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ABSTRACT: Pyrrole−imidazole alkaloids are natural products
isolated from marine sponges, holobiont metazoans that are
associated with symbiotic microbiomes. Pyrrole−imidazole alkaloids
have attracted attention due to their chemical complexity and their
favorable pharmacological properties. However, insights into how
these molecules are biosynthesized within the sponge holobionts are
scarce. Here, we provide a multiomic proﬁling of the microbiome and
metabolomic architectures of three sponge genera that are proliﬁc
producers of pyrrole−imidazole alkaloids. Using a retrobiosynthetic
scheme as a guide, we mine the metabolomes of these sponges to
detect intermediates in pyrrole−imidazole alkaloid biosynthesis. Our
ﬁndings reveal that the nonproteinogenic amino acid homoarginine is
a critical branch point that connects primary metabolite lysine to the production of pyrrole−imidazole alkaloids. These insights are
derived from the polar metabolomes of these sponges which additionally reveal the presence of zwitterionic betaines that may serve
important ecological roles in marine habitats. We also establish that metabolomic richness does not correlate with microbial diversity
of the sponge holobiont for neither the polar nor the nonpolar metabolomes. Our ﬁndings now provide the biochemical foundation
for genomic interrogation of the sponge holobiont to establish biogenetic routes for pyrrole−imidazole alkaloid production.

■

INTRODUCTION
Naturally produced specialized small organic molecules that do
not serve roles in primary metabolism, colloquially referred to
as the natural products, are privileged synthons that have
evolved to mediate chemical signaling and initiate biological
responses. Natural products directly provide or inspire the
development of a majority of clinically used pharmaceuticals.1
These molecules are constructed starting from simple organic
substrates by gene-encoded enzymes, and biochemical schemes
underlying their construction oﬀer new insight into biosynthetic enzymology and genomic architectures.2
Marine sponges, proliﬁc sources of natural products, are
ﬁlter-feeding sessile metazoans in which a eukaryotic sponge
host is associated with a suite of microbial and other eukaryotic
partners to construct a holobiont community. Sponge biomes
are rich sources of microbiological novelty.3,4 In sponges and
for other marine metazoan holobionts, the associated natural
products are shown to be produced by the microbiome.
However, there is increasing timorous acceptance that the
eukaryotic host itself could be the site for biosynthesis of
several holobiont-derived natural products.5−7 Some chemical
scaﬀolds are unusually well represented in sponge natural
products; among these are the brominated phenols and
pyrroles. The pyrrole−imidazole alkaloids are a characteristic
example (Figure 1A). Pyrrole−imidazole alkaloids are a large
© XXXX American Chemical Society

and chemically complex class of sponge natural products with
over 150 congeners. The chemical complexity of pyrrole−
imidazole alkaloids has necessitated numerous structural
revisions, oﬀered title compounds for organic syntheses, and
their favorable bioactivity proﬁles have sustained pharmacological interest.8,9 Retrosynthetic routes for pyrrole−imidazole
alkaloids posit the enantioselective dimerization of three key
monomeric building blocks, oroidin (1), hymenidin (2), and
clathrodin (3) (Figure 1A). Indeed, in in vitro biomimetic
experiments the dimerization of these monomeric building
blocks was realized using enzymes extracted from pyrrole−
imidazole alkaloid harboring sponges.10,11 However, insight
into the biosynthesis of 1−3 themselves has been scant; the
only data that we currently possess were delivered by
monitoring the incorporation of radiolabeled amino acids
precursors into 1.12−14 Speciﬁcally, while the 2-aminoimidazole
moiety in 1−3 is widely present in marine metabolomes,
precursors and intermediates involved in its construction have
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Figure 1. Sponge-derived pyrrole−imidazole alkaloids. (A) Monomers 1−3 and representative dimerization products belonging to the sceptrin,
ageliferin, and axinellamine families of pyrrole−imidazole alkaloids. (B) Morphology of Stylissa, Axinella, and Agelas sponge specimens used in this
study. For each genus, two biological replicates were collected. (C) Mass spectrometric detection of 1 and 2. Overlaid with the base peak
chromatogram (BPC, in black), two EICs are shown that correspond to the m/z [M + H]+ ions for molecules 1 and 2. Molecule 3 was not detected
in sponge specimens used in this study. Chemical identities were dereplicated based on comparison to reference spectra and manual annotation of
MS/MS fragmentation spectra (Figure S1). (D) PLSDA clustering of Stylissa, Axinella, and Agelas metabolomes represented as ellipses of 95%
conﬁdence level. The four-component model had a Q2 value of 0.87. Each biological specimen (two for each genus) was analyzed in triplicate. An
overlap of the metabolome is observed on reducing the stringency of the principal components that describe the covariance between the three
sponge genera. (E) Bar plots denoting microbiome composition at the phylum level for sponge specimens used in this study. The microbiome
composition was analyzed in duplicate for each sponge specimen used in this study. Networks demonstrating the Bray−Curtis dissimilarity indices
at the (F) phylum and at the (G) genus levels for sponge microbiomes. Node color denotes sponge genera and the border color corresponds to
technical replicates; nodes of the same color represent the same genera while the same border color represents technical replicates for the sponge
specimen. Pairwise indices were calculated for each microbiome data set and nodes with Bray−Curtis dissimilarity indices less than 0.6 were
connected. At the phylum level, all nodes are interconnected. However, at the genus level only the nodes for each individual sponge genera are
connected, demonstrating overall low overlap between Stylissa, Axinella, and Agelas microbiomes.
B
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not been identiﬁed.15,16 There are two principal challenges that
have precipitated this knowledge gap. First, from the genomic
perspective the biosynthesis of pyrrole−imidazole alkaloids is
not expected to resemble any of the characteristic natural
product biosynthetic schemes. Hence, genes encoding their
construction in sponge metagenomes are hiding in plain sight
from computational tools that are trained to detect natural
product biosynthetic genes. Second, from the biochemical
perspective detection of substrates and intermediates involved
in pyrrole−imidazole alkaloid biosynthesis is outside the
purview of metabolomic approaches that are increasingly
reliant on reversed-phase chromatography which in turn biases
the metabolomic description to nonpolar molecules.
An intriguing feature of pyrrole−imidazole alkaloids is that
their production extends across diﬀerent phylogenetic families
of marine sponges. A comparison between metabolomic
structures and microbiome communities of these sponges in
light of the conservation of the natural product chemistry has
not been conducted. A correlative overlap of microbiome
community member(s) can possibly lend insight into the
identity of the primary producer bacterium within the sponge
holobiont, as was realized for the production of polybrominated phenols and polychlorinated peptidic natural products in
the Dysideidae family of marine sponges.17−19 These
correlative relationships have been validated for other marine
invertebrate holobionts as well, a robustly characterized
example being the production of cyanobactin peptides within
the microbiomes of marine ascidians.5 The site for the
production of the pyrrole−imidazole alkaloids in the sponge
holobiont has not been resolved.
Here, we provide the multiomic proﬁling of the metabolomic and microbiome architectures of Stylissa, Axinella, and
Agelas sponges, genera that are exceptionally proliﬁc producers
of pyrrole−imidazole alkaloids (Figure 1B). We generate
metabolomic data sets describing the polar and nonpolar
metabolites harbored by these sponge genera. We demonstrate
that the metabolomic convergence does not translate to
conversation of microbiome architectures and neither does the
microbiome diversity correlate with metabolomic richness.
Within polar metabolites present in sponge extracts, we detect
the presence of nonproteinogenic amino acids and derivatives
that allows us to reﬁne biosynthetic hypotheses for pyrrole−
imidazole alkaloids. In line with our previous ﬁndings, we
demonstrate that the repertoire of other natural products that
have been isolated from these sponges remains vastly
underappreciated.20,21 Data described herein are generated
using less than 1 g of biomass for each sponge specimen,
highlighting the applicability of contemporary -omic technologies in transcending the limitation of biomass availability.
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as we have demonstrated before.21 Two biological replicates
for each sponge genera were used in this study. Replicates of
the genus Agelas demonstrate highly similar ITS-2 sequences.
However, the 28S rRNA sequences separate the specimens as
two diﬀerent species, supported by their diﬀerent morphologies (Figure 1B, Table S1).
Liquid chromatography/mass spectrometry (LC/MS) data
were used to reveal the conservation of brominated alkaloids in
all three sponge genera (Figure 1C). Accurate mass
determination, characteristic isotopic distribution of brominated species, comparison of the MS2 fragmentation spectrato-spectra available in databases, and manual annotation of
observed MS/MS fragment ions lead to structural assignment
of pyrrole−imidazole alkaloids 1 and 2 (Figure S1). Molecule
3 was not detected in specimens used in this study. The
extracted ion chromatograms (EICs) revealed the presence of
multiple isomeric species, consistent with reported congeners
that arise via intramolecular cyclization for 1 and 2 (Figure
1C).
In light of the conservation of pyrrole−imidazole alkaloids,
we interrogated the overall metabolomic overlap among the
three sponge genera. Each sponge specimen was extracted in
triplicate (technical replicates), and LC/MS data were
acquired. Thus, for each of the three genera, Stylissa, Axinella,
and Agelas, six LC/MS data sets were collected. A partial leastsquares discriminant analysis (PLSDA) revealed that the data
self-organized according to sponge genera (components 1 and
2, Figure 1D). The score plot between components 2 and 3
reveals overlap among Stylissa and Axinella metabolomes while
Agelas still remained distinct. The score plot between
components 3 and 4 shows complete overlap among the
three genera. Qualitatively, these ﬁndings translate to Agelas
and Stylissa metabolomes being distant from each other while
Stylissa and Axinella metabolomes are more similar.
Microbiome Architectures. The microbiome architectures of the three sponge genera were determined. PCR
amplicons for the bacterial 16S rRNA gene for each biological
replicate were sequenced in duplicate. At the phylum level,
microbiomes of the three sponge genera were dominated by
Proteobacteria, Acidobacteria, and Thaumarchaeota, while
Agelas microbiomes additionally revealed the presence of
Chloroﬂexi, Actinobacteria, and Poribacteria that were
conspicuously absent in Stylissa and Axinella (Figure 1E).
Even though the two Agelas specimens used in this study
belong to diﬀerent species, the overall microbiome architectures are similar. Conservation of microbiome architectures at
the genus level is a recurring observation for marine
sponges.17,21 In sponge microbiomes, microbial diversity is a
predictor of microbial abundance; the presence of Chloroﬂexi,
Acidobacteria, and Poribacteria designates Agelas specimens to
be high microbial abundance (HMA) sponges while Stylissa
and Axinella specimens are designated as low microbial
abundance (LMA) sponges.22
To quantify the overlap among microbiomes of sponges
investigated here, we calculated the Bray−Curtis dissimilarity
matrices at the phylum and at the genus levels (Table S2).
These matrices are represented as networks in which nodes
corresponding to individual microbiomes are connected to
other nodes with which they share dissimilarity indices less
than 0.6, a cutoﬀ value chosen in light of contemporary
literature.23 Thus, nodes with values less than 0.6 are
considered to be similar and hence connected by an edge. At
the phylum level, we observe a near complete interconnected-

