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Abstract

Stony corals (Scleractinia) are invertebrates that form symbiotic relationships with eukaryotic
algal endosymbionts and the prokaryotic microbiome. The microbiome has the potential to
produce bioactive natural products providing defense and resilience to the coral host against
pathogenic microorganisms, but this potential has not been extensively explored. Bacterial
pathogens can pose a significant threat to corals, with some species implicated in primary and
opportunistic infections of various corals. In response, probiotics have been proposed as a
potential strategy to protect corals in the face of increased incidence of disease outbreaks. In
this study, we screened bacterial isolates from healthy and diseased corals for antibacterial
activity. The bioactive extracts were analyzed using untargeted metabolomics. Herein, UpSet
plot and hierarchical clustering analyses were performed to identify isolates with the largest
number of unique metabolites. These isolates also displayed different antibacterial activities.
Through application of in silico and experimental approaches coupled with genome analysis, we
dereplicated natural products from these coral-derived bacteria from Florida’s coral reef
environments. The metabolomics approach highlighted in this study serves as a useful resource
to select probiotic candidates and enables insights into natural product-mediated chemical

ecology in holobiont symbiosis.



Coral reefs are important ecosystems hosting many marine species and are well known
hotspots of biodiversity. The coral holobiont is comprised of the coral animal, endosymbiotic
microalgae (Symbiodiniaceae) and a diverse microbiome including bacteria, archaea, fungi,
protists, and viruses. Shifts in the coral microbiome can have positive effects on the coral by
contributing to host fitness and resilience, or negative consequences resulting in disease during
periods of environmental stress such as increased ocean temperature and colonization by
opportunistic pathogens such as Vibrio shiloi in the coral Oculina patagonica.’ 2 In this regard,
the coral holobiont can be broadly divided into three distinct compartments, surface mucus layer
(SML), the coral tissue, and the underlying skeleton, all of which have differing assemblages of
bacteria communities. The dominant microbial phyla observed within corals include
Proteobacteria (Alpha and Gamma), Actinobacteria, and Cyanobacteria, while some other
phyla, Bacteroidetes and Firmicutes, may be transient and important in the onset of
microbialization in coral reefs. Within the three distinct layers of a coral holobiont, SML-
associated bacteria can be dominated by Gammaproteobacteria. For example, some studies
have found the SML of the corals Pocillopora damicornis and Acropora palmata dominated by
the family Vibrionaceae that accounted for 40% of the microbiome including, but not limited to,
Photobacterium sp., Vibrio harveyii, and Vibrio coralliilyticus.>* The broad range of taxa present
in the SML are presumed to be mutualistic and aid in the protection of the corals by inhibiting
the growth of pathogens.® Tissue-associated bacteria are strongly driven by the coral and the
Symbiodiniaceae genotypes.® The skeleton-associated bacteria are dominated by the
cyanobacteria and some anaerobic and anoxygenic photosynthetic microbial communities.®
The coral probiotic hypothesis links environmental adaptation to modulation of the coral-
associated microbiome in order to obtain the most advantageous microbiota that contribute to
nutrient cycling, intercellular communication, and protection against pathogens.” One potential
aspect in the selection of microbiota with respect to protection against pathogens involves the

ability of beneficial bacteria (probiotics) to produce natural products with biological properties



that can shape the diversity and richness of the coral microbiome while warding off pathogens.®
Ritchie showed that coral mucus and 20% of the bacteria isolated from mucus of healthy
colonies inhibited pathogenic Vibrio spp. in disk diffusion assays while bacteria from mucus of
apparently healthy coral colonies during a bleaching event failed to inhibit pathogens.?
Prolonged thermal stress and acidification of the holobiont is implicated in the diminished ability
of the microbial population to fight off pathogens, resulting in dysbiosis, a disruption of the
microbiome.™ ® The necessity for development of coral probiotics in reef restoration and
prevention of disease cannot be emphasized enough with the rise and spread of several
diseases of corals. Currently, coral reefs, particularly in Florida and the Caribbean, are
experiencing an unprecedented disease outbreak, referred to as stony coral tissue loss disease
(SCTLD)." Since 2014, SCTLD has spread within the Florida Reef Tract and has affected over
388,000,000 m? of reefs (Florida Department of Environmental Protection, Stony Coral Tissue
Loss Disease Response), which includes at least 20 of the 45 Florida reef-building coral
species. One coral pathogen that appears to be involved in coinfections with SCTLD, V.
coralliilyticus, is resistant to several different classes of antibiotics, including tetracyclines,
aminoglycosides, and beta-lactams.'" '? Various Vibrio spp. are implicated as primary or
opportunistic coral pathogens and are often primary colonizers of stressed corals.® 8 '3 This
dysbiosis can contribute to metabolic shifts within the coral microbiome and allow additional
pathogenic microorganisms to colonize. Understanding the pathogenesis of SCTLD and
development of probiotic treatments for this disease are urgent areas of research.
Development of probiotics can be guided by studying microbiomes of resilient coral
colonies. Oftentimes during a coral disease outbreak, including during SCTLD, select coral
colonies are not affected by disease despite being surrounded by diseased colonies.™"" Thus,
these resistant corals serve as a potentially important source for the isolation of beneficial
bacteria. Recently, a repository of cultured coral bacteria was established with the goal of

promoting probiotic development while also enabling research aimed at understanding the role



of the bacterial fraction in coral holobiont health.'® This study highlighted that phylogenetically
diverse bacteria can be isolated from the coral holobiont by varying the growth conditions. In
coral microbiome research, culture-based and untargeted metabolomics approaches have
lagged behind culture-independent microbiome profiling and metagenome sequencing-based
approaches. The mass spectral repositories are sparse both in availability of untargeted
metabolomics data as well as in mass spectral data of natural products isolated from coral-
derived bacteria. Many of the approaches that address this issue have been developed by
Professor William Gerwick, to whom this special issue has been dedicated.®?? In this study, we
highlight how metabolomics approaches can be applied to dereplicate the natural product
potential of cultured coral-associated bacteria from Florida corals and further guide the selection
of probiotic candidates. We also investigate metabolomics of known pathogenic strains such as
V. coralliilyticus isolated from Florida corals.!" Such datasets will also serve as valuable
resources for natural product chemists investigating the ecological roles of bacterial natural
products. The metabolomics infrastructure such as Reanalysis of Data User (ReDU) interface
allows co-analysis of public datasets.?* Thus, data from healthy and diseased corals can be
effectively co-analyzed with data from cultured bacteria to probe the role of overlapping
metabolites in health and disease. The successful implementation of such data-driven
approaches necessitates availability of appropriate datasets with dereplicated natural product
profiles.

In this study, we provide the first such dataset for cultured bacteria from different species
of stony corals along with genome sequencing data of select strains and highlight dereplication
strategies for natural products from several different bacterial species including several
pathogenic species. These bacterial isolates displayed varying levels of antimicrobial activity
against coral disease-associated bacteria. Using UpSet plots, we select individual strains with
the most diverse metabolomes. One of these isolates was the only isolate displaying complete

inhibition of Leisingera sp., a putative pathogenic species involved in SCTLD. The analyses



described in this manuscript further highlight the limited availability of mass spectral data from
coral-associated bacteria in mass spectral libraries. Rapid dereplication of natural products from
coral-derived bacteria will become increasingly expedient as centralized repositories and in
silico tools are developed to aid natural product annotation. Here we highlight the applicability of
a recently developed in silico tool, MolDiscovery. Such approaches will not only allow selection
of probiotic candidates for coral reef restoration, but also enable insights into natural product

mediated chemical ecology of complex symbiotic relationships.

