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Abstract: Sponges are the richest source of bioactive organic small molecules, referred to as natural
products, in the marine environment. It is well established that laboratory culturing-resistant symbi-
otic bacteria residing within the eukaryotic sponge host matrix often synthesize the natural products
that are detected in the sponge tissue extracts. However, the contributions of the culturing-amenable
commensal bacteria that are also associated with the sponge host to the overall metabolome of the
sponge holobiont are not well defined. In this study, we cultured a large library of bacteria from three
marine sponges commonly found in the Florida Keys. Metabolomes of isolated bacterial strains and
that of the sponge holobiont were compared using mass spectrometry to reveal minimal metabolomic
overlap between commensal bacteria and the sponge hosts. We also find that the phylogenetic overlap
between cultured commensal bacteria and that of the sponge microbiome is minimal. Despite these
observations, the commensal bacteria were found to be a rich resource for novel natural product
discovery. Mass spectrometry-based metabolomics provided structural insights into these cryptic
natural products. Pedagogic innovation in the form of laboratory curricula development is described
which provided undergraduate students with hands-on instruction in microbiology and natural
product discovery using metabolomic data mining strategies.

Keywords: sponge; natural products; metabolomics; mass spectrometry; bacteria

1. Introduction

Marine sponges are surface-tethered invertebrate metazoans that derive nutrition
via filter feeding. The filter feeding activity of sponges is proposed to be responsible for
nutrient circulation in benthic ecosystems [1–3]. Due to their sessile nature, sponges have
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developed elaborate chemical defenses in the form of small organic molecules—colloquially
referred to as natural products—to prevent predation and herbivory [4–6]. Sponges are
one of the richest sources of natural products in the marine environment [7,8]. Together
with their chemical complexity, the well validated pharmaceutical potential of sponge-
derived natural products has sustained an interest in their discovery, structural description,
chemical synthesis, and bioactivity characterization [9,10].

Sponges are holobionts, comprised of the eukaryotic sponge host with an associ-
ated prokaryotic microbiome. Simplistically, the sponge microbiome can be grouped into
two parts, the symbiotic and the commensal microbiome. For high microbial abundance
sponges, the symbiotic microbiome can account for up to 40% of the sponge biomass [11,12].
In numerous cases, the symbiotic bacteria have been demonstrated to be the physiological
producers of the bioactive natural products that were isolated from sponge tissues [13,14].
Untargeted metagenomic studies have revealed additional genetic potential in the sym-
biotic microbiome for the production of as yet unknown cryptic natural products [15–17].
Due to the obligate nutritional and structural support that the symbiotic microbiome con-
ceivably derives from the holobiont matrix, these sponge symbiotic bacteria frequently
resist laboratory cultivation [18]. Hence, access to the natural products produced by the
sponge symbiotic microbiome relies on the isolation of these natural products from sponge
tissues, via heterologous expression of the biosynthetic genes and gene clusters, or via
chemical synthesis.

In addition to the symbiotic microbiome, marine sponges are also associated with
putatively commensal bacteria that are amenable to cultivation in the laboratory. The exact
nature of the relationship between the non-obligate symbiotic microbial community and the
sponge may be complex and variable. However, network analysis revealed that amensal or
commensal interactions within the sponge are more prevalent than mutualistic or competi-
tive interactions [19]; thus, herein, we will refer to this bacterial community as commensal.
Isolation of bioactive natural products from these commensal bacteria establishes them as
sources of chemical novelty and potentiates their pharmacological utility. However, unlike
the symbionts wherein the metabolomic overlap between the sponge holobiont and the
symbiotic bacteria is now abundantly well established, it has not yet been mapped out
whether the commensal bacteria produce metabolites and natural products that are also
detected in the sponge extracts themselves. By large scale culturing of commensal bacteria
from three different high microbial abundance sponges, in this study, we establish that
the metabolomic overlap between the commensal bacteria and the sponge holobiont is
minimal. We also find that the phylogeny of the cultured commensal bacteria is disparate
from that of the symbiotic microbiome and that the metabolomic architectures of these com-
mensal bacteria are largely independent of the source sponges. By annotation of the mass
spectrometry fragmentation data, we present evidence for the presence of novel natural
products in the extracts of commensal bacteria and provide insights into their chemical
identities with an aim to facilitate isolation and detailed structure elucidation studies.