■

RESULTS AND DISCUSSION
Sponge Phylogeny and Detection of Pyrrole−
Imidazole Alkaloids. Sponge specimens were collected in
Guam and in Solomon Islands and barcoded by Sanger
sequencing of PCR amplicons corresponding to the internal
transcribed spacer-2 (ITS-2) region between 5.8S and 28S
rRNA encoding genes and the 5′-terminus of the 28S rRNA
encoding gene. Sponge genera Stylissa (family Scopalinidae),
Axinella (family Axinellidae), and Agelas (family Agelasidae)
could be discerned by homology to sequences in the GenBank
nr database. We restricted the description of sponge phylogeny
to the genus level; for marine sponges, progression to specieslevel identiﬁcation is tenuous based on DNA barcoding alone
C
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Figure 2. Proposed biosynthesis of pyrrole−imidazole alkaloids. (A) Retrobiosynthetic scheme rationalizing the elaboration of 1 from amino acid
precursors. Chemical structures of pyrrole−imidazole alkaloids in which 8 and 9 are rationalized to be directly coupled with pyrrole carboxylic acids
are shown in the dashed box. (B−E) EICs and MS2 spectra mirror plots comparing 7−9 and 11 detected in the Stylissa metabolome against
synthetic standards. Key MS2 ions are highlighted.

and pyrrole halogenation are well established transformations.28,29 The biosynthetic elaboration of 5 is more
contentious. On the basis of radiolabeling experiments,
diﬀering data for the incorporation of lysine (7) and histidine
into 1 have been presented, and the involvement of other polar
amino acids such as arginine and ornithine has been
proposed.8,30−32
To furnish 5, we rationalized a biosynthetic scheme starting
from 7. In this hypothetical scheme, amidinotransfer from
arginine to the side chain primary amine of 7 generates the
nonproteinogenic amino acid homoarginine (8, Figure 2A).
Ornithine, a product of this reaction, in turn can furnish 6.
Decarboxylation of 8 furnishes homoagmatine (9). Support for
this hypothesis is derived from the observation that pyrrole−
imidazole alkaloids arising from direct condensation of 8 and 9
with (di)bromo-1H-pyrrole-2-carboxylic acids have been
described (Figure 2A).33−35 While 8 was proposed as a
pyrrole−imidazole alkaloid biosynthetic intermediate, it had
not been detected in sponge metabolomes previously; invoking
it as a biosynthetic intermediate was thus not supported by
prior literature.13,36
To query for the presence of 8 and 9, ﬁrst we acquired the
LC/MS data used by using altered sample extraction and
chromatographic procedures that allowed us to interrogate the
polar metabolites present in the sponge metabolomes that
were outside the purview of the reversed-phase chromatographic techniques used above. Comparison of retention time
and MS2 fragmentation spectra to an authentic standard