Results and Discussion

Disk Diffusion Assay. The extracts generated from lyophilized and wet cellular fractions of
bacterial cultures isolated from various coral species (Figure 1) were subjected to disk diffusion
growth inhibition assays for screening of antibacterial activity against coral pathogens V.
coralliilyticus OfT6-21 and OfT7-21"" and against Leisingera sp. McT4-56, a representative
isolate of the Rhodobacterales suspected to play a role in SCTLD? (Table 1). The antibiotic
nalidixic acid was chosen as a positive control owing to its low minimum inhibitory concentration
against V. coralliilyticus." Overall, the extracts generated using lyophilized cells displayed
higher antibacterial activities than the extracts generated using wet cell pellets. In some cases,
no antibacterial activity was observed with extracts from wet cell pellets though extracts from
their lyophilized cell counterparts displayed activity. The improvement in extraction efficiency
when lyophilized cells are extracted is also supported through metabolomics data (see below).
Only one strain of V. coralliilyticus (Cn52-H1) and the only strain of Escherichia sp. (Cnat2-31)
investigated in this study displayed activity against Leisingera sp. McT4-56, while several strains

displayed varying levels of antibacterial activity against V. coralliilyticus OfT6-21 and OfT7-21.
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Figure 1. Workflow for bacterial Isolation, sample preparation, data acquisition and
analyses. (A) Bacteria were isolated from five coral species. The number of bacterial strains
isolated from each coral species is listed. Bacteria were grown on seawater agar in pans,
harvested and extracted. (B) The area under the chromatogram for each metabolite was
extracted using MZmine 2 and processed to remove metabolites detected in media and solvent
controls. Metabolomic profiling was performed using hierarchical clustering analysis (HCA) and
UpSet plots while compound annotation at level 2 was performed using molecular networking
and substructure discovery. In silico tools were employed to enhance dereplication of known
natural products. The annotations were confirmed using standards when available and through

MS? comparison with published spectra.



Table 1: Average disk diffusion zones of inhibition (ZOls, mm) of extracts generated from coral-
derived bacteria (n=3) against putative pathogens, V. coralliilyticus (OfT6-21, OfT7-21) and
Leisingera sp. (McT4-56). Complete inhibition is indicated by C, while P indicates partial growth
within the zone of inhibition after 48 h of incubation (Figure S1A).

Vibrio coralliilyticus (OfT6-21) (Mean Vibrio coralliilyticus (OfT7-21) (Mean Leisingera sp. (McT4-56) (Mean

Samples: 16S rRNA ID: Dosage (ug): ZOl + SEM, mm) ZOl £ SEM, mm) ZOl = SEM, mm)
Nalidixic Acid, Positive - 625 C 44201 C 47201 C 24201
Methanol, Negative - - 0.0£0.0 0.0+0.0 0.0£0.0
CnMc7-37, Ly Pseudoalteromonas sp. 125.0 P.3.4£01 P,26+02 0.0£0.0
Cnat2-18, Wet Pseudoalteromonas sp. 125.0 P, 1.2£01 P, 1303 0.0£0.0
Cnat2-18, Ly Pseudoalteromonas sp. 125.0 P,26+0.1 P, 2.8+0.1 0.0£00
CnH1-48, Wet Pleionea sp. 125.0 P,23£0.1 P,16+03 0.0£0.0
CnH1-48, Ly Pleionea sp. 125.0 P,3.4+0.2 P,24+0.1 0.0+0.0
DL2H-2.2, Wet Pseudoalteromonas sp. 125.0 0.0£0.0 0.0£0.0 0.0£0.0
DL2H-2.2, Ly Pseudoalteromonas sp. 125.0 P,4.0:04 P,2.2£03 0.0£0.0
Cn5-1, Ly Tenacibaculum sp. 125.0 P,27£0.1 P, 2.1£041 0.0£00
Cn5-1, Wet Tenacibaculum sp. 125.0 P.5.2£04 P, 6406 0.0£0.0
Cn5-12, Ly Halomonas sp. 125.0 P,24+0.1 P,26+0.1 0.0+0.0
Cn5-12, Wet Halomonas sp. 125.0 0.0£0.0 P, 10.6£1.9 0.0£0.0
Cn5-15, Ly Thalassobius sp. 125.0 P.2.8+0.1 P,2.3£01 0.0£00
Cn5-15, Wet Thalassobius sp. 125.0 P 11.2£11 P, 9.4£06 00+£00
Cn5-34, Ly Tenacibaculum sp. 125.0 P, 2.3£01 P,27+02 0.0£0.0
Cn5-34, Wet Tenacibaculum sp. 125.0 P, 13.8+06 P, 13.7£03 0.0£0.0
Cnat2-28, Ly Ruegeria sp. 125.0 0.0£0.0 0.0£0.0 0.0£0.0
Cnat2-28, Wet Ruegeria sp. 125.0 0.0£0.0 00£00 00+£00
Cnat2-31, Ly Escherichia sp. 125.0 P.3.5£0.1 00£00 0000
Cnat2-31, Wet Escherichia sp. 125.0 0.0£0.0 0.0£00 P, 1.1£02
Cnat3-28, Ly Alteromonas sp. 125.0 P.3.5£0.1 0.0£0.0 0.0+0.0
Cnat2-41, Ly Pseudoalteromonas sp. 125.0 P.7.4£04 P, 3.0£02 0.0£0.0
Cnat2-8, Ly Alteromonas sp. 125.0 0.0£0.0 0.0£0.0 0.0£0.0
DL2-H6, Ly Pseudoalteromonas sp. 125.0 P, 4.3£0.1 P, 3004 0.0+0.0
DL2-H6, Wet Pseudoalteromonas sp. 125.0 0.0£0.0 0.0£0.0 0.0+0.0
DL2-H1, Ly Pseudoalteromonas sp. 125.0 0.0£0.0 0.0£0.0 0.0£0.0
DL2-H1, Wet Pseudoalteromonas sp. 125.0 0.0£0.0 0.0£0.0 0.0£0.0
DL2-H3, Ly Pseudoalteromonas sp. 125.0 P.2.9+06 P, 1304 0.0+0.0
DL2-H3, Wet Pseudoalteromonas sp. 125.0 P, 1.7£04 P, 0.9+0.01 0.0+0.0
Of5-H5, Ly Pseudoalteromonas sp. 125.0 P,22+01 0.0+0.0 0.0£0.0
Of5-H5, Wet Pseudoalteromonas sp. 125.0 P.2.1£08 0.0£0.0 0.0+0.0
Of7-H1, Ly Pseudoalteromonas sp. 125.0 P.3.8+0.1 0.0£0.0 0.0+0.0
Of7-H1, Wet Pseudoalteromonas sp. 125.0 P.22+08 0.0£0.0 0.0+0.0
Ofava-42, Ly Ruegeria sp. 125.0 P,25+0.1 0.0£0.0 0.0£0.0
Ofav3-42, Wet Ruegeria sp. 125.0 0.0£0.0 0.0£0.0 00+£00
McH1-25, Ly Halomonas sp. 125.0 0.0£0.0 0.0£00 00£00
McH1-7, Ly Pseudoalteromonas sp. 125.0 0.0£0.0 0.0£0.0 0.0+0.0
Cn5-10, Ly Vibrio sp. 125.0 P,2.1£0.1 0.0£0.0 0.0£0.0
Cn5-10, Wet Vibrio sp. 125.0 P,17.9£0.7 P,21.1£20 0.0£0.0
Of5-H9, Ly Vibrio sp. 125.0 0.0£0.0 0.0£0.0 0.0£0.0
Of5-H9, Wet Vibrio sp. 125.0 P,1.7£03 0.0£0.0 0.0£0.0
Of7-H2, Ly Vibrio sp. 125.0 P, 1.5+0.1 P, 1.0£0.1 0.0+0.0
Of7-H2, Wet Vibrio sp. 125.0 P,1.1£0.1 P,0.9+0.1 0.0+0.0
Cn26-H1, Ly Vibrio corallilyticus 125.0 P.66+04 P.28+0.1 0.0£00
Cn26-H1, Wet Vibrio corallilyticus 125.0 P.23+02 P.3.0£06 00£00
Cn52-H1, Ly Vibrio coralliiyticus 125.0 P.52£01 P,54+02 C.17£01
Cn52-H1, Wet Vibrio coralliyticus 125.0 P.14£01 P.2.1+04 00+00
MmMCT2-4, Ly Vibrio corallilyticus 125.0 0000 00+00 0.0£00
MmMCT2-4, Wet Vibrio corallilyticus 125.0 00200 0.0£00 00+00
Ofav2-20, Ly Vibrio sp. 125.0 P,7.1£06 P,4.2£0.9 0.0£0.0
Ofav2-20, Wet Vibrio sp. 125.0 P,1.6+0.6 P, 1402 0.0£0.0
Ofav2-48, Ly Vibrio sp. 125.0 P,1.3£0.2 P,1.6£0.1 0.0+0.0
Ofav2-48, Wet Vibrio sp. 125.0 P,22:04 P,1.8£0.1 0.0£0.0
Ofava-11, Ly Vibrio sp. 125.0 P,3.6+03 P,4.0+0.7 0.0+0.0
Ofava-11, Wet Vibrio sp. 125.0 P, 2403 P,3.0£0.2 0.0£0.0
MCA25, Ly Vibrio coralliyticus 125.0 0000 0000 0.0£00
MCA25, Wet Vibrio corallilyticus 125.0 00200 00£00 0.0£00
MCA32, Ly Vibrio coralliiyticus 125.0 00£00 00£00 0.0£0.0
MCA32, Wet Vibrio coralliyticus 125.0 0000 0000 0000
Ps1-H3, Ly Vibrio sp. 125.0 P,0.8£0.1 P,0.9+04 0.0+0.0
Ps1-H3, Wet Vibrio sp. 125.0 P,0.8+0.1 P,1.4£0.1 0.0£0.0
OfT6-17, Ly Vibrio coralliiyticus 125.0 P,24£01 00£00 0.0£0.0
OfT6-17, Wet Vibrio corallilyticus 125.0 P.31£01 P.31£01 0000