The findings described herein are derived from an undergraduate laboratory course
that was developed and implemented in the School of Biological Sciences at Georgia In-
stitute of Technology (Georgia Tech) in Fall 2022. Pedagogic research has established that
exposing undergraduate students to a higher-level experimental coursework is key in deliv-
ering enhanced intellectual outcomes [20–23]. However, even at relatively well-equipped
institutions such as Georgia Tech, there are hardly any courses for undergraduate students
that deliver hands-on experimental instruction in contemporary tools in metabolomics and
natural product chemistry. Furthermore, the COVID-19 pandemic has had a profound
deleterious impact on undergraduate research [24–27]. It is thus our motivation that the
findings and workflows described herein will motivate the development of similar curricula
at other institutions, ultimately seeding interest in undergraduate students for continuing
to engage with natural products and -omics-based research at the postgraduate levels
and beyond.
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2. Results and Discussion
2.1. Marine Sponge Specimens

In this study, we used specimens of marine sponges Aplysina fulva, Smenospongia aurea,
and Aiolochroia crassa that are abundantly present on the shallow reefs in Florida Keys
(Figure 1A). We have described the phylogenetic identification of these sponge specimens
using Sanger sequencing of amplicons of the 28S rRNA gene and the internal transcribed
space 2 (ITS-2) previously, and our choice to use these sponges in this study was dictated
by our prior characterization of their microbiome and metabolome architectures [16,28,29].
The diversity of the bacterial phyla present in the sponge holobionts and with the abun-
dance of bacteria of the phylum Chloroflexi imply that these sponges are high microbial
abundance sponges (Figure 1B) [30,31]. Furthermore, we have extensively mined the
metabolomes of these sponges using liquid chromatography/mass spectrometry (LC/MS)
with dereplication of numerous natural product chemical classes. Taken together, the
abundance of these sponges in the Floridian reefs, the high microbial abundance in these
sponge species, and our ability to rapidly dereplicate natural products from these sponges
using mass spectrometry make these specimens well suited for this study.

2.2. Metabolomes of Sponges and Bacterial Isolates

Sponge tissues were minced and clarified homogenates were spread on three different
solid media containing Petri dishes with and without the presence of antifungal nystatin
and the antibiotic nalidixic acid to prevent the growth of fungi and fast-growing Gram-
negative bacteria that would otherwise outgrow slower growing bacteria. Serial culturing
of isolated colonies was performed on fresh Petri dishes and was sequentially repeated until
morphologically pure cultures were obtained. Petri dishes possessing bacterial colonies
with multiple different morphologies after three serial passages were discarded, as were
any Petri dishes that demonstrated fungal contamination. Using three different growth
media, 47, 43, and 56 bacterial isolates were obtained from the sponges A. fulva, S. aurea,
and A. crassa, respectively, totaling 146 bacterial isolates derived from three marine sponges.
The growth conditions for each bacterial isolate are described in Supplementary Table S1.

