules, respectively, along with diverse modification domains,
including KR, DH, ER, Ox, PS, MT, HMGS, ECH and NRPS
modules. BGC I, approximately 106.7kb in length and com-
prising 13 genes, encodes 23 PKS modules and various mod-
ification domains. Based on step-by-step domain analysis,
we proposed that the biosynthesis of compound A begins
with alkyl-CoA loading onto the first ACP domain, followed
by 20 rounds of dicarbon unit extensions. The resulting
linear intermediate is cyclised by the second TE domain at
the end of the BGC I to form compound A. BGC II, approxi-
mately 58.9kb in length and containing 13 genes, encodes 13
PKS modules and one NRPS module. This BGC is proposed
to initiate with alkyl-CoA loading onto the first ACP domain,
followed by 11 rounds of dicarbon unit extensions and one
glycine incorporation by the NRPS module. The final linear-
chain is cyclised into compound B by a thioesterase (TE) do-
main (Figure 4b).
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Ribosomally synthesised and post-translationally modified
peptides (RiPPs) represent an important class of natural prod-
ucts with significant antibiotic potential. Our study revealed
extensive RiPP diversity in mesophotic sponge-associated bac-
teria, with BGCs clustered into 61 GCFs and 247 singletons
(Figure 5a). These clusters encompass a wide range of RiPP
classes, including proteusins, ranthipeptides, lanthipeptides,
lassopeptides, linaridins, linear azole-containing peptides
(LAPs), thiopeptides, thioamitides, cyanobactins and sactipep-
tides (Figure 5a). Proteusins were the most abundant RiPP type,
with 16 GCFs comprising 107 BGCs. Notably, GCFs FAM_01149

and FAM_01143 clustered into a larger proteusin family, sharing
conserved core genes (Figure 5a). Proteusin BGCs consistently
contained two transporter genes, a YcaO cyclodehydratase,
a precursor gene and several genes of unknown function
(Figure 5b). Sequence alignment of proteusin precursor pep-
tides revealed a conserved ‘LCCC’ motif across most identified
BGCs, although the final structures exhibited notable diversity
(Figure 5c, Figure S5). Furthermore, the presence of flanking
genes encoding unknown compounds suggests untapped chem-
ical diversity within these BGCs. Interestingly, RiPP clusters
from other classes showed no significant similarity to known
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gene cluster in the figure, and all gene clusters are shown in Figure S4. The domains in core genes and other biosynthetic enzymes were marked

with different colours on the right. (b) Two trans-AT PKS gene clusters were found in MAG (190,116 bin62, d_Bacteria; p_Verrucomicrobiota;

c_Kiritimatiellae), and their biosynthetic pathways are proposed. The enzymes that might be involved in the PKS biosynthesis are marked with dif-

ferent colours. Functional domains were indicated by bold letters: A, adenylation domain; ACP, acyl carrier protein; AH, abhydrolase; AT, malonyl

CoA-acyl carrier protein transacylase; C, condensation domain; cMT, carboxyl methyltransferase; ECH, enoyl-CoA hydratase; ER, enoyl reductase;
FkbH, FkbM family methyltransferase; HMGS, hydroxymethylglutaryl-CoA synthase; KR, ketoreductase; KS, ketosynthase; oMT, oxygenic meth-
yltransferase; Ox: monooxygenase; PS, pyran synthase; PCP, thiolation structural domain (peptidyl carrier protein or acyl carrier protein); TD, thio-

ester reductase domain-containing protein; TE, thioesterase domain.

BGCs, highlighting their novelty and potential for new bioactive
compounds.

3.3 | Uncommon Abundant BGCs in
Tectomicrobia

To investigate the abundance and diversity of BGCs across 27
bacterial phyla, we calculated the average number of BGCs per
phylum (Figure 6a). While Proteobacteria and Chloroflexota
were represented by the highest number of MAGs, their aver-
age BGC counts were relatively low, with 5 and 2 BGCs per ge-
nome, respectively. In contrast, the Entotheonella sp. genome
(s191209.Bin93) from the Tectomicrobia phylum, which spans
6.4Mb, encoded 11 BGCs with a cumulative length of 127kb.

These BGCs included one redox-cofactor, two RiPP-like clus-
ters, two terpene clusters, one type III PKS, one ectoine, one
RRE-containing cluster, one type I PKS and two NRPS BGCs.
Remarkably, none of these BGCs showed similarity to known
clusters in the MIBiG database, nor BGCs in previously char-
acterised Entotheonella strains, such as Entotheonella sp.
TSY1 and TSY2 (Table S5; Wilson et al. 2014). Among other
phyla, Nitrospirota exhibited the highest average number of
BGCs per genome, with approximately 8 BGCs per strain, fol-
lowed by Acidobacteriota, Proteobacteria, Desulfobacterota_B
and Gemmatimonadota, each with an average of 5-7 BGCs
(Table S4). While Proteobacteria and Acidobacteriota harboured
relatively few BGCs per genome, their abundance in the MAG
dataset suggests that these phyla contribute significantly to the
overall BGC pool in MCE sponge-associated bacteria.

