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SUMMARY  

 The importance of discovery of novel drug candidates has long been emphasized, 

which was recently validated by the unprecedented threat from the COVID-19 pandemic.1, 

2 Several small molecules were studied and repurposed as COVID-19 therapeutics, 

including molecules obtained from nature, including the marine environment.3 These 

molecules with specialized functions in their native environment, including defense4, 5 or 

serving as signaling molecules,6-8 are colloquially called as natural products. Even prior to 

the global pandemic threat, natural products from marine ecosystems have been leveraged 

as lead candidates in pharmaceuticals.9 The invertebrate animals ï marine sponges are 

some of the most prolific sources of natural products with unique structural scaffolds and 

bioactivity. Bioactivity guided fractionation strategies have driven the field of natural 

product discovery until the 1990s, after which there was a steady decline in the pursuit of 

natural products as pharmaceuticals.10, 11 The primary reasons for this decline precluded 

from the technical barriers to isolation and characterization of natural products.  

 Metabolomics, which is defined as the simultaneous analyses of multiple 

metabolites in a biological sample, has helped address some of the challenges of the 

classical fractionation-based approaches.12-14 Metabolomics enables faster and accurate 

dereplication of the metabolite composition in natural product extracts which helps in 

prioritizing metabolites for isolation and avoiding rediscovery of óknownô unknowns. The 

advancement of mass spectrometry-based analytical instrumentation coupled with influx 

of genetic information from next generation sequencing platforms has propelled the natural 

product-based drug discovery pipeline in the recent years. A multi-omics-based workflow 
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which combines metabolomics with metagenomics is highlighted in Chapter 1 of the 

dissertation. The unprecedented diversity of metabolites from the sarasinosides and 

melophlins chemical groups was explored with the help of molecular networks created in 

Global Natural Products Social (GNPS) molecular networking platform.15 The 

metabolomics analysis was overlaid with metagenomic mining to reveal a g-

proteobacterium as the producer organism for sarasinosides. In addition, MS2LDA helped 

expand the repository of sarasinosides and melophlins by connecting metabolites that share 

similar structural features.16 Sponge-associated microbial composition was traced and 

interpretations about the divergence of microbiome between sponges in the ecological 

neighborhood were presented. Research demonstrated in Chapter 1 is one of the very few 

studies that have connected microbial community and the metabolome for supporting 

biological inferences.  

 Marine natural product research is populated with studies investigating the 

metabolome obtained from reverse phase chromatography which has an inherent bias 

towards capturing non-polar metabolites. In Chapter 2, both reverse and normal phase 

chromatography was employed to detect non-polar and polar metabolites in the sponge 

extracts. Investigation of the polar metabolome facilitated the discovery of homoarginine, 

a metabolite whose detection was reported for the first time in marine sponges. 

Homoarginine was detected in marine sponges with abundant pyrrole-imidazole alkaloid 

natural product chemistry. Using retrobiosynthesis as a guide, the polar metabolome was 

analyzed for plausible intermediates in the biosynthetic pathway to oroidin which is the 

monomeric building of pyrrole-imidazole alkaloids. The approach of tracing the 

metabolites involved in the biosynthesis of a natural product was termed as precursor 
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guided mining of the metabolome. The research workflow discussed in Chapter 2 can be 

extended to other natural product chemical classes and can serve as a complimentary 

approach to genome mining strategies. Stereochemical assignment was carried out to 

establish the exclusive presence of L-homoarginine in marine sponges, with the absolute 

abundance measured to be higher than the proteinogenic amino acid L-arginine. This 

observation fuels the first hypothesis for ecological importance of homoarginine in marine 

sponges, in addition to its role as a biosynthetic precursor to oroidin. Precursor guided 

mining of the metabolome was also adopted for tracing the proposed biosynthetic 

intermediates in the production of brominated tyrosine alkaloids as outlined in Chapter 3. 

 A novel approach of combining biomimetic enzyme assisted synthesis with 

metabolomics for the discovery of proline rich macrocyclic peptides in marine sponges is 

detailed in Chapter 4. A mass spectrometry-based workflow to sequence the peptides was 

developed and validated to recover new and less abundant analogues of proline rich 

peptides that have evaded discovery by natural product isolation-based strategies. This 

work highlights an important orthogonal application of high-resolution accurate mass 

spectrometry in distinguishing between isomeric amino acids, leucine, and isoleucine, to 

natural product discovery research. My research contributes experimental evidence for the 

application of contemporary metabolomics-based approaches in accessing the yet 

underexplored chemical diversity in the marine sponges  

 Marine sponges boast of an exceptionally rich and diverse associated microbiota, 

which along with the eukaryotic host, is referred to as the óholobiontô.17 The microbial 

component of the holobiont has been validated as a major contributor to the chemical 