Bacterial culture extracts, sponge tissue extracts, and extracts of blank media used for
bacterial cultivation were analyzed by LC/MS. Data thusly generated were organized in
a network format using the online Global Natural Product Social Molecular Networking
(GNPS) platform (Figure 1C) [32]. Numerous sponge-derived natural product chemical
classes were dereplicated by comparison to spectral libraries. These include the bromo-
tyrosine alkaloids (such as the purealidins and the aerophobins; detected in A. fulva and
A. crassa) [29,33], the bromotryptophan alkaloids (such as bromotryptamines and tubas-
trindoles; detected in S. aurea) [28,34], the hybrid peptide/polyketide natural products
smenamides and smenathiazoles (detected in S. aurea) [28,35,36], and the drimane meroter-
penes (such as aureol and cyclosmenospongine; detected in S. aurea) [37,38]. In addition
to dereplicated natural products, it was abundantly clear that the chemical diversity in
marine sponge extracts detected in these mass spectrometry data was much greater than
that had been realized by isolation and structure elucidation of individual natural products;
an observation that we have previously realized for other marine sponges as well [14,39,40].
It is noteworthy that all above-mentioned natural products were detected to be present
in sponge tissues only and were not detected to be present in extracts of bacterial isolates.
Dereplication of natural products and metabolites detected in bacterial extracts was sparse
and was restricted to phospholipids, fatty acids, amino acids, and siderophores. A majority
of bacteria-derived clusters in the molecular network illustrated in Figure 1C not possessing
any dereplicated nodes points towards the potential of bacterial extracts described in this
study as sources of novel metabolites and natural products (vide infra).
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Figure 1. Microbiomes and metabolomes of sponges and bacterial isolates. (A) Morphology of the 
Floridian sponges A. fulva, S. aurea, and A. crassa. (B) Phylum-level microbiome architectures of the 
three sponge holobionts queried in technical duplicates (data reported in Ref. [16]). (C) Molecular 
network illustrating the structural similarity between metabolites detected in sponge tissue (blue 
nodes), bacterial isolates (green nodes), and metabolites that were shared between sponge tissue 
and bacterial isolates (brown nodes). Metabolites detected in media used for bacterial cultivation, 
and those between media and sponge tissue and media and bacterial isolates are represented as red 
nodes. (D) After subtraction of metabolites detected in media, the overlaps between metabolites 
detected in bacterial isolates (gray circles) and sponge tissues (white circles) are illustrated as Venn 
diagrams. 
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Figure 1. Microbiomes and metabolomes of sponges and bacterial isolates. (A) Morphology of the
Floridian sponges A. fulva, S. aurea, and A. crassa. (B) Phylum-level microbiome architectures of the
three sponge holobionts queried in technical duplicates (data reported in Ref. [16]). (C) Molecular
network illustrating the structural similarity between metabolites detected in sponge tissue (blue
nodes), bacterial isolates (green nodes), and metabolites that were shared between sponge tissue and
bacterial isolates (brown nodes). Metabolites detected in media used for bacterial cultivation, and
those between media and sponge tissue and media and bacterial isolates are represented as red nodes.
(D) After subtraction of metabolites detected in media, the overlaps between metabolites detected in
bacterial isolates (gray circles) and sponge tissues (white circles) are illustrated as Venn diagrams.

Metabolomic features from the LC/MS data were extracted using MZmine [41]. After
removal of features detected in media blanks, the metabolomic overlap between sponge
tissue extracts and extracts of bacterial isolates ranged from 3.5% (between A. crassa and
56 bacterial strains isolated from A. crassa) to 10.1% (between S. aurea and 43 bacterial
strains isolated from S. aurea, Figure 1D). A majority of these shared metabolites between
bacteria and sponges, illustrated as brown nodes in Figure 1C, were phospholipids and
fatty acids. That unculturable obligate bacterial symbionts synthesize a large fraction of the
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natural products detected in sponge holobionts is now well established [13,18,42]. Data
presented in this study allow us to posit that laboratory culturing-amenable commensal
bacteria have a much lower contribution to the overall metabolome of the marine sponge
holobiont. Nonetheless, these commensal bacteria remain an important source for the
discovery of novel and potentially bioactive natural products.

2.3. Phylogeny of Bacterial Isolates

Sanger sequencing of full length 16S rRNA gene amplicons was used to assign the
genera for bacterial strains isolated in this study. Consensus genera assignment relied
upon comparison of forward and reverse 16S rRNA gene amplicon Sanger sequences to
the GenBank rRNA/ITS database using the Basic Local Alignment Search Tool (BLAST)
(Supplementary Table S1) [43].