7 of 13



. FAM_01149

@ 1@

FAM_01309
Qq 2
- 2 @1 e 5" &0 oo ® o 3
o ¥ 2{;@7.1\ Ve ls T ee g, ** ° O
* . ‘ % oo o, P e @
FAM 01143 5 6
7 21 8 25 9 26 22 23
4 o.‘"o@ 0\@.©oo©©©0©9999©0
'\‘© N V" Ce@6 0 ceee@ee e
10 11 12 13 14 27 15 28 16
o @ e © @ e @O © e 9 o e 00 Do o
@ © ®© © 6 @ © @ @e@ © e o0 ® O 0 @

o]

® Proteusin @ RRE-containing @® LAP @ RiP

-like @ Ranthipeptide

Lassopeptide ® Thioamitides ® Sactipeptide ® Lanthipeptide

(F)A 191227 E)EDE)IN¢mE) 1A 190702 T (o) mh ) 20 A\ 190708  [EEE)E)(TIIE)EEHT) ) )

2 A oo D 2 A v EEmESEEEE A v S

3 /A 191200 <IN ) ) BA 191227 (i) =) 22/ 190708

+ A 100713 ) ) ) ) A 190116 DE)DE)EE)EE)DE) 23 190718 ﬁ-:-::;“o--

Z : ;sz: -‘d-m--'g- (G 15 A\ 190702 ‘-ﬂ.@-g-“- 24 /\ 190708 -S’gl’ggohq-.-

7 A\ 190116 -;0--.. 10 A\ 190715 m‘“ 25 A 19078 mmﬁm“-
5 A 191227 M'q---@ 174\ 190702 (IéENTE@<E 26 A 190116 -

o A\ 190714 @-m-m.g 18/\ 191226 (SEEENTE) 27/ 191208 --.“P;D-'..“'

104\ 190718 = am 19\ 191227 (IEREEEEEE) 28 A\ 190714 *-'-54“...
[ Dehydratase Oxida::ao i oxidored M I Regulatory [l Hal [ Transport Ml Biosynthetic | Leader/Core [l Peptidase [l Det [ Other/unch ized

/\ Desulfot B AP ia  /\ Ni A Acid iota A G A L A\ Actinobacteriota

© Leader peptide Cleavage site Core peptide

40

2

5 10 15 2

’Kl)

e bl P T

L)

% 0

==

an |

S e AT CCCﬂ

\ (\ w:tfr‘
100 105 115
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3.4 | A Small Subset of BGCs Is Widespread in
Mesophotic Sponges

To evaluate the distribution of identified BGCs across meso-
photic sponge samples, we grouped BGCs into GCFs, defined
by shared core genes, to facilitate distribution analysis. For
reliability, we focused on GCFs containing at least four BGCs,
resulting in 41 GCFs (Table S6). We further analysed their
presence across sponge samples and corresponding MAGs.
Among these, 34 GCFs were identified in at least five sponge
samples. Notably, four GCFs demonstrated particularly broad
distributions, terpene GCFs FAM_00447 and FAM_01046,
PKS GCF FAM_00235 and RiPPs GCF FAM_01143, which
were detected in 9 sponges (5 species), 9 sponges (5 species),
7 sponges (5 species) and 11 sponges (7 species), respectively
(Table S6 and Figure 6b). Of particular note, two terpene
GCFs (FAM_00447 and FAM_01046) exhibited strong con-
servation but lacked similarity to any BGCs in the MIBiG
database, highlighting their potential as novel natural prod-
uct sources. In contrast, GCFs FAM_00235 and FAM_01143
demonstrated strong similarity to known biosynthetic clusters
encoding strobilurin A (MIBiG accession no. BGC0001909.1)
and proteusin (MIBiG accession no. BGC0000598),

respectively. Interestingly, 32 GCFs were found consistently
in the same MAGs across different sponges, suggesting their
conservation within specific bacterial taxa. For instance,
FAM_01046 and FAM_00447 were conserved in Nitrospirota
and Latescibacterota, respectively. Conversely, 9 GCFs, such
as FAM_01211, FAM_00235 and FAM_01143, were identified
across different MAGs within single sponge samples, indicat-
ing potential horizontal gene transfer or lineage-specific di-
versification. This combination of conservation, novelty and
functional similarity underscores the chemical and ecological
diversity of BGCs in mesophotic sponge-associated bacteria.