Analyses of Untargeted Metabolomics and Phylogenetic Relatedness. The untargeted
metabolomics data acquired via data independent acquisition were processed with Mzmine 2 to
extract the area under the chromatographic peak for each metabolite feature detected. The
features detected in the solvent controls and growth media blanks were removed from the
resulting feature table. The metabolite features were then submitted to several metabolome
profiling and dereplication workflows as shown in Figure 1. The Feature Based Molecular
Networking (FBMN) analysis and substructure discovery using MS2LDA allowed compound
annotation via matching to experimental spectra deposited in libraries and available in published
literature. The in silico analyses tools namely MolDiscovery, Sirius 4 with CSI:FingerlD, and
DEREPLICATOR provided putative annotations, which were confirmed using MS? spectral
comparison with literature reported spectra, with data acquired on analytical standards, and
manual annotation of MS? fragments resulting in level 2 compound annotations. A list of
annotations and the bacterial strains in which these compounds were detected is provided in
Table S2. Where possible (Table S1, Figure S1C), the genome sequences were searched for

the presence of biosynthetic gene clusters to further support compound annotations.

The metabolome diversity in extracts of cultured bacterial strains was queried by plotting
the total number of unique features detected for each bacterial genus using UpSet plots. Among
all bacterial isolates analyzed, Pseudoalteromonas spp. and Vibrio spp. displayed the largest
number of unique features (Figure 2A). This observation may be pronounced by the fact that we
analyzed the largest number of isolates from these two bacterial genera. Next, we queried
whether select isolates of Vibrio and Pseudoalteromonas had greater metabolome diversity than
others (Figure 2B and Figure S1). Herein, the largest number of unique features were detected
in Vibrio coralliilyticus Cn52-H1 (Figure S1B). We employed in silico tools to aid dereplication of

natural products produced exclusively by Cn52-H1, which aided annotation of moiramides and



andrimid in extracts of Cn52-H1 (vide infra). Similarly, the largest number of unique features
among Pseudoalteromonas spp. were detected in extracts of Pseudoalteromonas sp. Cnat2-18
(Figure 2B). In the HCA analysis of metabolomics data, this strain appeared as a separate clade
suggesting large metabolomic variation (Figure 2C). This strain slowed disease progression in
Colpophyllia natans colonies affected with SCTLD in aquaria testing and is also currently being
tested in the field as a probiotic treatment for SCTLD.?® The clustering of bacterial strains
observed in the HCA plot suggests that metabolomics data can be used as a proxy to gauge the
diversity of isolated bacterial genera in culture-based studies and can be employed to prioritize
strains for genome sequencing. While bacterial strains clustered by genus in the phylogenetic
tree based on 71 single copy bacterial genes as expected (Figure S1C and Figure 2B), the HCA
plot shows clustering of strains based on their metabolomics profile that did not always match
their phylogenetic relatedness (Figure 2). For example, Pseudoalteromonas Cnat2-18 and 2-41
isolated from the same C. natans colony are present in immediately neighboring clades in the
phylogenetic tree, but they are present in distant clades in the metabolomics-based HCA plot.
Furthermore, neither the phylogenetic tree nor the metabolomics tree showed clustering based
on the coral species. Thus, on the whole, metabolomic relatedness, which reflects chemical
relationships between different strains, is not represented in their phylogenetic relatedness or
the source of isolation. Select natural products that explain metabolome-based clustering are

described below.
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Figure 2. Metabolome profiling using UpSet plots and HCA and phylogenomic analysis
for select strains. (A) The number of metabolite features uniquely detected in each bacterial
genus is shown using an UpSet plot (left). The UpSet plot (right) shows the distribution of
unique metabolite features among the Pseudoalteromonas spp. and the UpSet plot for
distribution of metabolite features among Vibrio spp. is shown in Figure S1B. Intersection size
refers to the number of unique metabolite features detected in each isolate, while set size refers
to the total number of metabolite features detected in each isolate. (B) The phylogenetic tree
based on 16S sequencing reveals clustering by genera. Isolates identified as V. coralliilyticus
were fully sequenced and the full genomes are closely related to a type strain for V.
coralliilyticus, therefore the identification to the species level is provided. C) The hierarchical
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clustering analysis based on the acquired metabolomic data is shown. The colored branches
are used to highlight clades where the data from the same genus clustered together.