ness among the microbiome network (Figure 1F). This is likely
due to the dominance of the Proteobacteria, Acidobacteria,
Thaumarchaeota, and Cyanobacteria phyla which make up
greater than half of the bacterial diversity for each specimen.
However, at the genus level the intergenera interconnectedness
is completely lost, and the microbiomes fall into subnetworks
according to the sponge genera (Figure 1G). At the phylum
level, a relatively higher dissimilarity index was observed
between the Agelas biological replicates (Table S2), consistent
with the Agelas specimens belonging to diﬀerent species as
determined by 28S rRNA sequences (Table S1). Still, at the
genus level, the interspecies Bray−Curtis dissimilarity indices
for the Agelas specimens were less than the cutoﬀ value (0.6).
It is thus instructive to observe that the production of pyrrole−
imidazole alkaloids was conserved in diﬀerent sponge genera
with very divergent microbiome architectures.
Discovery of Homoarginine and Homoagmatine in
Sponge Metabolomes. The high abundance of pyrrole−
imidazole alkaloids among the three sponge genera investigated here has been noted above. Monomeric pyrrole−
imidazole alkaloids, such as 1, can be rationalized to be derived
via the condensation of the pyrrole-2-carboxylic acid 4 and
aminoalkyl-2-aminoimidazole 5, both of which are reported
natural products isolated from Axinella and Agelas genera
(Figure 2A).24−27 By tracing the incorporation of radiolabeled
precursors, diﬀerent groups have presented convergent data
that the pyrrolyl moiety in 1 is derived from proline (6).12−14
The enzymatic oxidation of the pyrrolidine heterocycle in 6
D
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Figure 3. Enrichment of rationalized pyrrole−imidazole alkaloid biosynthesis intermediates. (A) Dysidea sp. metabolome BPC with overlaid EICs
demonstrating the presence of barbaleucamides A−B. (B) EICs generated within 1 ppm error tolerance for 7−12 across Stylissa, Axinella, Agelas,
and Dysidea polar metabolomic LC/MS data sets. The y-axes for each EIC are identical, as indicated, except for 7 in which the high abundance in
Stylissa is adjusted with a diﬀerent y-axis scaling. (C−G) MS2 spectra for 8−12 with rationalized structural annotations of fragment ions. The ppm
error associated with each structural annotation is listed. The MS2 spectra shown here were recorded by highly accurate Fourier transform mass
spectrometric fragmentation on an orbitrap mass spectrometer.
E
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serve as a comparative negative control (Figure 3A). Though
dominated by amino acid-derived natural products, the Dysidea
metabolome has scant overlap with Stylissa, Axinella, and
Agelas metabolomes in that no brominated alkaloids were
detected in its metabolome. Instead, in Dysidea we detected
the presence of polychlorinated natural products in high
abundance. Structural annotation of the MS2 spectra led to the
dereplication of previously reported natural products barbaleucamides A and B (Figures 3A, S8).44 In addition to
barbaleucamides, characteristic Dysidea molecules, the polychlorinated diketopiperazine dysamides, were also detected
(Figure S8). By analogy to other Dysidea-derived natural
products that also possess the leucine-derived trichloromethyl
moiety, biosynthesis of barbaleucamides and dysamides is
expected to reside within cyanobacterial symbionts of the
genus Oscillatoria.19 Distinct from Oscillatoria, cyanobacterial
symbionts within Stylissa, Axinella, and Agelas sponges belong
to the Synechococcus and Prochlorococcus genera (Figure S9).
To validate the pyrrole−imidazole alkaloid biosynthetic
scheme illustrated in Figure 2A, we searched for the
enrichment of precursor 7 and intermediates 8−12 in the
Stylissa, Axinella, and Agelas sponge metabolomes, the key
metric being that they should not be present at comparatively
high levels in Dysidea with metabolomic data generated using
identical extraction and LC/MS procedures.
Within 1 ppm tolerance, EICs for [M + H]+ ions
demonstrate that all 7−12 are indeed detected, and are
enriched in Stylissa, Axinella, and Agelas metabolomes as
compared to the Dysidea metabolome (Figure 3B). Genus
Stylissa demonstrated the highest enrichment of metabolites
7−12 with the relative abundance of diﬀerent molecules
changing between Axinella and Agelas.
The presence of 8, 9, and 11 have been conﬁrmed by
comparison to standards; structural assignment of 10 and 12 is
supported by annotation of fragmentation spectra (Figure 3C−
G). Fragmentation of 8 demonstrated the neutral loss of
−CONH2, rationalized as imine formation by decarboxylation
followed by deamination to install an aldehyde at Cα (m/z
144) (Figure 3C). Additional fragment ions corresponding to
oxidative deamination (m/z 172) and loss of the guanidino
group (m/z 130) were also observed. The characteristic C5aminoalkyl chain of 8 manifests as the oxidized piperidine (m/
z 84). Fragmentation spectra for 9, identical to that of the
synthetic standard (Figure 2D), demonstrated the presence of
an oxidatively deaminated product (m/z 128) which
established the presence of the primary amine, while the
oxidatively deguanidinylated product ion (m/z 86) established
the presence of the guanidino group, consistent with 9 being
the decarboxylated derivative of 8 (Figure 3D). MS2 spectra
for 10 likewise possess the oxidatively deaminated product ion
(m/z 144) and further deamination at the guanidino group
(m/z 127) (Figure 3E). Instructive to observe is m/z 101
product ion, the structure for which is rationalized by
dehydration at Cδ (vide infra) followed by ring closure.
Fragmentation spectra for 11, the richest and most
descriptive of all species queried here, are described in light
of that of 8 (Figure 3F). Molecules 8 and 11 diﬀer only by
single hydroxylation, however, the MS2 spectra are quite
diﬀerent (Figure 3C,F). Consistent with the fragmentation of
8, we observed the oxidatively deaminated fragment ion (m/z
188) and the product ion corresponding to the −CONH2
neutral loss (m/z 160). Unexpectedly, the formula’s determination for the more abundant fragment ions, m/z 145 and m/z