The majority of bacteria isolated in this study could be assigned to the Gram-negative
proteobacterial Pseudovibrio, Ruegeria, and Microbulbifer genera (Figure 2). All three genera
have extensive literature precedents for association with marine invertebrates and are
well validated sources of bioactive natural products [44–51]. Recently, a Pseudovibrio
isolate from a Verongid sponge was reported to produce bromotyrosine alkaloid natural
products [52]. However, bromotyrosine alkaloids were not detected in extracts of any of
the Pseudovibrio strains isolated in this study. Other noteworthy bacterial isolates include
actinomycetes belonging to the genera Micrococcus, Kocuria, Enemella, and Saccharopolyspora
and bacilli of the genera Bacillus, Metabacillus, Halobacillus, and Rossellomorea. We also
detected the isolation of strains from Tenacibaculum, a genus of opportunistic fish pathogenic
bacteria. The diversity and genera of bacteria isolated in this study agree with prior studies
describing cultivation of bacteria from marine sponges [53–55].

Overall, the diversity of culturing-amenable commensal bacteria was lesser than that
of symbiotic bacteria associated with the sponge holobiont (Figures 1B and 2). Numerous
phyla abundantly present in the sponge microbiome, such as Chloroflexi and Acidobacteria,
are not represented in the cultured commensal bacteria; this observation is in line with
findings from other sponges such as the giant barrel Xestospongia spp. sponges [56]. While
it can be rationalized that the culturing conditions used in this study were not amenable to
isolation of cyanobacteria and members of sponge-specific phyla such as Poribacteria and
Entotheonellaeota, data presented here allow us to establish that the commensal bacterial
community associated with marine sponges is vastly different in phylogenetic identity and
metabolomic potential as compared to the sponge symbiotic microbiome.

2.4. Dependence of Isolation Media and Source Sponge on Bacterial Metabolomes

In this study, the commensal bacteria were cultured from three sponges using three
different media. To gauge the influence, if any, of the source sponge and of the isolation
media on the metabolomes of commensal bacteria, the bacterial metabolomes were visual-
ized using principal component analysis (PCA) plots. The circular nodes on these plots
represent metabolomes of individual bacteria (Figure 3).

Identity of the source sponges had minimal impact on bacterial metabolomes;
metabolomes of most of the commensal bacteria cluster together on the first principal
component (PC) in Figure 3A. This observation is perhaps best exemplified by a tight
cluster on the first and second PCs of Pseudovibrio nodes that contains strains derived from
all three sponges. The only discernable separated cluster on the first PC was that of nine
Microbulbifer strains. Curiously, eight of these nine Microbulbifer strains were isolated from
S. aurea– the mechanistic reason for this divergence is not immediately clear.
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bacterial nodes are labeled in both plots, comprising of Pseudovibrio strains isolated from different
sponges and Microbulbifer strains isolated mainly from S. aurea. The Microbulbifer strains are listed
for clarity.
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The cultivation media had a relatively larger impact on the separation of the bacterial
metabolomes (Figure 3B). The use of Marine Broth 2216 (abbreviated as ‘MB media’ in
Figure 3B) was strongly correlated with the isolation of Pseudovibrio strains from all three
sponges (Supplementary Table S1); this observation is also reflected in the PCA plots where
the impact of the MB media on the metabolomes of these strains is captured in the second
PC (Figure 3B). The abovementioned nine Microbulbifer strains were all isolated using the
tryptic soy media (abbreviated as ‘TS media’ in Figure 3B). Taken together, these results
allow us to posit that innovation in culturing techniques and media compositions will have
a greater impact on increasing the diversity of cultured commensal bacteria, as compared
to attempts at increasing the marine invertebrate metazoan sample space itself.