Hybrid NRP/PK-Derived Andrimid and Moiramide. We first focused on annotation of natural
products detected in V. coralliilyticus Cn52-H1 guided by UpSet plot analysis shown in Figure
S1B. A set of features detected only in Cn52-H1 with m/z and retention time (m/z_tgr)
454.234 9.5 min, 496.244_10 min, and 480.249_10.6 min were proposed as moiramide B,
moiramide C, and andrimid, respectively, using the in silico dereplication workflow via
MolDiscovery (Figure 3A). The dereplication of these features was further supported by MS?
spectral match with a published spectrum of an andrimid analog discovered via evolution of
biosynthetic machinery?” (Figure 3B). Herein, the MS? spectrum of andrimid is not available in
any of the databases, while MS? spectrum of an analog with lle in place of Val was available.?’
The biosynthetic gene cluster for andrimid was also detected in the genome of V. coralliilyticus
Cn52-H1 isolated from C. natans (Figure 3C). The only missing gene was a homolog of admU,
however, this gene product is not suspected to be involved in andrimid biosynthesis.?® Thus, in
silico tools paired with analysis of biosynthetic gene clusters enable annotation of known natural
products when experimental spectra are sparse in databases. Compound annotations were
propagated via shifts in m/z of characteristic fragment ions (Figure S2-S4). In addition to
detection of biosynthetic intermediates lacking the methylsuccinimide ring, the substitutions in
annotated analogs include variation in chain length and saturation of acyl tail and substitution of
Val with lle/Leu (Figure S2-S4). The antibacterial compound andrimid was first reported in
cultures of Enterobacter sp., a planthopper symbiont, and the structurally similar moiramides
were first characterized from Pseudomonas fluorescens.?® *® These compounds have since
been shown to be produced by bacteria isolated from various hosts such as sponges,®'
tunicates,*® and plants.?® The methylsuccinimide substructure is critical for binding to the target,
which is conserved among propagated analogs, while substitutions in the fatty acid are better

tolerated.®* 32 In addition to its broad spectrum antibacterial activity, andrimid was recently
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shown to induce production of secondary metabolites in Photobacterium galatheae further
highlighting the proposed ecological roles of this class of compounds.3* Andrimid is reported to
be produced by Indo-Pacific V. coralliilyticus isolates.?* % It is interesting to note that andrimid
and moiramides were only detected in one of the Atlantic isolates of Vibrio spp. in this study and
this strain, Cn52-H1, is the only strain that resulted in complete inhibition of Leisingera sp.
McT4-56 (Table 1). The Cn52-H1 extracts also displayed activity against V. coralliilyticus
isolates OfT6-21 and OfT7-21 in the bioassay, which may be due to the putative resistance
genes (admQ and admT) being located within the biosynthetic gene cluster?® that are not
present in these target strains. The workflow described for annotation of these compounds
highlights that metabolomics approaches utilizing in silico tools can identify natural products
wherein potential ecological roles can be proposed and then validated through experimental
studies, use of genetic knock outs or direct detection in organic extracts of field-collected coral

samples with relevant phenotypes.
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Figure 3. In silico annotation of moiramides, andrimid and analogs. (A) The cluster of
nodes detected only in V. coralliilyticus Cn52-H1 corresponding to moiramides B, C, and
andrimid are shown. The MS? spectral analysis of these compounds is shown in Figures S2-S4.
(B) The mirror plot of andrimid (current dataset) and a known andrimid analog with lle in place of
Val is shown. ?’The * represents the biosynthetic intermediates lacking the methylsuccinimide
unit. (C) The biosynthetic gene cluster for andrimid in V. coralliilyticus Cn52-H1 is shown,
supporting the in silico annotation. The coding sequences are depicted to scale with respect to
each other and the base pairs indicated by the numbers are located below the figure. The color
coding is based upon the antiSMASH coding, with dark red as core biosynthetic genes, pink as
additional biosynthetic genes, blue as transport-related genes, green as regulatory genes, and
grey as other genes.

Hybrid NRP/PK Polycyclic Tetramate Macrolactams. A feature at m/z_tr of 479.290_14.5
min was suggested as the polycyclic tetramate macrolactam ikarugamycin by two in silico
dereplication workflows, namely MolDiscovery and SIRIUS 4.0 with CSI:Finger ID (Figure 4).

The polycyclic tetramate macrolactams are a class of antibiotics produced by a large diversity of
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bacteria isolated from marine and terrestrial environments and the biosynthetic pathway is also
shown to be conserved.®® 3" lkarugamycin has been shown to have strong antiprotozoal activity,
antifungal activity, and antibiotic activity.3® 3° The MS? spectra of this compound was also not
available in spectral databases. This annotation was supported by MS? spectral and retention
time matching with an analytical standard (Figure 4B). While an in silico annotation of
ngercheumicin in Pseudoalteromonas by MolDiscovery was found to be incorrect, accurate
annotation of structurally complex ikarugamycin supports applicability of these in silico tools in
careful dereplication of complex natural products. Additional annotations were propagated to
nodes connected to ikarugamycin via the shift in m/z of connected nodes (Figure 4A). A manual
search of the molecular network for protonated molecules corresponding to known polycyclic
tetramate macrolactams*® enabled annotation of a singleton node with m/z_ts 511.280_11.2 min
as alteramide A, which was further supported through MS? spectral comparison with MS? from
literature*' (Figure 4A and B). Alteramide A was first reported in an Alteromonas sp. living
symbiotically with a marine sponge and displayed cytotoxic activity.*° This compound was also
reported in a Pseudoalteromonas sp. isolated from necrotic tissue of a soft coral with light-
dependent antifungal activity.*! In this study, alteramide A was detected in Pseudoalteromonas
sp. isolates Of5-H5 and Of7-H1, isolated from Orbicella faveolata, and all four strains isolated
from Diploria labyrinthiformis, including DL2-H6, DL2-H3, DL2H-2.2, and DL2-H1. lkarugamycin
and its analogs were detected in all of these strains except DL2-H3 suggesting shared

biosynthetic pathways and prevalence of these natural products in coral microbiomes (Figure 4).
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Figure 4. In silico annotation of polycyclic tetramate macrolactams detected in
Pseudoalteromonas sp. isolates. (A) The network of nodes that cluster with ikarugamycin, as
well as the singleton node annotated as alteramide A is shown. Ikarugamycin was detected in
isolates Of5-H5, Of7-H1, DL2-H6, DL2H-2.2, and DL2-H1. Alteramide A was detected in
isolates Of5-H5, Of7-H1, DL2-H6, DL2H-2.2, DL2-H1, and DL2-H3. (B) The MS? spectrum from
literature*! (bottom trace) is compared to the experimental MS? spectrum (top trace) for
alteramide A. The MS? mirror match of ikarugamycin detected in the isolates (top trace) and an
analytical standard of ikarugamycin (bottom trace) is shown. No MS? spectra was available in
the literature.

N-acyl Homoserine Lactones. N-acyl homoserine lactones (AHLs) are signaling molecules
involved in bacterial quorum sensing, a population density driven process that allows bacteria to
coordinate group behavior and synchronized production of secondary metabolites related to
activities such as biofilm formation and virulence.*? AHLs vary in the number of carbons in the
acyl chain (C4-C20), in substitutions at C-3 (hydrogen, hydroxy, and oxo groups) and in the
degrees of unsaturation in the acyl chain. Among these, longer chain length AHLs are common
among marine bacteria and an acyl chain length of 20 carbons was recently reported in the

marine bacterium Rhodovulum sulfidophilum.*>4* AHLs have been previously extensively
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studied in terrestrial bacteria, but a limited knowledge base exists regarding AHL production and
their biological roles in marine bacteria except for shorter chain length AHLs in Vibrio spp.