diversity observed in marine sponges.18-21 With the technical advancement in next 
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generation sequencing platforms, metagenome sequencing and binning studies burgeoned, 

many of them successfully connecting the biosynthetic gene cluster and producer organism 

to the natural product.22-26 However, these metagenomes sequencing based studies are 

biased towards capturing only the microbial fraction. Biosynthetic insights into the 

eukaryotic component of the holobiont as natural product production units are scant.27 To 

date there are no eukaryote encoded natural product biosynthetic pathway that is 

experimentally supported. This dissertation work seeks to address this knowledge gap by 

using two-dimensional correlation between the metabolome and microbiome. The sponge- 

associated microbiota was extensively profiled as outlined in Chapters 1 to 5. In addition 

to relative microbial abundances, Chapter 5 demonstrates the absolute abundance of 

bacteria associated with a large cohort of sponges in the study to provide additional insights 

into the high microbial and low microbial abundance based dichotomous classification of 

sponges. Detailed analyses of the microbial composition revealed the divergence of the 

microbiome in sponges with strictly conserved natural product chemistry, providing 

support to a eukaryotic origin for these natural products. Procrustes analysis, which is a 

correlation-based metric to compare two different omics datasets, was employed to reveal 

the interdependency of metabolome and microbiome in marine sponges.  

 In summary, this dissertation provides detailed insights into the application of high-

resolution accurate mass spectrometry coupled with contemporary and advanced 

metabolomics-based platforms as a tool for exploring the tremendous diversity of natural 

products in marine sponge holobionts. In addition, the thesis outlines the necessity of using 

multi-omics-based strategies to generate and support hypotheses towards potential natural 

product producer organisms and provides a framework for future biochemical studies.
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CHAPTER 1. MULTI -OMIC PROFILING OF MELOPHLUS 

SPONGES REVEALS DIVERSE METABOLOMIC AND 

MICROBIOME ARCHITECTURES THAT ARE NON -

OVERLAPPING WITH ECOLOGICAL NEIGHBORS  

This section is adapted from the paper I. Mohanty, S. Podell, J. S. Biggs, N. Garg, E. 

E. Allen, V. Agarwal, Marine Drugs, 2020, 18(2), 124; 10.3390/md18020124. The 

copyright for this open access MDPI journal is retained by the authors.  

1.1 Abstract 

Marine sponge holobionts, defined as filter-feeding sponge hosts together with their 

associated microbiomes, are prolific sources of natural products. The inventory of natural 

products that have been isolated from marine sponges is extensive. Here, using untargeted 

mass spectrometry, we demonstrate that sponges harbor a far greater diversity of low 

abundance natural products that have evaded discovery. While these low abundance natural 

products may not be feasible to isolate, insights into their chemical structures can be 

gleaned by careful curation of mass fragmentation spectra. Sponges are also some of the 

most complex, multi-organismal holobiont communities in the oceans. We overlay sponge 

metabolomes with their microbiome structures and detailed metagenomic characterization 

to discover candidate gene clusters that encode production of sponge-derived natural 

products. The multi-omic profiling strategy for sponges that we describe here enables 

quantitative comparison of sponge metabolomes and microbiomes to address, among other 

https://dx.doi.org/10.3390%2Fmd18020124
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questions, the ecological relevance of sponge natural products and for the phylochemical 

assignment of previously undescribed sponge identities. 

1.2 Introduction  

Sponges are filter-feeding sessile invertebrates that are present at all latitudes in the 

oceans. High rates of water filtration, up to several thousand times the sponge volume per 

day, make sponges primary players in the benthic-pelagic nutrient recirculation.28, 29  

Sponges host a diverse bacterial microbiome and among high microbial abundance sponges 

such as those discussed in this study, the microbial population can comprise of up to 35% 

weight of the sponge.30, 31 In addition to bacteria, sponges also host eukaryotic partners 

such as fungi and dinoflagellates.32 Thus, from a molecular perspective, sponges can be 

conceptualized as a community of multiple interacting partners, referred here as holobionts. 

In the marine environment, sponge holobionts are among the richest sources of specialized 

metabolites, colloquially termed natural products. Complexity of sponge natural product 

chemical structures have offered title compounds for total synthesis and catalyst 

development, and several sponge-derived molecules have progressed through 

pharmaceutical development pipelines to be approved for clinical use.33, 34 Uncoupled from 

these motivations, natural products are postulated to serve core ecological functions such 

as defending the sponge against predation and infection and shaping the structure of the 

benthic community.35 Using next-generation sequencing and assembly of bacterial 

genomes from metagenomic data, it is well established that members of the sponge 

microbiome are responsible for the biogenesis of several sponge-derived natural 

products.36 
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Traditionally, sponge natural products have been inventoried using isolation of 

individual molecules and structural elucidation using a combination of experimental and 

theoretical approaches. These efforts have built a foundation of more than 11,000 sponge-

derived natural product structures.37 The application of untargeted mass spectrometry has 

revealed that the natural product diversity from sponges has been severely 

underappreciated.38 The analytical challenge, now, is two-fold. First, is to gain structural 

insights into metabolites that due to their lesser abundance and the complexity of the 

sponge metabolomes will remain inaccessible to traditional spectroscopic characterization. 