2.5. Cryptic Metabolites Are Shared between Sponges and Commensal Bacteria

The molecular network illustrated in Figure 1C allowed us to mine for metabolites that
are shared between sponge and commensal bacteria. Here, we disregarded phospholipids
as they presumably represent cell wall components rather than secondary metabolites.
For the cluster illustrated in Figure 4A, we observed three nodes (in green) derived from
commensal bacteria connected to a node representing a metabolite with the parent mass
m/z 567.497 that was shared between A. fulva and S. aurea sponges and sixteen commensal
bacteria (in brown, Figure 4A). Of these sixteen commensal bacterial strains, all but one
of the strains (22JT-AC-002, in red in Figure 4A) belong to the Microbulbifer genus. Nodes
connected to this central node which represent metabolites detected only in bacterial
extracts were similarly derived from Microbulbifer strains. Mass differences between the
four nodes can be interpreted in chemically meaningfully terms, as labeled on the edges in
Figure 4A.
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Figure 4. Discovery of cryptic metabolites shared between marine sponges and commensal bacteria.
(A) A cluster of four nodes in which three nodes (in green) are detected in commensal bacteria only,
and one node (in brown) is shared between commensal bacteria and A. fulva and S. aurea sponges. The
parent masses for metabolites corresponding to the four nodes are labeled. For the m/z 567.497 node,
(universal spectrum identifier (USI) 42 spectra were collated from commensal bacteria, and 16 spectra
were collated from marine sponges. USI links for other nodes are as follows: m/z 541.483 node USI;
m/z 581.513 node USI; m/z 593.514 node. (B) MS2 spectra for the m/z 567.497 metabolite, as detected
in highest abundance in the Microbulbifer strain 22AN-SA-001 (top), and the A. fulva and S. aurea
sponges (middle and bottom, respectively). The molecular formulae of the parent ions, and the two
most abundant daughter ions, m/z 311.258 and m/z 313.273 are labeled. At low m/z, a number of
daughter ions separated by 14.016 Da are discernable which corresponds to differences in a methylene
(-CH2-) unit.
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Next, the MS2 spectra for the m/z 567.497 metabolite detected in the sponge extracts
and the bacterial extracts were compared to reveal highly similar fragmentation patterns
(Figure 4B). From the MS2 spectra, two highly abundant fragments with m/z 311.258 and
m/z 313.273 were identified to which the molecular formulae C19H34O3 and C19H36O3
were assigned, respectively. In addition, a series of smaller fragment ions differing by
14.016 Da were observed which were suggestive of a long, saturated hydrocarbon ap-
pendage. The molecular formula of the m/z 567.497 parent ion, C35H66O5, denoted three
degrees of unsaturation. With these structural insights, attempts at dereplication using
the MarinLit and NPAtlas [57] databases were unsuccessful, thus representing a novel
metabolite/natural product shared between marine sponges and commensal Microbulbifer
bacteria. Here, organization of the metabolomic data in the form of molecular networks
allows for prioritization of candidate molecules for future isolation efforts, and the curation
of fragmentation spectra provides valuable structural insights.

2.6. Commensal Bacteria Are Sources of Novel Natural Products

The numerous clusters in Figure 1C that contain nodes corresponding to metabolites
produced only by commensal bacteria and which could not be dereplicated by GNPS,
MarinLit, or NPAtlas likely represent novel metabolites and natural products. It is thus
abundantly clear that the library of commensal bacteria generated as a part of this study can
serve as a resource for generating chemical novelty. One such example is presented below.

The cluster of nodes illustrated in Figure 5A were derived from a number of strains
isolated using tryptic soy media from A. fulva and A. crassa sponges. As mentioned above,
the bacterial isolation media had a larger differentiating effect on bacterial metabolomes
than the sponge source. Among these nodes, two nodes with parent masses m/z 671.413
and m/z 572.345 had a much greater number of MS2 spectra (80 and 71 spectra, respectively)
associated with them as compared to other nodes in the cluster (less than 5). Hence, we
directed our efforts towards gleaning structural insights for metabolites corresponding to
these two nodes. The highest abundance of both metabolites was detected in the extracts of
the Metabacillus sp. bacterium 22SD-AF-008 (Figure 2 and Supplementary Table S1).