4 | Discussion

Sponges-associated bacteria are a rich source of bioactive com-
pounds (Freeman et al. 2016; Rust et al. 2020; Storey et al. 2020).
In this study, we focused on mesophotic sponges as a novel tar-
get and employed a genome mining strategy to explore their
biosynthetic potential for secondary metabolites, addressing
the challenge of culturing these bacteria. This approach uncov-
ered an exceptional secondary metabolite reservoir across var-
ious bacterial phyla and revealed the widespread distribution
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of BGCs in mesophotic sponges. These findings offer valuable
guidelines for discovering new bioactive compounds from me-
sophotic sponge-associated bacteria.

Sponge-associated bacteria have been estimated to constitute
up to 35% of total sponge biomass (Vacelet and Donadey 1977;

Hentschel et al. 2006; Dat et al. 2021; Freeman et al. 2021).
However, isolating and culturing these bacteria under labora-
tory conditions remains a significant challenge, complicating
the exploration of their chemical repertoire through tradi-
tional methods such as strain culturing, fermentation and com-
pound isolation. To circumvent this limitation, we employed a
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non-culture-based metagenomic approach to investigate the
composition and distribution of symbiotic bacteria in meso-
photic sponges. This analysis led to the identification of 429
MAGs (Table S3). Actinobacteriota, Desulfobacterota_D and
Proteobacteria were found to be widely distributed, suggest-
ing their role as core members of the MCE sponge microbiota.
Distinct differences in microbial communities were also ob-
served across sponge species; for instance, Chloroflexota was
primarily associated with Melophlus, Terpios and Xestospongia,
while Actinobacteriota was predominantly found in Axinella,
Rhabderemia and Terpios (Figure 1). Given that all sponges were
collected from the same region, these differences likely reflect
host-specific and ecological factors rather than environmental
influences, aligning with previous findings on the strong con-
nection between sponge hosts and their microbiota (Reveillaud
et al. 2014).

Sponge-associated bacteria are renowned for producing di-
verse bioactive compounds with potent bioactivities (Cheng
et al. 2020; Li et al. 2023). Our analysis identified 1637 BGCs
from the 429 MAGs, with the terpene family representing
30.2% of all identified BGCs, making it the most abundant type.
Terpenes and terpenoids, known for their roles in signalling,
defence, host-microbe interactions and stress responses (Avalos
et al. 2022), are hypothesised to play essential roles in maintain-
ing the symbiotic relationship between mesophotic sponges and
their bacteria. Since mesophotic sponges mostly live in complex
and variable marine environments, their associated bacteria are
driven to synthesise diverse bioactive compounds to keep the
symbiotic relationship healthy and safe. Thus, we hypothesise
that the widespread presence of terpene BGCs in mesophotic
sponge-associated bacteria suggests an as-yet-undiscovered
function within the sponge-bacteria symbiotic system. This
highlights their potential as a promising resource for discover-
ing novel terpene-based bioactive compounds.

PKS and NRPS gene clusters also garnered significant attention
due to their involvement in the biosynthesis of clinically import-
ant drugs such as erythromycin, tetracycline, penicillin, ceph-
alosporins and vancomycin (Fischbach and Walsh 2006). They
are composed of multiple catalytic domains, which coordinate to
perform the roles, including activation, selection, condensation
and transportation, as well as the modification of methylation,
dehydration and reduction. Furthermore, type I PKS in bacte-
ria usually exhibits a relatively collinear role between the PKS
biosynthetic modules and the corresponding chemical structure
catalysed by them, the new gene cluster usually means cryptic
structures (Tao et al. 2023). Notably, we identified a giant PKS
cluster group containing five GCFs that shared core genes but
exhibited variations in adjacent genes, suggesting substantial
chemical diversity in their products.

Additionally, we identified two novel trans-AT PKS gene clus-
ters from a Verrucomicrobiota MAG (190,116 bin62, d_Bacteria;
p_Verrucomicrobiota; c_Kiritimatiellae). This is only the second
report of trans-AT PKS in Verrucomicrobiota, following the dis-
covery of lasonolide A from Candidatus Thermopylae lasonol-
idus (Uppal et al. 2022). We proposed hypothetical chemical
structures for two novel compounds (A-B) and their biosynthetic
pathways, which indicate potential for novel chemical scaffolds
and bioactivities. Verrucomicrobiota, with its relatively small

average genome size of 2.95Mb (Xue et al. 2024), appears to
have evolved unique strategies to harbour large BGCs, providing
competitive advantages in mesophotic sponge environments.