validates the presence of the proteinogenic amino acid 7
(Figure 2B). In an identical fashion, by comparison to a
commercially available standard we could detect the presence
of 8 in all three Stylissa, Axinella, and Agelas sponges (Figure
2C, data shown for Stylissa metabolomes only, see below).
Next, we synthesized a standard of 9 by the guanidinylation of
1,5-diaminopentane (Figures S2−4). Presence of 9 in sponge
metabolomes was similarly conﬁrmed by comparison of
retention time and MS2 spectra with this synthetic standard
(Figure 2D). This is the ﬁrst report for the detection of the
nonproteinogenic amino acid 8 and its decarboxylated
derivative 9 in marine sponges.
Experimentally establishing the presence of 8 and 9 in
sponge metabolomes allows us to now progress along the
rationalized biosynthetic scheme illustrated in Figure 2A.
Conceivable Cδ-hydroxylation for 9 (carbon atom naming
convention for amino acid 8) furnishes 10. The decarboxylation−hydroxylation sequence can be inverted to furnish 10
via 11 rather than via 9. Thus, we proceeded to interrogate the
presence of 11 as well. Using established procedures,37 a
racemic standard for 11 was synthesized by the speciﬁc
guanidinylation at the ε-NH2 of the cupric salt of commercially
available racemic 5-hydroxylysine (Figures S5−7). As for 7−9,
the comparison of retention time and MS2 fragmentation
spectra establishes the presence of 11 in the sponge
metabolomes (Figure 2E). Thus, at this stage metabolomic
evidence has been presented pointing toward guanidinylation,
decarboxylation, and Cδ-hydroxylation of 7 as participating
events in pyrrole−imidazole alkaloid biosynthesis. Lysine Cδhydroxylation by α-ketoglutarate-dependent enzymes has
biosynthetic precedent; this modiﬁed amino acid is detected
in eukaryotic collagen including that in marine sponges.38,39
Overall, the data presented above is consistent with prior
experiments demonstrating the incorporation of radiolabeled 6
and 7 in 1.14 Proceeding along the proposed biosynthetic
route, oxidation of the secondary alcohol in 10 to a ketone will
facilitate a spontaneous dehydration to install the 2-aminoimidazole heterocycle in 12, as has been realized synthetically,40 followed by Cβ-Cγ oxidation to aﬀord 5.
Molecule 8, which had not been described from sponges
previously, is a critical branch point which connects the
primary metabolite 7 to a natural product biosynthetic process
(Figure 2A). In addition to the proposed amidinotransfer, 7
can be converted to 8 by carbamoylation at the ε-NH2. At
present, we cannot eliminate this possibility. We are biased
toward amidinotransfer being the operative transformation
because we do not detect carbamylated lysine (homocitrulline)
in the sponge metabolomes. Amidinotransfer upon 7 is a
biosynthetic reaction validated to be present in the eukaryotic
and bacterial metabolic toolkits.41,42 In vertebrates, 8 and 9
serve as metabolic markers for cardiovascular disease with roles
in the production of nitric oxide.43 It is tantalizing to posit that
biosynthetic ingenuity has repurposed these metabolites for the
elaboration of natural products in sponge holobionts.
Enrichment of Pyrrole−Imidazole Alkaloid Biosynthetic Intermediates. The above-mentioned transformations
are all supported by biosynthetic precedent. The conceptual
challenge here is that amino acids are primary metabolites and
their derivatives could thus be present at a basal level in all
sponge holobionts regardless of the production of pyrrole−
imidazole alkaloids. Thus, to interrogate the speciﬁc enrichment of metabolites 7−12 in sponges that produce pyrrole−
imidazole alkaloids, we chose the marine sponge Dysidea sp. to
F
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128, demonstrated one and two deaminations occurring at the
guanidino group after the −CONH2 neutral loss at Cα. This
observation is in contrast to the fragmentation spectra for 8
where no guanidino deaminations were observed (Figure 3C)
but consistent with fragmentation spectra for 10, another
hydroxylated derivative where guanidino deaminations were
also detected (Figure 3E). Progressing from the annotation of
the m/z 160 product ion, we rationalized that the guanidino
deaminations are facilitated by the formation of oxazoline and
oxazolidine heterocycles via the nucleophilic attack of the Cδhydroxy oxygen on to the guanidino carbon followed by
successive deaminations. Hence, retrospectively, hydroxylation
is likely aﬀected upon the homoarginine Cδ. If hydroxylation
occurs at Cγ, deamination must progress via the formation of
the six-membered 1,3-morpholine ring, a possibility that
cannot be entirely discounted. A similar scenario with
hydroxylation occurring at Cβ and Cε will lead to formation
of less likely seven- and four-membered heterocycles,
respectively. The fragmentation spectra for 12 demonstrate
the oxidatively deaminated product ion (m/z 124) and
deamination at the 2-aminoimidazole ring (m/z 99) (Figure
3G).
Comparative Polar Metabolomes. Next, we sought to
query which other polar metabolites could be identiﬁed in the
sponge metabolomes. With the greatest enrichment of 7−12 in
Stylissa, as compared to Axinella and Agelas, we compared the
Stylissa and the Dysidea polar metabolomes. From the LC/MS
data sets that were acquired in technical triplicate for each
sponge specimen, mass spectral features were extracted using
MZmine2.45 Along with the MS1 m/z ion, mass spectral
features are appended with the metric of abundance, as
determined by the area under the EIC. The Stylissa and
Dysidea features are illustrated in Figure 4A in which the
logarithmic fold-change in ion abundance is plotted along the
horizontal axis and the logarithmic statistical signiﬁcance (pvalue) of the mass spectral feature in diﬀerentiating between
the Stylissa and Dysidea metabolomes is plotted along the
vertical axis.
Features corresponding to 7−12 are some of the most
enriched features in the Stylissa metabolome (blue dots, Figure
4A). We also observe the enrichment of 6, precursor for 1 in
Stylissa. On the other hand, other amino acids are either evenly
distributed (Gln, Orn, Val) or are not highly diﬀerentiated
(Gln, Trp, Phe, Leu, Arg; green dots). Both histidine and
histamine (labeled His(−CO2)) are not highly diﬀerentiated
among the two metabolomes.
Instructive to compare is the distribution of amino acids 7
and 8 against that of leucine in Stylissa and Dysidea polar
metabolomes (Figure 4). Given the abundance of leucinederived barbaleucamides and dysamides in the Dysidea
nonpolar metabolome, we expected leucine to be highly
enriched in the Dysidea polar metabolome. However, this was
not the case. In the Axinella versus Dysidea and Agelas versus
Dysidea comparative plots, we observed a similar equitable
distribution of leucine with enrichment of 7 and 8 in Axinella
and Agelas as compared to Dysidea (Figure S10). We
rationalize the equitable distribution of leucine by the fact
that biosynthesis of barbaleucamides and dysamides resides
within a cyanobacterial symbiont inside the Dysidea sponge
host.19 However, the polar metabolome, which is representative of the primary metabolic state of the entire holobiont, will
be dominated by the eukaryotic sponge host. In context of this
argument, does the enrichment of precursors 7 and 8 in the
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Figure 4. Comparative polar metabolomes. (A) Mass spectrometric
features for the polar metabolomes of Stylissa (left) and Dysidea
(right) represented as a volcano plot. Key features described in text
are highlighted. Retention time comparison and MS2 mirror plots for
(B) 13 and (C) 14 detected in the Stylissa metabolome against
authentic standards. Note that EICs corresponding molecular
formulas for both 13 and 14 demonstrate more than one peak.