The MS2 spectra for both metabolites demonstrated immonium ions corresponding
to the proteinogenic amino acids proline, valine, and phenylalanine (ions highlighted
in red, Figure 5B). This observation was highly suggestive of the peptidic nature of the
two metabolites. Furthermore, we annotated the Pro-Phe and Pro-Val dipeptide oxonium
ions (highlighted in purple, Figure 5B). As we have recently demonstrated for proline
containing peptidic natural products from marine sponges [58], the amide bonds at the
N-termini of proline residues are highly susceptible to cleavage in a mass spectrometry-
based fragmentation experiment which facilitates the formation of the Pro-Xaa dipeptide
oxonium fragment ions [59,60]. Furthermore, we annotated mass differences corresponding
to proteinogenic amino acids between MS2 fragment ions in both spectra (Figure 5B). The
amino acid identities as discerned by these mass differences, proline, and valine, are
supported by the detection of the abovementioned immonium ions. It should be noted that
unlike for proline-rich macrocyclic peptides detected in marine sponges, the entire MS2

spectra could not to be annotated as a continuous string of mass differences corresponding
only to proteinogenic amino acids. Hence, as yet unknown modifications to either amino
acid side chains or to the polyamide backbones are present in these two natural products.
As before, these structural insights will facilitate a thorough structural characterization
using spectroscopic and crystallographic experiments in the future. Future efforts will
also be directed towards connecting these peptidic natural products to their corresponding
biosynthetic gene clusters.
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2.7. Pedagogic Deliverables

During the course of these studies, eighteen undergraduate students in the School of
Biological Sciences at Georgia Tech received hands-on instruction in bacterial culturing,
derivation of axenic strains from complex matrices, liquid–liquid extraction of bacterial
cultures, genomic DNA isolation from bacterial cultures, and mass spectrometry data
annotation and visualization using GNPS and MZmine. These are valuable skill sets in
the contemporary environment of natural products research wherein -omics-based tools
and technologies are gaining increasing prominence. With three source sponges and
three isolation media, the eighteen student participants were divided in teams of two,
with each team focused on derivation of axenic strains from a particular sponge using a
single isolation media. All experiments were conducted with attention to chemical and
biological safety.

The data and findings developed as a part of this effort are described with the mo-
tivation that similar efforts will enrich the overall pool of postgraduate students with
interest in natural products research and with prior training in bacterial culturing and mass
spectrometry-based metabolomics, together with a theoretical grounding for the need for
such efforts in the era where the efficacy of clinically used antibiotics and pharmaceuticals
is decreasing. It should be noted that the democratization and free access to tools and
databases such as GNPS, MZmine, and NPAtlas, in addition to access to advanced instru-
mentation is critical to the realization of such efforts, as has been demonstrated for similar
pedagogic efforts reported in literature [61–66].
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3. Materials and Methods
3.1. Collection of Sponge Specimens

Replicate individuals of sponges A. fulva, S. aurea, and A. crassa were collected from a
shallow (5–7 m) coral reef off the coast of Summerland Key in the Florida Keys (coordinates
24.562811 and −81.403737). Portions of each species were removed from a parent sponge
using a razor blade and held in individual bags underwater. On the boat, sponges were held
on ice for transport back to the laboratory for processing. Sponges were collected under
Florida Keys National Marine Sanctuary (FKNMS) permit FKNMS-2021-049 to C.G.E.

3.2. Bacterial Culturing

Sponge specimens were washed extensively with Tris-EDTA buffer (TE buffer; 10 mM
Tris-Cl (pH 8.0), 1 mM ethylenediaminetetraacetic acid sodium salt (EDTA-Na)) and minced
with sterile razor blades. The slurry thusly obtained was diluted 10-fold with TE buffer and
centrifuged at 500× g for 2 min in a microcentrifuge to remove debris. The supernatant
was diluted 2-fold with sterile 40% v/v glycerol and stored at −80 ◦C in small aliquots.