Ribosomally synthesised and RiPPs are well-known for their
potent antibiotic activities and cryptic structures (Montalban-
Lopez et al. 2021; Ongpipattanakul et al. 2022). However, within
sponges and their associated bacteria, only a single type of RiPP,
polytheonamides, has been identified (Freeman et al. 2016;
Hamada et al. 2005). While Loureiro et al. (2022) investigated
RiPP BGCs in three high-microbial-abundance (HMA) sponges
from the Atlantic Ocean and Mediterranean Sea, revealing
diversity among sponge-associated bacterial symbionts, the
RiPP landscape in MCE sponge-associated bacteria is still un-
known. In this study, we identified 61 GCFs (294 BGCs) along
with 247 singletons from 429 MAGs, with proteusin compris-
ing the majority and displaying substantial chemical diversity
(Figure 5). Proteusins, a class of ribosomally synthesised bac-
terial peptides, are characterised by intricate structures arising
from extensive post-translational modifications (PTMs) and ex-
hibit potent antibiotic and cytotoxic activities (Haft et al. 2010;
Hudson and Mitchell 2018). Known proteusin members include
polytheonamide-type cytotoxins and landornamide A, both of
which exhibit notable antiviral properties (Bosch et al. 2020;
Hamada et al. 2005). The discovery of a large and diverse set
of proteusin BGCs in MCE sponge-associated bacteria high-
lights the untapped potential of MCE sponges as a novel
source for these compounds. Additionally, our findings also
revealed a species-specific distribution of RiPPs at the MAG
level, with higher prevalence in Nitrospirota, Acidobacteriota,
Proteobacteria, Poribacteria and Gemmatimonadota. This un-
even distribution suggests that RiPPs may play critical roles in
the ecological fitness of their host bacteria, providing insights
for targeted antibiotic discovery.

It has been shown that not all microorganisms exhibit a robust
capacity to synthesise diverse secondary metabolites (Srinivasan
et al. 2021; Wei et al. 2023). In this study, Entotheonella sp.
(s191209.Bin93) from the Tectomicrobia phylum stands out with
11 BGCs, representing 2% of its genome. Entotheonella spp. are
known symbionts of Theonella swinhoei and are prolific produc-
ers of diverse secondary metabolites, such as polytheonamides,
keramamides, onnamides and cyclotheonellazoles (Wilson
et al. 2014). These metabolites exhibit significant bioactivities,
including cytotoxicity (onnamides against the P388 cell line) and
protease inhibition (cyclotheonellazoles) (Matsunaga et al. 1992;
Issac et al. 2017). Interestingly, the BGCs from Entotheonella sp.
(s191209.Bin93) displayed distinct genetic profiles compared to
those of Entotheonella sp. TSY1 and TSY2 (Table S5), suggest-
ing evolutionary adaptations to the MCE environment. Besides,
we found that Proteobacteria and Acidobacteriota, although
possessing fewer BGCs per genome (6 and 7, respectively), rep-
resent rich sources of biosynthetic diversity due to their high
MAG abundance in MCE sponges. Moreover, global analyses of
marine prokaryotes and sponge-associated microbiota corrobo-
rate the exceptional chemical diversity harboured by these two
phyla, marking them as promising targets for discovering bioac-
tive compounds (Loureiro et al. 2022; Wei et al. 2023).

Sponge-associated bacteria contribute significantly to the
sponge holobiont, often through the production of secondary
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metabolites that serve as chemical defences against infections
and predation (Fan et al. 2012; Pita et al. 2018; Rubin-Blum
et al. 2019). In this study, we observed that 32 GCFs were con-
served within the same MAGs across different sponge species,
suggesting a link between habitat specificity and GCF conser-
vation (Nguyen et al. 2021). Notably, GCFs such as FAM_00235
and FAM_01143/01149, homologous to strobilurin A and pro-
teusin biosynthetic pathways, respectively, underscore the
potential of mesophotic sponge-associated bacteria to encode
bioactive compounds with cytotoxic and antiviral properties
(Hamada et al. 2005). This highlights their potential role in host
defence mechanisms and their broader ecological importance.
Additionally, nine GCFs exhibited distribution across different
MAGs and sponge samples, reflecting the metabolic diversity
and adaptability of these clusters within the sponge microbiome
(Dharamshi et al. 2022). The identification of conserved and
diverse BGCs emphasises their potential in mediating sponge-
microbe interactions and underscores their promise for bio-
technological applications. However, the functional validation
of these predicted pathways requires further experimental ef-
forts to fully elucidate their biosynthetic potential and ecologi-
cal roles.
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