polar metabolomes suggest that the biosynthesis of the
pyrrole−imidazole alkaloids is catalyzed by the sponge host
rather than a bacterial symbiont? Two lines of evidence
support this assertion. First, by culturing the archaeocyte cells
from the sponge Teichaxinella morchella, phylogenetic assignment revised to Axinella corrugata,46 Kerr successfully
recovered the production of pyrrole−imidazole alkaloids.12
Second, using enzyme extracts from the LMA sponge Stylissa
caribica, Molinski reconstituted the late stage intermolecular
coupling of 1 to dimeric pyrrole−imidazole alkaloids (Figure
1A).10,11 The hypothesis that the sponge host, and not the
microbiome, is the biosynthetic source would also support the
observation that Stylissa, Axinella, and Agelas sponge genera
bearing very diverse microbiome structures support pyrrolealkaloid production (Figure 1E). This observation is in
contrast to other marine invertebrate systems in which
bacterial symbionts have been validated to be sites for natural
product biosyntheses; in all such systems, the microbiome
architecture remains correlatively conserved with the natural
product chemistry across the eukaryotic host phylogeny.4,5,17,47
In addition to primary metabolites and amino acid
derivatives, by comparison to authentic standards the
quaternary ammonium betaines stachydrine (13) and trigonelline (14) were also identiﬁed in the sponge polar metabolomes
(Figure 4B,C). Among these, 14 has been described from
marine sponges previously.48 While 13 was enriched in
G
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Figure 5. Microbiome and metabolome diversity. (A) Plot for Shannon indices representing the microbial diversity (along x-axis) and metabolite
diversity (along y-axes) for Stylissa, Axinella, and Agelas specimens used in this study. Metabolomic diversity for both nonpolar and polar
metabolomes is represented. The horizontal error bars denote standard deviation across four microbiome data sets recorded for each sponge
genera, as shown in Figure 1E. The vertical error bars denote standard deviation in number of mass spectral features detected across six LC/MS
data sets for each sponge genera. (B) Euler diagrams demonstrating the overlap of nonpolar (left) and polar (right) metabolomic features across
the three sponge genera.

Dysidea, 14 had a higher abundance in the Stylissa metabolome
(red dots, Figure 4A). Molecule 14, in particular, is widely
distributed in the marine metabolome. In addition to sponges,
14 has been detected in corals, seaweeds, and phytoplankton.49−51
Correlative Microbiome−Metabolome Richness. At
this stage, we have an inventory of the polar and the nonpolar
metabolites of Stylissa, Axinella, and Agelas sponge specimens.
Next, we queried whether the microbiome diversity correlates
with the metabolomic diversity for these marine sponges; in
other words, do more diverse sponge holobionts produce more
polar and nonpolar metabolites? To address this question, we
plotted the Shannon indices, a measure of α-diversity of the
sponge microbiome, against the detected polar and nonpolar
mass spectrometric features. Surprisingly, we observed that
Agelas, an HMA sponge with the highest Shannon index
among the three sponge genera, was associated with the lowest
metabolomic diversity (Figure 5A). On the other hand, LMA
sponges, Axinella and Stylissa, possess a higher relative number
of polar and nonpolar metabolites. It is instructive to observe
that the numerical spread of nonpolar metabolites is higher
than that for the polar metabolites (Figure 5A, y-axes). We
additionally observe that a greater fraction of the polar
metabolome is shared among the three sponge genera (Figure
5B). We rationalize these observations with the assertion that
the polar metabolome is more descriptive of primary
metabolites as compared to the nonpolar metabolomes
which will be biased toward more specialized and thus
nonoverlapping secondary metabolites and natural products.
Metabolomics guides contemporary investigations in chemical ecology.52 An open question is in which of the two
fractions, the polar or the nonpolar metabolomes, do the
ecologically relevant metabolites lie? Speciﬁc for sponge genera
investigated here, conﬂicting roles for pyrrole−imidazole
alkaloids in protecting sponges against herbivory and predation
have been presented. While their role in defending Agelas
sponge species in the Caribbean and Axinella species in the
Mediterranean has been established, no such protective
function for pyrrole−imidazole alkaloids was realized for
Stylissa sponges in the Indo-Paciﬁc.53−55 On the other hand,
zwitterionic betaines, such as 14 identiﬁed here in the Stylissa
polar metabolome, have been shown to be primary waterborne
cues that mediate predator−prey interactions.56 As a class of
molecules, the primacy of zwitterionic betaines in mediating
ecological interactions is well established. In terrestrial plants,

13 and 14 were shown to modulate interactions between
plants and bacteria in the rhizosphere.57 While it is tantalizing
to propose that sponge natural products serve defensive roles
in their physiological setting, this hypothesis may not be
universally valid. Indeed, due to the paucity of natural products
detected in their metabolomes some sponges are classiﬁed as
“chemically undefended”.58 We posit that polar metabolites
that have stayed outside the purview of isolation and structural
characterization eﬀorts may mediate core ecological functions,
perhaps in synergy as multicomponent cues with nonpolar
natural products. A comprehensive inventory of both, the polar
and the nonpolar metabolites in sponge holobionts is critical in
discerning chemical crosstalk in organismal interactions.
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Materials and methods used in this study are described in the
Supporting Information.
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SUPPLEMENTARY MATERIALS AND METHODS
DNA extraction and molecular determination of sponge phylogeny
Sponge tissue frozen in RNAlater was thawed overnight at 4 °C and 200 mg (wet weight) sponge
tissue was used for DNA extraction. The DNA extraction protocol used in this study was adapted from our
previous report 1. Purity of isolated DNA was measured using a Nanodrop spectrophotometer. For
determining the phylogeny of the sponge specimens, two genetic barcodes were used: the ITS-2 region and
the D3-D5 region of the 28S rRNA gene. The hypervariable ITS-2 gene sequence was amplified from
metagenomic DNA using Q5 high fidelity DNA polymerase with the forward primer SP58bF (5’AATCATCGAGTCTTTGAACG-3’) and reverse primer SP28cR (5’-CTTTTCACCTTTCCCTCA-3’), as
described previously 1. The D3-D5 region of the 28S rRNA gene was amplified using the primers NL4F
(5’-GACCCGAAAGATGGTGAACTA-3’) and NL4R (5’-ACCTTGGAGACCTGATGCG-3’). A 25 µL
PCR reaction was set up with 20 ng of DNA template, 1 µL each of forward and reverse primer, 12.5 µL
of the DNA polymerase premix, and volume adjusted to 25 µL with water. The thermocycling conditions
were: initial denaturation 2 min at 95 °C, 35 cycles each of 30 s at 95 °C, 30 s at 45 °C for ITS-2 and 30 s
at 55 °C for 28S rRNA, 70 s at 72 °C, and a final extension of 10 min at 72 °C. The PCR products were
purified and concentrated, and clone libraries were generated using ligation-independent TA cloning with
the pGEM-T Easy Vector System kit. Three clones for each sponge amplicon were Sanger sequenced and
reads were filtered manually to remove the nucleotides derived from the vector. Filtered sequences were
used to search the GenBank nr/nt database using Basic Local Alignment Search Tool (BLAST).