A feature with m/z_tgr 366.300_16.1 min was identified as C18:1-AHL via a match to MS?
spectra in the GNPS database (Figure 5A). Because this feature did not cluster with any other
features within the FBMN, we used substructure discovery via MS2LDA to search for additional
AHLs. A motif 433, which contains the characteristic fragment peak 102.055 corresponding to
the AHL homoserine lactone ring (Figure 5C), was shared between features with m/z_tr
366.300_16.1 min and 384.311_14.9 min (Figure 5B). The feature at 384.311_14.9 min was
annotated as hydrolyzed C18:1-AHL based on the fragment peak 120.066, which corresponds
to the hydrolyzed homoserine lactone ring (Figure S5). Features that clustered with hydrolyzed
C18:1-AHL were annotated as hydrolyzed AHLs containing C16-C17 fatty acyl chains with
varying degrees of unsaturation (Figure 5B). The identification of these AHLs will be missed if
tools such as MS2LDA are not employed. While the C18:1-AHL was detected in isolates of
Ruegeria spp. Ofav3-42 and Cnat2-28, Thalassobius sp. Cn5-15, and Escherichia sp. Cnat2-31,
the hydrolyzed AHLs were detected in many additional isolates including Pseudoalteromonas
(DL2H-2.2, DL2-H6, DL2-H3, and DL2-H1 from D. labyrinthiformis, Of7-H1 and Of5-H5 from O.
faveolata, CnMc7-37 from Montastraea cavernosa, and Cnat2-41 and Cnat2-18 from C.
natans), Alteromonas (Cnat2-8 and Cnat3-28 from C. natans), Pleionea (CnH1-48 from C.
natans), and Halomonas (McH1-25 from M. cavernosa) (Figure 5B). A recent study based on
genome analysis also highlighted a high prevalence of genes for biosynthetic genes for AHLs in
a variety of marine bacterial species.'® Together these findings suggest that AHLs may play an
important role in symbiosis in diverse coral microbiomes and warrants systematic investigation

of the role of longer chain length AHLs in marine microbiomes.
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Figure 5. Annotation of AHLs. (A) The mirror plot of the experimental MS2 spectrum (top) and
the MS? spectrum acquired on the commercial analytical standard of C18:1-AHL (bottom). The
inset shows the overlay of the extracted ion chromatogram of C18:1-AHL analytical standard
and the experimental spectrum acquired on the extract of Ruegeria Cnat2-28. (B) The singleton
node observed for C18:1-AHL and the hydrolyzed AHLs annotated in the molecular network are
shown. The AHLs were detected in isolates Ofav3-42, Cnat2-28, Cn5-15, Cnat2-31, DL2H-2.2,
DL2-H6, DL2-H3, DL2-H1, Of7-H1, Of5-H5, CnMc7-37, Cnat2-41, Cnat2-18, Cnat2-8, Cnat3-
28, CnH1-48, and McH1-25 (Table S2). C) The MS2LDA motif enabling annotation of
hydrolyzed AHLs is shown. The acyl chain length and saturation of annotated AHLs are labeled
on the nodes. Representative MS? spectra of hydrolyzed AHLs is shown in panel B.

Prodigiosin and Analogs. Prodiginines are a class of red pigments with broad anti-
inflammatory and antimicrobial properties.*® These pigments were identified from Serratia
marcescens and reported to be produced within a select temperature range.*® A variety of
bacterial genera including Pseudoalteromonas are known to produce prodigiosin and
derivatives.*> 4" Recently, cycloprodigiosin was also demonstrated as a compound involved in
attachment and settlement of coral Leptastrea purpurea larvae.*® Thus, a broad range of
biological activities are reported for prodiginines. In our study, features at m/z_tr 324.207_12.1
min and 322.191_11.1 min were identified via GNPS library matches to prodigiosin and
cycloprodigiosin, respectively (Figure 6). Additional prodiginine derivatives were identified
through propagation of annotation of connected nodes in FBMN (Figure 6 and Figures S6 and
S7).4¢ 4 The annotated pigments were detected in two isolates of Pseudoalteromonas spp.,
namely DL2-H3 and DL2H-2.2 isolated from D. labyrinthiformis. Additionally, the prodiginine

annotations allowed for comparison of the extraction efficiency of the wet and lyophilized
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methods. The bacterial cell pellets were either left wet or lyophilized overnight to complete
dryness prior to extraction with 2:2:1 EtOAc:MeOH:H»0. The annotated pigments were detected
at relatively higher abundances in the lyophilized bacterial extracts (Figure S8). These were not
the only examples of metabolites detected at higher abundance in the lyophilized extracts, thus
the lyophilization prior to extraction can be incorporated as a standard step in microbial
metabolomics workflows. The antimicrobial activities of prodigiosin, 2-methyl-3-hexyl-
prodiginine, and cycloprodigiosin were recently compared to various antibiotics and found to
have comparable activity against Escherichia coli, Candida albicans, Salmonella typhi, and
Staphylococcus aureus.*® Currently, amoxicillin is being tested in the field to treat SCTLD
lesions.®® The pathogenic V. coralliilyticus including the isolate V. coralliilyticus OfT6-21 can be
resistant to amoxicillin.'” This strain was isolated from lesions with SCTLD that appeared to
progress more rapidly and may be acting as an opportunistic pathogen, exacerbating the
detrimental results of SCLTD."! Both Pseudoalteromonas sp. isolates producing prodiginines
were active against the strain OfT6-21 (Table 1). Thus, the limitation of antibiotic resistant
pathogens implicated in SCTLD progression may be addressed by the use of probiotic bacteria
capable of producing a variety of natural products. The rapid dereplication of natural product
profiles will aid in selection of probiotic candidates. The annotation of prodigiosin and its
derivatives demonstrates the value of a centralized repository for rapid dereplication of

metabolites that contribute towards the bioactivity of candidate probiotic isolates.
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Figure 6. Prodiginine analogs. (A) The network containing features annotated as prodiginine
analogs is shown. The features at m/z_tg 324.207_12.1 min and 322.191_11.1 min match
prodigiosin and cycloprodigiosin MS? spectra available in the GNPS library. The prodiginines
were detected in isolates DL2-H3 and DL2H-2.2. (B) The MS? mirror plot of cycloprodigiosin
(left) is shown where the MS? spectrum acquired on the extract (top) is compared with the MS?
spectrum available in the GNPS library (bottom). The MS? mirror plot of prodigiosin (right) is
shown where the MS? spectrum acquired on the extract (top) is compared with the MS?
spectrum available in the GNPS library (bottom). Annotation of additional analogs is provided in
Figures S6 and S7.

Siderophores. Using FBMN and MS2LDA, various features detected in several of the cultured
strains were identified as siderophores. The representative members of these siderophores
include promicroferrioxamine C13, desferrioxamine E, escherichelin, bisucaberin,
esdehydroxynocardamine, and amphibactin (Figures S9-S12, 7 and 8). As described in
supplemental text and Figure S9-S11, use of MS2LDA enabled discovery of a substructure
motif containing fragment peaks corresponding to the hydroxamate backbone. Thus, various

hydroxamate siderophores were identified using this approach and were found to be produced a
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number of bacterial isolates (Table S2), the spectral annotations for which were not observed as
database hits.