Aliquots of the thusly prepared sponge exudates were thawed on ice. Serial dilutions
(1×; 1/10×; and 1/100×) were plated on MB-agar, TS-agar, and R2A-agar media prepared
in artificial sea water (ASW) with the following compositions:

ASW: 26.29 g/L NaCl, 0.74 g/L KCl, 0.99 g/L CaCl2, 6.09 g/L MgCl2.6H2O, 3.94 g/L
MgSO4.7H2O, 1.0 g/L KBr, and 0.2 g/L KI; filtered and autoclaved

MB-agar: 18.7 g/L marine broth 2216, 15 g/L agar, 50% v/v ASW; autoclaved
TS-agar: 30.0 g/L tryptic soy broth, 15 g/L agar, 50% v/v ASW; autoclaved
R2A-agar: 3.2 g/L R2A broth, 15 g/L agar, 50% v/v ASW; autoclaved
Individual colonies from petri dishes plated with sponge exudates were re-streaked

onto fresh petri dishes. This procedure was serially repeated thrice, until morphologically
uniform colonies without fungal contamination were obtained. For metabolomics and
DNA isolation, single bacterial colonies were inoculated in liquid media with identical
composition as above but with agar omitted.

3.3. Preparation of Extracts for LC/MS

Liquid media were inoculated with bacteria and allowed to grow for 5–7 days with
shaking (media and growth temperatures listed in Supplementary Table S1). Then, 5 mL
liquid cultures were extracted twice with equal volume of ethyl acetate. The organic
layers were pooled, and the organic solvent was removed in vacuo. The extract was then
resuspended in 1 mL methanol with sonication and clarified by centrifugation. The clarified
extracts were then used for LC/MS data collection. Extracts of cultivation media were
generated in an identical fashion.

Sponge tissues were frozen and lyophilized to dryness. The dried sponge tissues were
crushed and extracted in 1:1 dichloromethane/methanol (1 mL solvent/5 mg biomass)
for 48 h with agitation. The solvent was filtered and dried in vacuo. The extracts were
resuspended in methanol with sonication and clarified by centrifugation. The clarified
extracts were used for LC/MS data collection.

3.4. LC/MS Data Collection, Preprocessing, and Statistical Analysis

All samples were analyzed with an Agilent 1290 Infinity II UHPLC system (Agilent
Technologies, Santa Clara, CA, USA) using a Kinetex 1.7 µm C18 reverse-phase UHPLC
column (50 × 2.1 mm, Phenomenex, Torrance, CA, USA) coupled to an ImpactII ultrahigh
resolution Qq-ToF mass spectrometer (Bruker Daltonics, Billerica, MA, USA) equipped
with an electrospray ionization (ESI) source for a mass spectrometry (MS/MS) analysis [67].
MS spectra were acquired in the positive mode with an m/z range of 50–2000 Da. The eight
most intense ions per MS1 spectra were selected for further acquisition of MS2 data. An
active exclusion of two spectra was used, implying that an MS1 ion would not be selected
for fragmentation after two consecutive MS2 spectra had been recorded for it in a 0.5 min
time window. The exclusion was reconsidered, and an additional MS2 spectrum was
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acquired if a fivefold enhancement in intensity was observed. The chromatography solvent
A: H2O (Fisher Chemical, LC/MS grade) + 0.1% v/v formic acid (Fisher Scientific, Waltham,
MA, USA LC/MS grade) and solvent B: MeCN (Fisher Chemical, LC/MS grade) + 0.1% v/v
formic acid were employed for separation. The flow rate was held constant at 0.5 mL/min
throughout. The gradient applied for chromatographic separation was 5% solvent B and
95% solvent A for 3 min, a linear gradient of 5% B–95% B over 17 min, held at 95% B for
3 min, 95% B–5% B in 1 min, and held at 5% B for 1 min, 5% B–95% B in 1 min, held at 95%
B for 2 min, 95% B–5% B in 1 min, then held at 5% B for 2.5 min. Following the acquisition
of data on 12 samples, data on a mixture of six compounds (amitryptiline, sulfamethazine,
sulfamethizole, sulfachloropyridazine, sulfadimethoxine, coumarin-314) were acquired as
a quality control step to ensure consistent instrument and column performance.