LC/MS data collection and analyses; non-polar metabolites
Frozen sponge tissues were lyophilized to dryness and then soaked, in technical triplicates, in 1:1
v/v DCM/MeOH (1 mL solvent/100 mg dry sponge tissue) for 48 h at room temperature. The organic
extract was clarified by centrifugation, dried, resuspended in MeOH, and analyzed using an Agilent 1290
Infinity II ultra-performance liquid chromatography (UPLC) coupled to a Bruker ImpactII ultra-highresolution Qq-ToF mass spectrometer equipped with an electron spray ionization source. A Kinetex 1.7 μm
C18 reversed phase UPLC column (50×2.1 mm) was employed for chromatographic separation. MS spectra
were acquired in positive ionization mode, m/z 50–2000 Da. An active exclusion of two spectra was
employed, 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. For acquiring MS2 data, eight most intense ions
per MS1 spectra were selected. Chromatography solvent A: water + 0.1% v/v formic acid, solvent B: MeCN
+ 0.1% v/v formic acid. Flow rate was held constant at 0.5 mL/min throughout. The elution profile

2

employed was: 5% solvent B for 3 min, a linear gradient from 5% to 50% B in 5 min, 50% B for 2 min,
from 50% to 100% B in 5 min, 100% B for 3 min, from 100% to 5% B in 1 min, 5% B for 1 min, from 5%
to 100% B in 1 min, 100% B for 3 min, from 100% to 5% B in 1 min, 5% B for 5 min.
LC/MS datasets were converted to lock mass corrected mzXML format using Bruker DataAnalysis
software. These mzXML files were processed using MZmine2 for feature finding. Data were batch
processed and filtered by assigning a MS1 threshold level for noise detection at 1,000. The following were
the parameters applied to extract mass spectrometric features: (i) chromatogram builder (minimum time
span: 0.1 min; minimum intensity of the highest data point in the chromatogram: 1500; m/z tolerance: 15
ppm); (ii) chromatogram deconvolution (local minimum search, m/z range for MS2 scan pairing: 0.025 Da;
retention time range for MS2 scan pairing: 0.2 min); (iii) isotopic peaks grouper (m/z tolerance: 15 ppm;
retention time tolerance absolute: 0.1 min; maximum charge: 3; representative isotope: most intense); (iv)
join aligner (m/z tolerance: 15 ppm; retention time tolerance: 0.1 min); (v) feature list rows filter (m/z range:
100 to 1500 Da; MS/MS filter; reset peak number ID); (vi) remove duplicate filter (retention time tolerance
absolute: 0.1; m/z tolerance: 5 ppm); (vii) peak finder (intensity tolerance: 0.1; retention time tolerance
absolute: 0.1; m/z tolerance: 15 ppm). The two output files of MZmine2 were a feature table with ion
intensities (.csv file format) representing the MS1 feature information and a corresponding list of MS2
spectra linked to the MS1 features (.mgf file format). The feature table (.csv file) and the .mgf file, together
with the metadata was imported into the GNPS feature based networking workflow 2. Using the attribute
of sponge genus in the metadata, the number of features uniquely belonging to each of Stylissa, Axinella
and Agelas samples were extracted and the features shared between any two of the sponge genera and the
features shared among all three sponge genera were determined. These values were then imported into the
eulerAPE to generate Euler diagrams to illustrate the percentage of features unique to and shared among
the three sponges. The metadata was added to the feature tables extracted from MZmine2 and used as an
input for the MetaboAnalyst 3. The feature tables were filtered with interquartile ranges and the data was
scaled using Pareto scaling. Partial least-squares discriminant analysis (PLSDA) was used to explore and
visualize variance within the technical replicates of each sponge genus and differences among their
metabolomes. The 4-component PLSDA model used had a Q2 value of 0.87.

LC/MS data collection and analyses; polar metabolites
In a 2 mL Eppendorf safe-lock tube, lyophilized sponge was homogenized with two tungsten
carbide beads in a QIAGEN TissueLyser II at 20 Hz for 12 min. Performed in triplicate, a weighed sample
was extracted with 80% MeOH (4 mL solvent per 100 mg of sample), sonicated for 15 min in an ice bath,
and centrifuged at 21,100×g for 5 min. The supernatant was transferred to autosampler vial that was capped
3

and stored at 4 °C until analysis. For quality control purposes, a pooled sample was created by mixing an
equal volume from each sample extract. A sample blank was created by following the above procedure with
no sample.
LC/MS data were acquired using a Waters Corporation ACQUITY UPLC BEH Amide column
(2.1×150 mm, 1.7 µm particle size) coupled to a high-resolution accurate mass Orbitrap ID-X tribrid mass
spectrometer. The chromatographic method for sample analysis involved elution with 20:80 water:MeCN
with 10 mM ammonium formate and 0.1% formic acid (mobile phase A) and MeCN and 0.1% formic acid
(mobile phase B) using the following gradient program: 0 min 5% A; 0.5 min 5% A; 8 min 60% A; 10.4
min 60% A; 10.5 min 5% A; 14 min 5% A. The flow rate was set at 0.4 mL/min. The column temperature
was set to 40 °C, and the injection volume was 0.5 µL.
The Orbitrap ID-X is a tribrid spectrometer that utilizes quadrupole isolation with dual detectors,
an orbitrap and an ion trap, with a maximum resolving power of 500,000 full width at half maximum
(FWHM) at m/z 200 and mass accuracy of <1 ppm. The heated electrospray ionization (HESI) source was
operated at a vaporizer temperature of 275 ⁰C, a spray voltage of 3.5 kV, and sheath, auxiliary, and sweep
gas flows of 40, 8, and 1 in arbitrary units, respectively. The instrument acquired full MS data in the 701050 m/z range in positive ionization mode. MS/MS experiments were performed by acquiring mass spectra
in a data dependent acquisition fashion. MS/MS methods collected full scan data with a resolution of
120,000 and the dd-MS2 were collected at a resolution of 30,000 and an isolation window of 0.8 m/z with
a cycle time of 1.5 s. Dynamic exclusion was set at 5 s. dd-MS2 ions were activated by higher-energy
collisional dissociation (HCD) with stepped normalized collision energies of 15, 30, 45 % and collisioninduced disassociation (CID) energy of 30%. AcquireX Deep Scan was performed with three iterations to
maximize number of collected MS/MS scans.
The sample order was randomized prior to data collection. Seven pooled sample injections were
collected over the course of the batch. The spectra were aligned, peaks were detected, isotopes were
removed, adducts were grouped, and instrument drift corrected with pooled injections using Compound
Discoverer V3.0. Annotation of the dataset was achieved by MS2 spectral matching to a local spectral
database, built from curated experimental data, and mzCloud, an online spectral database built and curated
from known standards.
In addition, the instrument acquired full MS data in the 70-1050 m/z range in negative ionization
mode at a resolution of 240,000. MS/MS experiments were performed by acquiring mass spectra in a
targeted MS2 acquisition fashion from an inclusion list. The quadrupole isolation window was set at 0.4 m/z
and ions were activated by stepped HCD collision energy at 30% +/- 50% or CID with 40% energy. HCD
generated product ions were collected in the orbitrap at 30,000 resolution between 70 and 300 m/z, while
4

CID generated product ions were collected in the ion trap with a rapid scan rate and range of 70 to 300 m/z.
The raw files corresponding to the full MS scan of each sponge sample were analyzed in Thermo Xcalibur
Qual Browser. Extracted ion chromatograms were generated within 1 ppm error for the compounds. A
Stylissa sample was used for targeted MS2 data acquisition in both positive and negative mode and the MS2
spectrum was annotated.
Data files were converted to mzXML format using the ProteoWizard msConvert. These mzXML
files were batch processed using MZmine2 for feature finding as described above for the non-polar
metabolome. The MS1 data was filtered by assigning a threshold level for noise detection at 100,000 and
no threshold noise level was used for MS2 spectra. The feature list rows filter was set to m/z range 70 to
2000. All the other parameters were same as those used for the non-polar data processing. For quantitative
metabolomic analysis, volcano plots and Euler plots were generated as described above.