Interestingly, a siderophore HPTzTnCOOH, previously reported from terrestrial bacteria
was observed as a GNPS hit. HPTzZTnCOOH, also known as escherichelin and HPTT-COOH,
has been previously reported from Burkholderia sp. bacteria, Pseudomonas aeruginosa and
pathogenic E. coli from the urinary tract.5'-5® This compound is shown to be a biosynthetic
intermediate in biosynthesis of siderophores such as pyochelin and yersiniabactin.>* This
biosynthetic intermediate is known to mediate iron uptake and was reported to compete with
pyochelin.%? %° We looked for additional biosynthetic precursors, which are also detected during
pyochelin biosynthesis.>* A feature at m/z_tr 210.058_6.5 min was annotated as aerugine,
which is also a product of pyochelin biosynthesis,® through comparison with published MS?
spectra® (Figure 7C and Figure S10). The feature annotated as HPTzTnCOOH at m/z_tr
307.021_9 min was detected in Vibrio spp. (Cn52-H1 and Cn26-H1 from C. natans, OfT6-21,
Ofav2-48, OfT6-17, and OfT7-21 from O. faveolata, and MmMcT2-4 from M. cavernosa) and in
Pseudoalteromonas spp. (DL2-H6 and DL2-H1 from D. labyrinthiformis). The feature annotated
as aerugine was detected in many of the same Vibrio spp. isolates OfT6-21, Cn26-H1, Ofav2-
48, OfT6-17, OfT7-21, and MmMcT2-4. Thus, we searched for precedence of pyochelin-type
siderophores in marine bacteria. A focused literature search directed us towards production of a
structural homolog, piscibactin, in marine bacteria isolated from bacterial sources other than
corals.>” We searched our data for presence of a node representative of piscibactin spectra and
found an observed m/z_tr 454.093_8.3 for piscibactin and m/z_tr 507.004_6.9 for ferri-
piscibactin (Figure 7C and Figure S11B), which were detected in the same isolates as the
biosynthetic precursors HPTzZTnCOOH and aerugine. We report aerugine and HPTzZTnCOOH
as intermediates of piscibactin biosynthesis based on the detection pattern of these metabolites
and the proposed piscibactin and yersiniabactin biosynthetic pathway.®” Piscibactin has been

reported from the fish pathogen Photobacterium damselae subsp. piscicida®” and from V.
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neptunius, where production of piscibactin was shown to correlate with pathogenicity of V.
neptunius towards molluscs.®® Previous in silico analyses of Vibrio spp. genomes revealed that
V. coralliilyticus has the genomic potential to produce piscibactin.?® % Indeed, six of the seven
isolates in which piscibactin was detected in this study were identified as V. coralliilyticus, two of
which are the putative coral pathogens OfT6-21 and OfT7-21. Thus, our data shows that Vibrio
spp. capable of producing this known virulence factor in molluscs are also present in the

microbiomes of multiple species of corals.
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Figure 7. Annotation of piscibactin and biosynthetic intermediates. The singleton nodes for
piscibactin, biosynthetic intermediates in piscibactin biosynthesis and their chemical structures
are shown. These features were detected in isolates OfT6-21, DL2-H6, Cn26-H1, Ofav2-48,
OfT6-17, Cn52-H1, OfT7-21, DL2-H1, and MmMcT2-4.

MolDiscovery also enabled the annotation of several amphibactins, a class of
amphisiderophores which contain a polar peptidic head linked to an apolar fatty acid tail®®
(Figure 8A). These prevalent siderophores are known to be produced by a variety of Vibrio sp.,
including V. coralliilyticus. The node for amphibactin B was detected in several isolates of Vibrio
spp. (OfT7-21, OfT6-17, OfT6-21, and Ofav2-48 from O. faveolata, Cn26-H1 and Cn52-H1 from
C. natans and MCA32, MmMcT2-4, and MCA25 from M. cavernosa). We annotated another
cluster of nodes as amphibactins as it was linked to the amphibactin B cluster via substructure
motifs 459 and 528 from MS2LDA (Figure 8B). The motif 528 contains several peaks that
correspond to b and y fragments corresponding to the peptidic head group of amphibactin.
These annotations were further supported through comparison with published MS? spectra for

several amphibactins (Figure S12).%" In addition, we propagated annotations to features that
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clustered with known amphibactins (Figure 8, labeled as Am/z on network edge). These novel

analogs contained modifications within the acyl chain, with tail lengths varying between C14-

C18. The widespread occurrence of the amphibactin gene cluster was reported by Galvis et al.

in mollusc pathogens and hemolymph microbiota. This observation is further supported in our

study by the detection of these siderophores in extracts of coral-derived Vibrio spp.
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Figure 8. Description of amphibactin molecular cluster aided by MolDiscovery-based in
silico annotation and substructure discovery via MS2LDA. (A) Two network clusters, where
putative annotations as amphibactins were derived using MolDiscovery. These features were
detected in Vibrio spp. isolates including OfT7-21, OfT6-17, OfT6-21, Ofav2-48, Cn26-H1,
Cn52-H1, MCA32, MmMcT2-4, and MCA25. Dereplication was further supported through
comparison with published MS? spectra as shown in Figure S12. (B) The spectrum for MS2LDA
motif 528 which is shared between the network clusters in (A) is shown. The motif consists of
several fragment peaks that correspond to b and y ions of the amphibactin peptidic head group.

Conclusion. With the unprecedented increase in coral reef diseases, it is well appreciated that
innovative approaches aimed at disease prevention and coral reef restoration are needed. In
this regard, bacteria associated with the mucus of healthy coral colonies were shown to inhibit
the growth of potential pathogens.® The role of beneficial bacteria has also been linked to
observed resistance or resilience to heat stress supporting their use as probiotics for
microbiome manipulation.™ 62 €3 The selection of probiotic candidates is typically envisaged
through metagenome sequencing to decipher presence of beneficial genomic islands, or
through disease transmission studies in aquaria. With the advancement in MS instruments and
bioinformatics, metabolomics-based approaches can serve as complementary approaches in
selection of probiotic candidates when coupled with bioactivity screening of cultured bacteria.
The field of microbiology has the long-standing 'great plate anomaly's* where only approximately
<10% of present microbes within a sample will grow on a particular growth medium, suggesting
the need for a variety of culture conditions for any one sample to obtain a more complete survey
of the present bacteria and evaluate their role as potential probiotics. In this regard, a literature-
based review has suggested that by the application of a variety of culture conditions,
taxonomically diverse bacteria can be isolated from the coral holobiont.'® Herein, we highlight
that by application of metabolomics profiling such as UpSet plots, one can identify metabolically
diverse bacteria with both probiotic and pathogenic potential. In our case, the isolate Cn52-H1
with the largest number of unique metabolites from a known pathogenic genus, Vibrio, was

identified as the only strain that completely inhibited the Leisingera sp. isolate, a potential
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pathogen isolated from diseased M. cavernosa. The Pseudoalteromonas sp. isolate Cn2-18
with the largest number of unique metabolites was also established as a potential probiotic in
aquaria-based disease transmission studies.?® The natural product chemistry of this strain
remains to be established. Using various recently developed tools, we describe strategies for
dereplication of natural products. One such tool, namely MolDiscovery enabled annotation of
several natural products such as andrimid, moiramide, alteramide, amphibactin, and
ikarugamycin. The spectral matches to experimental spectra were not observed despite the
availability of experimental spectra for some of these compounds in natural product spectral
databases such as GNPS. These annotations are supported via the presence of biosynthetic
gene clusters in the genome of the isolated strain, comparison with experimental spectra
available in supplementary material of published work or through spectral matching with
analytical standards when available. These observations support that metabolomics profiling
and natural product annotations via both in silico and molecular network-based approaches that
employ experimental spectra are indeed applicable in guiding selection of potential probiotic
candidates, especially as these tools are further refined with availability of advanced training
datasets, availability of experimental spectra, and advancement in scoring algorithms. Many of
these natural products are known to be produced by several marine bacteria isolated from
marine sediments or from organisms such as tunicates and marine sponges, highlighting that
these studies will provide insights into the chemical ecology of natural products across complex
marine holobionts. As we inventory coral microbiome-produced natural products and populate
spectral databases such as GNPS, their detection in organic extracts generated directly from
coral mucus and tissue will become feasible. Such studies will allow one to directly link and
validate ecological functions and prevalence of microbial natural products in coral host derived
samples. However, a larger fraction of coral host and algal endosymbiont biomass as compared
to the bacterial biomass affects the limit of detection of bacterial natural products and presents