The raw data were converted to the mzXML format using vendor software. Metabolite
features were extracted using MZmine to perform steps for mass detection, chromatogram
building, chromatogram deconvolution, isotopic grouping, retention time alignment, du-
plicate removal, and missing peak filling [41]. Prior to statistical analysis, blank subtraction
was performed as previously described [68] on the quantification tables using a Jupyter note-
book, available at GitHub–https://github.com/Garg-Lab/Sponge-and-dervied-Bacteria-
Blank-Subtraction-2022 (accessed on 11 January 2023). The filtered quantification table
were submitted to MetaboAnalyst 5.0 and log transformation was used for normalization
prior to principle component analysis [69]. Cytoscape was used to visualize the molecular
network generated on GNPS and to generate Venn diagrams [70].

3.5. Genomic DNA Isolation

Genomic DNA from bacterial cultures was isolated using the GeneJET Genomic
DNA Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA) and manufacturer’s
protocols with the assumption that all bacterial strains were Gram positive. Hence, a
bacterial cell lysis buffer comprising of 20 mM Tris-Cl (pH 8.0), 2 mM EDTA-Na, 1.2% (v/v)
of Triton X-100, and 20 mg/mL lysozyme was used. No modifications to the manufacturer’s
protocol were made.

S rRNA Gene Amplicon Sequencing

PCR amplification of the full length 16S rRNA gene was performed in a 25 µL to-
tal reaction volume containing the following components: 12.5 ng of bacterial genomic
DNA, Platinum II Hot-Start PCR Master Mix (2×) (Thermo Fisher Scientific), and 0.2 µM
of the following primers set: 27F- 5′ AGRGTTYGATYMTGGCTCAG -3′ and 1492R- 5′-
RGYTACCTTGTTACGACTT- 3′. PCR reactions were performed on the Applied Biosystem
ProFlex PCR system using the following program: 95 ◦C for 3 min, followed by 30 cycles of
95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 1 min, and a final extension at 72 ◦C for 5 min.
PCR products were then purified using the Agencourt AMPure XP beads (Beckman Coulter,
Brea, CA, USA) to remove contaminants, unused primers, and primer dimers, among other
impurities. The size of the PCR amplicons was verified on the Agilent Bioanalyzer-High
Sensitivity chip before Sanger sequencing.

Sanger sequencing reactions were performed using the BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Waltham, MA, USA) following a slightly modified
manufacturer protocol. Two reactions were run per sample: a forward and the reverse.
The BigDye reaction was carried out in a 10 µL final volume by combining 1 µL purified
PCR products (10–40 ng), 1.55 µL of the 5 × BigDye Terminator v3.1 Sequencing Buffer,
1 µL of 3.2 µM Forward or reverse primer, 0.5 µL of the BigDye Terminator, 5.95 µL of
water. The samples were run on the Applied Biosystem ProFlex Thermocycler using the
following program: 96 ◦C for 1 min, followed by 25◦ycles of 96 ◦C for 10 s, 50 ◦C for 5 s,
and extension at 60 ◦C for 4 min. DNA sequencing reactions were purified using magnetic
beads to remove unincorporated BigDye terminators and salts and then sequenced on the
Applied Biosystems SeqStudio Flex.

https://github.com/Garg-Lab/Sponge-and-dervied-Bacteria-Blank-Subtraction-2022
https://github.com/Garg-Lab/Sponge-and-dervied-Bacteria-Blank-Subtraction-2022
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