Microbiome sequencing and analyses
The sponge-associated microbiome was queried by next-generation sequencing of the v4 region of
the 16S rRNA gene on Illumina MiSeq platform, as we described previously 1. Briefly, the region of interest
was amplified by the primer pair 515F-806R which are barcoded and appended with Illumina-specific
adaptors. The PCR reactions contained 1 µL 20 ng/µL template DNA, 0.5 µL each 20 µM forward and
reverse primer, 0.5 µL 10 nM dNTPs, 0.25 µL of Q5 high fidelity DNA polymerase, reaction buffer, and
molecular biology grade water to adjust the volume to 25 µL. The thermocycling conditions were as
follows: initial denaturation of 30 s at 98 °C, 35 cycles each of 30 s at 98 °C, 30 s at 50 °C, 20 s at 72 °C,
and a final extension of 2 min at 72 °C. Purified and concentrated PCR amplicons were pooled in equimolar
concentrations for sequencing on the Illumina MiSeq. The raw sequence reads were demultiplexed and
sequence variants (SVs) generated by QIIME2 using the qiime tools import script, qiime demux script and
the DADA2 plugin 4, respectively. Based on quality scores, the forward and reverse reads were truncated
at 180 bp using the qiime dada2 denoise script. Taxonomy was assigned using the SILVA pre-trained
classifier using the qiime feature classifier plug-in 5. The qiime taxa barplot script was used to generate the
bar plots representing the taxonomic distribution.
Shannon index, a measure of microbial diversity, was computed using the R package ‘vegan’
diversity function. A 2D correlation plot was generated for the Shannon index and the number of either
polar or non-polar features. To highlight the divergence of the microbiome on moving from level 2
‘phlyum’ classification to level 6 ‘genus’ among the three sponge genera, a microbiome network was
generated based on the SV feature table generated by qiime2. The vegan library of R package was used to

5

generate the dissimilarity matrix and the corresponding network. The Bray–Curtis dissimilarity index, a
metric used to quantify the compositional dissimilarity between two different samples based on the counts
in each sample, was used to compute the pairwise dissimilarity. The Bray–Curtis dissimilarity is bounded
between 0 and 1, where 0 means identical composition of SVs, and 1 means lack of any shared SVs. The
vegdist() function was used to calculate the distances between the sponge samples. The distances were
converted to a matrix using as.matrix() function. In order to build a network, the dissimilarity matrix needed
to be converted to an adjacency matrix. This was done using the graph.adjacency() function. A threshold
of 0.6 was used for the conversion to the adjacency matrix, implying that SVs with a dissimilarity index
smaller than or equal to 0.6 will be connected to each other. In other words, sponge genera showing more
than 60% dissimilarity will not be connected in the network. The network thus generated was exported from
RStudio in graphml format and visualized in Cytoscape.
The script used for generating the network file in RStudio is as follows 6:

>library(vegan)
>Genus_table <-read.csv(“Level6_genus.csv", row.names=1)
>Genus.relative <- Genus_table / rowSums(Genus_table)
>distances <- vegdist(Genus.relative, method = "bray")
>diss.mat <- as.matrix(distances)
>diss.cutoff <- 0.6
>diss.adj <- ifelse(diss.mat <= diss.cutoff, 1, 0)
>diss.net <- graph.adjacency(diss.adj, mode = "undirected",diag = FALSE)
>write_graph(diss.net,"net.graphml", format = c("graphml"))

6

SUPPLEMENTARY TABLES
Table S1: Similarity of ITS-2 and 28S rRNA gene amplicon sequences for sponge specimens used in this
study. Sample names are annotated as <genus>_<replicate number>.

Stylissa_1

Stylissa_2

Axinella_1

Axinella_2

Agelas_1

Agelas_2

Stylissa_1

100

99.84

Stylissa_2

99.84

100

Axinella_1

99.19

99.35

100

100

Axinella_2

99.19

99.35

100

100

Agelas_1

82.9

83.14

83.14

84.6

100

98.88

Agelas_2

83.06

83.31

83.31

84.44

98.88

100

Stylissa_1

Stylissa_2

Axinella_1

Axinella_2

Agelas_1

Agelas_2

ITS-2

Stylissa_1

100

100

Stylissa_2

100

100

Axinella_1

40.92

40.92

100

100

Axinella_2

41.45

41.45

100

100

Agelas_1

40.74

40.74

98.24

98.24

100

42.33

Agelas_2

98.08

98.08

42.5

43.03

42.33

100

28S rRNA
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Table S2: Bray-Curtis dissimilarity matrices calculated for microbiome datasets reported in this study at
the phylum level (top) and at the genus level (bottom). Datasets are named as <genus><biological
replicate>_<technical replicate>.

Stylissa1_1

Stylissa1_2

Stylissa2_1

Stylissa2_2

Axinella1_1

Axinella1_2

Axinella2_1

Axinella2_2

Agelas1_1

Agelas1_2

Agelas2_1

Agelas2_2

Stylissa1_1
Stylissa1_2
Stylissa2_1
Stylissa2_2
Axinella1_1
Axinella1_2
Axinella2_1
Axinella2_2
Agelas1_1
Agelas1_2
Agelas2_1
Agelas2_2
Genus

0.0
0.0
0
0.0
2
0.0
3
0.2
3
0.2
7
0.2
8
0.2
5
0.5
6
0.5
2
0.6
2
0.6
2

0.02
0.00
0.02
0.03
0.26
0.27
0.25
0.25
0.51
0.52
0.61
0.62

0.03
0.02
0.00
0.02
0.25
0.26
0.24
0.24
0.51
0.52
0.60
0.61

0.03
0.03
0.02
0.00
0.24
0.25
0.24
0.23
0.50
0.51
0.59
0.60

0.00
0.03
0.10
0.09
0.44
0.48
0.48
0.51

0.03
0.00
0.09
0.06
0.46
0.48
0.49
0.51

0.10
0.09
0.00
0.03
0.54
0.55
0.57
0.58

0.09
0.06
0.03
0.00
0.51
0.52
0.54
0.55

0.00
0.04
0.18
0.20

0.04
0.00
0.21
0.21

0.18
0.21
0.00
0.03

0.20
0.21
0.03
0.00

Stylissa1_1

Stylissa1_2

Stylissa2_1

Stylissa2_2

Axinella1_1

Axinella1_2

Axinella2_1

Axinella2_2

Agelas1_1

Agelas1_2

Agelas2_1

Agelas2_2

Phylum

Stylissa1_1
Stylissa1_2
Stylissa2_1
Stylissa2_2
Axinella1_1
Axinella1_2
Axinella2_1
Axinella2_2
Agelas1_1
Agelas1_2
Agelas2_1
Agelas2_2