an analytical challenge in metabolomics studies. Such challenges can be overcome through
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development of extraction strategies whereby fractionation of bacterial cells and depletion of
higher-abundance lipids can be employed to improve limits of detection of microbial natural
products by mass spectrometry. In conjunction, microbial genomes assembled from
metagenomes, referred to as MAGs (metagenome-assembled genomes), can be mined for the
presence of biosynthetic gene clusters and correlated to disease phenotypes.
Experimental Section

Coral Collection and Sampling. Coral colonies with SCTLD lesions were identified,
collected, and sampled from various locations throughout the Florida Keys and in Broward
County (near Ft. Lauderdale), FL under appropriate state and federal permits from 2017-2020
(Table S1). Apparently healthy corals were obtained from NOAA Key West Nursery, in Biscayne
National Park, and outside of Dry Tortugas National Park. The coral species sampled from
Florida in this study include M. cavernosa (Mcav, Mc), C. natans (Cnat, Cn), Pseudodiploria
strigosa (PSTR, Ps), O. faveolata (Ofav, Of), and D. labyrinthiformis (Dlab, DL). Approximately
18% of collected strains reported in this study were derived from nursery-held corals, 27% of
strains were derived from apparently healthy corals from Dry Tortugas National Park, and 27%
of strains were derived from apparently healthy corals from Biscayne Bay National Park (Table
S1). The mucus and tissue samples were obtained using a sterile 30 mL syringe as described
previously.®® Briefly, the tip was used to agitate the area of the coral (healthy tissue site on
apparently healthy corals; lesion site on diseased corals) while drawing in the mucus and tissue.

Each 15 mL sample was transferred into a separate sterile conical tube for further studies.

Bacteria Growth Conditions. All bacteria in this study were grown on a seawater-
based medium. Seawater broth (SWB) was prepared using 4 g/L of tryptone (Fisher, cat#
BP1421-500) and 2 g/L of yeast extract (Fisher, cat# BP1422-500) in filtered seawater (FSW,

0.22 um pore) with an addition of 15 g/L agar for seawater agar (SWA) (Teknova Supplier, cat#
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50-841-063)."" FSW was collected and prepared as stated in previous work."" All cultures were

incubated at 28 °C.

Bacterial Isolation and Selection from Coral Sources. The coral mucus and tissue
samples (15 mL) were vortexed vigorously for 2-3 min. A total of seven 10-fold serial dilutions of
these samples were prepared in autoclaved FSW. A 50 uL aliquot of each dilution was plated
using sterile glass beads onto SWA followed by incubation at 28 °C for 72 h. Following
incubation, individual bacterial colonies with unique colony morphologies were streaked on

SWA. The isolated colonies were streaked 2-3 times to ensure purity.

Metabolite Extraction. For extraction of metabolites, bacterial isolates were cultured in
sterile 26.4 X 33.5 X 16.0 cm?® aluminum pans containing 300 mL SWA andin 1L SWBin2L
culture flasks for 24-48 h. The bacterial cells from aluminum pans were scraped from the
surface of the agar with a sterile tongue depressor (Fisher, cat# 22-363-154) and frozen. The
liquid cultures were centrifuged at 11,440 x g for 10 min. The supernatant was discarded and
the cells were frozen and extracted as described below. Half of the cellular fraction collected
from solid cultures was lyophilized to complete dryness. The lyophilized and wet cell pellets
were extracted three times with ~14 mL of a 2:2:1 mixture of EtOAc:MeOH:H20 at 25 °C in
prewashed 20 mL vials. Extractions were sonicated for 30-60 seconds to visibly disrupt the cell
pellet, allowed to extract for 5-8 hours, and the extract was transferred with a glass pipet into
prewashed 20 ml scintillation vials and concentrated on a ThermoSci Savant SpeedVac at 40
°C for 3-4 hours until all EtOAc was removed. Methanol:water mixture (3:1) was added to the
vials, and the extract was transferred to a sterile 15 ml polypropylene conical. Cellular debris
was pelletized via centrifugation at 4500 x g for 10 minutes and remaining supernatant was
concentrated via rotary evaporation at 40° C. The final extract was transferred in MeOH to a

prewashed 7 ml scintillation vial and concentrated to dryness on the SpeedVac.
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Antimicrobial Assay. The growth inhibition activity of bacterial extracts was tested
against putative coral pathogens, V. coralliilyticus OfT6-21 (GenBank
Accession:JABSMZ010000000) and V. coralliilyticus OfT7-21 (GenBank Accession:
JABSMY010000000)"" isolated from diseased O. faveolata, and Leisingera sp. McT4-56
(GenBank Accession:JAJALF000000000) isolated from a diseased M. cavernosa, where both
corals were apparently undergoing SCTLD. Extracts were solubilized in MeOH at a
concentration of 31.25 mg/mL. A 4 uL (125 pg) aliquot of this extract was placed on a sterile
paper disk in triplicate (Fisher, Whatman, cat#1001-125). A sterile paper disk with 4 L
methanol was used as a solvent control. A filter disc with 4 pL of nalidixic acid at 15.62 mg/mL
(62.5 pg) was used as a positive control. Liquid molten SWA was cooled and seeded with 200
ML of each target strain grown to an optical density of 0.5. Plates were incubated for 24 h at 28
°C and antibacterial activity was determined in triplicate by measuring zones of inhibition (ZOls).
Zones with complete inhibition were clear while partial zones indicated growth within the zone of

inhibition, forming a halo around the disk (Figure S1A).

Mass Spectrometry Data Acquisition and Analyses. The dried extracts were
resuspended in 100% MeOH (Fisher Chemical, LC/MS grade, cat#A452-4) containing 1 uM of
sulfadimethoxine as an internal standard. The samples were analyzed with an Agilent 1290
Infinity I UHPLC system (Agilent Technologies) using a Kinetex 1.7 ym C18 reversed-phase
UHPLC column (50%2.1 mm, Phenomenex, cat#00B-4475-AN) coupled to an Impactll ultrahigh
resolution Qq-TOF mass spectrometer (Bruker Daltonics) equipped with an ESI source for
MS/MS analysis. MS spectra were acquired in positive mode with an m/z range of 50-2000 Da.
The eight most intense ions per MS' spectra were selected for further acquisition of MS? data.
An active exclusion of two spectra was used, implying that an MS' ion would not be selected for
fragmentation after two consecutive MS? spectra had been recorded for it in a 0.5 min time

window. The exclusion was reconsidered and additional MS? spectra was acquired if five-fold
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enhancement in intensity was observed. The chromatography solvent A: H.O (Fisher Chemical,
LC/MS Grade, catéW6-4) + 0.1% v/v formic acid (Fisher Scientific, LC/MS, cat#A117-50) and
solvent B: MeCN (Fisher Chemical, LC/MS Grade, cat#A955-4) + 0.1% v/v formic acid were
employed for separation. Flow rate was held constant at 0.5 mL/min throughout the run. 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 at a flow rate of 0.5 mL/min throughout. Following
acquisition of data on 12 samples, data on a mixture of six-compounds (amitryptiline,
sulfamethazine, sulfamethizole, sulfachloropyridazine, sulfadimethoxine, coumarin-314) was

acquired as quality control step to ensure consistent instrument and column performance.