0.0
0.0
0
0.0
3
0.0
7
0.8
6
0.8
0
0.7
0
0.7
9
0.8
8
0.8
4
0.8
4
0.8
8

0.03
0.00
0.05
0.04
0.80
0.80
0.79
0.78
0.84
0.84
0.88
0.88

0.07
0.05
0.00
0.03
0.78
0.78
0.79
0.77
0.84
0.84
0.88
0.87

0.06
0.04
0.03
0.00
0.77
0.77
0.78
0.75
0.84
0.84
0.87
0.87

0.00
0.04
0.54
0.51
0.94
0.94
0.88
0.89

0.04
0.00
0.51
0.49
0.94
0.94
0.88
0.89

0.54
0.51
0.00
0.05
0.93
0.94
0.88
0.88

0.51
0.49
0.05
0.00
0.93
0.93
0.88
0.88

0.00
0.09
0.50
0.51

0.09
0.00
0.48
0.49

0.50
0.48
0.00
0.05

0.51
0.49
0.05
0.00

3
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SUPPLEMENTARY FIGURES

Fig. S1: (A) Structural annotation for ions observed in the MS2 spectra for oroidin (1) and hymenidin (2)
Blue circles denote MS1 ions chosen for MS/MS fragmentation. (B) Reference MS2 spectra for 1 available
from the GNPS database (CCMSLIB00000579292).

9

Fig. S2: Synthesis of 1-(5-aminopentyl)guanidine (9). To a stirred solution of cadaverine (S1; 1.76 g, 17.2
mmol, 10 eq.) in 4 mL DMF was added a solution of N,N′-di-Boc-S-methylisothiourea (500 mg, 1.72 mmol,
1 eq.) in 4 mL DMF dropwise over the course of 1 h at room temperature. Once the addition was finished,
the reaction was quenched with water and extracted with 1:1 hexane/diethyl ether (106 mL). The organic
layer was dried over anhydrous sodium sulfate, and the solvent removed by rotovap to give S2 as colorless
oil. 1H NMR (800 MHz, CDCl3) δ 8.12 (s, 1H), 3.27 – 3.20 (m, 2H), 2.55 – 2.48 (m, 2H), 1.43 – 1.35 (m,
2H), 1.30 (s, 18H), 1.23 – 1.09 (m, 4H). 13C NMR (201 MHz, CDCl3) δ 163.25, 155.77, 152.91, 82.61,
78.70, 41.67, 40.45, 28.08, 27.83, 27.58, 23.80; data are in agreement with literature.7
The residue was dissolved in 1:1 TFA/DCM at room temperature. The deprotection reaction was
followed using LC/MS. After 2.5 h, the solvent was removed by rotovap and the residual oil was washed
with small portions of diethyl ether (5) to give 9. Calculated m/z for C6H17N4 ([M+H]+) 145.1448, found
145.1447.
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Fig. S3: 1H NMR (800 MHz, CDCl3) spectra for S2, the di-Boc protected precursor for 9.
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Fig. S4: 13C NMR (201 MHz, CDCl3) spectra for S2, the di-Boc protected precursor for 9.
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Fig. S5: Synthesis of N6-(aminoiminomethyl)-5-hydroxy- D/L-lysine (11). In a procedure adapted from the
literature,8, 9 copper(II) carbonate (434.1 mg, 1.96 mmol, 0.8 eq.) was added to a solution of commercial
D/L-5-hydroxylysine hydrochloride (500 mg, 2.52 mmol, 1 eq.) in water (8 mL) at 90 °C. The reaction
mixture was refluxed for 20 min before being filtered. The filter pad was washed with small portions of hot
water. The volume of the filtrate was adjusted to 20 mL. After cooling down, the filtrate was added with
NaHCO3 (439.8 mg, 5.24 mmol, 2.1 eq.), followed by the dropwise addition of a solution of N,N′-di-Boc1H-pyrazole-1-carboxamidine (1.01 g, 3.52 mmol, 1.4 eq.) in dioxane (8 mL) over the course of 1 h. The
reaction mixture was stirred at room temperature for 3 d, and then filtered. The filter cake was washed with
water and then dissolved in MeOH (12 mL). The solution was stirred at room temperature overnight before
the addition of Na+-chelex 100. The resulting mixture was gently swirled until the solution became
colorless, and then filtered. The filtrate was concentrated under high vacuum to give S4 as white solid.
Tautomeric equilibrium of product in MeOD was 1:1. 1H NMR (800 MHz, MeOD) δ 7.61 (s, 2H), 6.34 (s,
1H), 4.47 (dt, J = 25.2, 6.0 Hz, 1H), 3.84 – 3.71 (m, 1H), 3.67 – 3.52 (m, 1H), 3.26 – 3.09 (m, 2H), 2.13 –
1.82 (m, 1H), 1.58 – 1.38 (m, 21H). 13C NMR (201 MHz, MeOD) δ 175.80, 162.32, 162.04, 159.15, 155.49,
154.16, 151.69, 82.06, 78.00, 68.51, 68.08, 45.59, 29.02, 27.81, 26.25, 25.99.
The solid was dissolved in 1:1 TFA/DCM at room temperature. The deprotection reaction was followed
using LC/MS. After 4 h, the solvent was removed by rotovap to give 11 as white solid. HRMS (ESI) m/z
calculated for C7H17N4O3 ([M+H]+) 205.1295, found 205.1295.
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Fig. S6: 1H NMR (800 MHz, CDCl3) spectra for S4, the di-Boc protected precursor for 11.
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Fig. S7: 13C NMR (201 MHz, CDCl3) spectra for S2, the di-Boc protected precursor for 11.
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Fig. S8: (A) Molecular network representation of the Dysidea metabolome. Clustered nodes correspond to
natural product structural families such as the polychlorinated barbaleucamides and dysamides. Singleton
nodes are omitted for clarity. (B) Structural annotation of MS2 spectra for known barbaleucamide congeners
A and B.
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Fig. S9: Relative abundances of cyanobacterial operational taxonomic units, at the genus level, detected in
Stylissa, Axinella, and Agelas microbiomes. Prasinoderma is a eukaryotic green alga.
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Fig. S10: Comparative abundances of 7, 8, and leucine in Axinella and Dysidea polar metabolomes (top),
and between Agelas and Dysidea (bottom) metabolomes.
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