The raw data was converted to mzXML format using vendor software. Metabolite
features were extracted using MZmine 2.53 to carry out steps for mass detection,
chromatogram building, chromatogram deconvolution, isotopic grouping, retention time
alignment, duplicate removal, and missing peak filling.®® This processed data was submitted to
the feature-based molecular networking (FBMN) workflow on the Global Natural Product Social
Molecular Networking (GNPS) platform.2! The output of MZmine includes information about LC-
MS features across all samples containing the m/z value of each feature, retention time of each
feature, the area under the peak for the corresponding chromatogram of each feature, and a
unique identifier. The MS? spectral summary contains a list of MS? spectra, with one
representative MS? spectrum per feature. The mapping information between the feature
quantification table and the MS? spectral summary was stored in the output using the unique
feature identifier and scan number, respectively. This information was used to relate LC-MS
feature information to the molecular network nodes. The quantification table (.csv file) and the

linked MS? spectra (.mgf file) were exported using the GNPS export module® %7 and the SIRIUS
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4.0 export module.®® %8 Feature Based Molecular Networking was performed using the MS?

spectra (.mgf file) and the quantification table (.csv file).

The molecular network was generated as follows; the data was filtered by removing all
MS? fragment ions within +/- 17 Da of the precursor m/z. MS? spectra were filtered by choosing
only the top 6 fragment ions in the +/- 50 Da window throughout the spectrum. The precursor
ion mass tolerance was set to 0.02 Da and the MS? fragment ion tolerance to 0.02 Da. A
molecular network was then created where edges were filtered to have a cosine score above
0.7 and more than four 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. Finally, the maximum size of a molecular family was set to 100, and the lowest scoring
edges were removed from molecular families until the molecular family size was below this
threshold. 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 four matched peaks. The molecular network is available at

https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=559213a2d954436587516d9bf4382470. The

workflow for DEREPLICATOR was also run during generation of the molecular network, the
output is available at

https://gnps.ucsd.edu/ProteoSAFe/status.isp?task=4e724351435a46ff8fbcf89754cf39e6.

The molecular network was visualized using Cytoscape v3.7.2.%° The compound
annotations follow the “level 2” annotation standard based upon spectral similarity with public
spectral libraries or spectra published in the literature as proposed by the Metabolomics Society
Standard Initiative.”® Annotations were confirmed with commercial standards when available.
The commercial analytical standards for ikarugamycin (cat#15386) and C18:1-AHL

(cat#10012674) were purchased from Cayman Chemical Company. The MS2LDA analysis was
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performed as previously described with default parameters.>" /' The output of this analysis is
available at

https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=f06640039c744b39acf2402ab0e5eleb.

Prior to statistical analysis, blank subtraction was performed using a Jupyter notebook, available

at https://qithub.com/Garg-Lab/Jupyter-Notebook-Blank-

Subtraction/blob/main/Probiotic%20Extracts%205.29.21%20p0s%20mode.ipynb. The mean

area under the curve of each feature in the samples is compared to the mean of the feature in
the solvent controls, media blanks, and LC-MS blanks. A feature is retained if its sample mean
is greater than 0.25 x the mean of the sample in the blanks. The entire quantification table is
exported, with each feature marked as “true” (feature is retained) or “false” (feature is not
retained). Visualization of the molecular network, metadata mapping, and feature filtering was
performed using Cytoscape v 3.7.2.%° Within Cytoscape, the nodes corresponding to features
present in solvent controls, media blanks, and LC-MS blanks were removed based on the
exported quantification table from the Jupyter notebook. Hierarchical clustering analysis (HCA)
was performed on PLS_Toolbox 8.8.1 using the Ward algorithm for clustering and pareto

scaling.” UpSet plots were generated using the Intervene app.”®

Additional compound annotations were performed by searching entries in databases
such as The Natural Product Atlas’ and MarinLit,”® and by the use of in silico tools such as
MolDiscovery (v.1.0.0),”® SIRIUS 4.9.3% with CSI:FingerlD’” and CANOPUS' and through
literature searches for compounds known to be produced by marine bacteria for untargeted
analysis. MolDiscovery, available through the GNPS platform, compares in silico generated
mass spectra of small molecules from a variety of databases with experimental MS? spectra and
includes a similarity score for each reported match.”® The .mdf file generated from Mzmine on
the positive mode data was submitted to the MolDiscovery workflow. Proposed annotations

were further supported either through comparison with published MS? spectra or through
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analytical standards. The MolDiscovery job is available at

https://gnps.ucsd.edu/ProteoSAFe/status.isp?task=814f6338cd0140528bba145e690c23c9.

Compound annotations using the in silico tool CSl:FingerID were performed using default
settings. The fragmentation trees were computed for submitted LC-MS features and predicted
chemical formulas and structures that best matched the experimental spectra were ranked
using machine learning.%® The compound classes were assigned using CANOPUS, which uses
MS/MS spectra and the chemical structures predicted by CSl:FingerID to propose chemical
classes for a feature.”® 7 The compound annotations were proposed at the confidence level 2
as recommended by the metabolomics standard initiative.”® The MS? spectra of all of the
proposed annotations was compared with MS? spectra available in literature and/or in mass
spectral databases. All annotations reported in the manuscript were detected at <3 ppm mass

error (Table S2).

Bacterial Genome Sequencing and Construction of Phylogenomic Trees. Genomic
DNA was extracted from cultured probiotic strains and sequenced as previously described'" on
an lllumina Miseq with the 2 x 150 bp v. 2 cycle at the University of Florida Interdisciplinary
Center for Biotechnology Research. Raw sequencing reads were quality-filtered with the
Minoche filtering pipeline®® in illumina-utils v. 2.3%" and lllumina adapters and Nextera
transposase sequences were removed with cutadapt v. 1.8.1.82 Quality-filtered reads were
assembled with SPAdes v. 3.13.0.8 The sequenced genomes were uploaded to GenBank and
accession numbers are reported in Table S1. A phylogenomic tree was created with anvio v.
6.2%* from an alignment of 71 concatenated bacterial single-copy genes for bacterial strains with
sequenced genomes. All bacterial strains described in this study were submitted to Genewiz,
Inc. for 16S rRNA gene sequencing. For the phylogenetic tree based on 16S rRNA gene
sequencing containing all isolates in this study, the phylogenetic history was inferred by using

the Maximum Likelihood method and Tamura-Nei model.®° The bootstrap consensus tree
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inferred from 1000 replicates is taken to represent the phylogenetic history of the taxa
analyzed.® Branches corresponding to partitions reproduced in less than 50% bootstrap
replicates are collapsed. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) are shown next to the branches.8®
Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and
BioNJ algorithms to a matrix of pairwise distances estimated using the Tamura-Nei model, and
then selecting the topology with superior log likelihood value. This analysis involved 37
nucleotide sequences. There were a total of 1893 positions in the final dataset. Evolutionary

analyses were conducted in MEGA X.%
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