Second, is to advance the characterization of sponge extracts from disjointed descriptions 

of individual natural products to an overall metabolomic description of the holobiont 

community. These two advances, when realized, will allow for comparative analyses to 

determine which fractions of sponge metabolomes stay conserved, or diverge, in response 

to ecological, pharmacological, and/or other metrics. Furthermore, sponge metabolomes 

could then be overlaid with the holobiont microbial community structures to determine 

how the overall holobiont community shapes, and responds to, differences in sponge 

metabolomes. Correlative conservation between metabolomic features and microbiome 

structures aid in metagenomic mining to search for natural product biosynthetic gene loci 

in the sponge holobiont.  

In this study, we couple the metabolomic and metagenomic characterizations of 

marine sponges of the genus Melophlus that were collected in Guam (Apra Harbor). The 

Melophlus genus is typified by the large barrel-shaped sponge Melophlus sarasinorum 

(previously called Asteropus sarasinorum) that is widely distributed in the Indo-Pacific 

with natural product isolation studies realized from Indonesia, Palau, Guam, and the 
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Solomon Islands. In this study, DNA barcoding, microbiome composition, and 

metabolomic comparison places an additional, morphologically unrecognizable sponge 

species within the Melophlus genus. We demonstrate that the chemical diversity of natural 

products in the Melophlus metabolome far exceeds the current inventory. Using 

metagenomics, we discover possible genetic routes for the production of characteristic 

Melophlus natural products. Aided by structural insights from mass spectrometric 

fragmentation, we detect the presence of new natural product classes previously unknown 

from Melophlus sponges. Finally, we compare and contrast the microbiome and 

metabolome architectures of dominant and abundant sponge genera in close geographical 

neighborhoods of each other to demonstrate that a shared ecological environment does not 

necessarily translate to metabolomic and microbiological overlap. Our findings 

demonstrate the applicability of contemporary -omic technologies in providing a detailed 

chemical, genetic, and microbiological characterization of sponge holobionts. 

1.3 Results and Discussion 

1.3.1 Sponge phylogeny and microbiome 

The sponge M. sarasinorum was identified by numerous small ostia distributed 

around a large central osculum on a yellow, round ultrastructure at the Apra Harbor in 

Guam (Figure 1.2A). Two biological replicate specimens were collected, GUM_22 and 

GUM_59. Specimens were frozen dry, for chemical analyses, and in preserving solution 

RNAlater, for DNA extraction. Sponge specimens were 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 5ô-terminus of the 28S rRNA 



                                   

 5 

encoding gene (Figure 1.1). BLAST against the GenBank nr database identified that 

sequences with the highest similarity corresponded to the Melophlus genera.39, 40  

 

 

Figure 1.1. The hypervariable internal transcribed spacer region (ITS-2) and the D3-D5 

region of the large subunit (28S) of the ribosomal gene were used as the barcode for the 

sponge phylogeny determination. The forward primer SP58bF and reverse primer SP28cR 

pair was used to amplify the ITS-2 region. The NL4-F and NL4-R primer pair was selected 

for amplifying the D3-D5 region on the 28S ribosomal RNA gene. 

 

A different sponge morphology, for which biological replicates GUM_133 and 

GUM_139 were collected, was not immediately recognizable (Figure 1.2B). The 

GUM_133 and GUM_139 28S rRNA gene amplicons, only 40% similar to GUM_22 and 

GUM_59, had the greatest similarity to Theonella genus sequences. However, the ITS-2 

amplicon sequences were identical between the two groups, GUM_22/GUM_59 and 

GUM_133/GUM_139 (Table A1). Next, we determined the microbiome composition of 

all sponge specimens in duplicate, using next generation sequencing of the v4 region of the 

16S rRNA gene PCR amplicons and differentiated amplicon sequence variants (ASVs). 

Taxonomic assignment to the phylum level reveals that microbiome architectures between 

the GUM_22/GUM_59 and GUM_133/GUM_139 specimens were highly similar, with 

Chloroflexi, Proteobacteria, Acidobacteria, and Actinobacteria being the dominant 

bacterial phyla (Figure 1.2C). Given the high microbiome and metabolomic similarity (vide 
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infra) between the two groups of sponges, we propose that GUM_133 and GUM_139 may 

constitute a single species among the Melophlus genus.  

 

Figure 1.2. Metabolomes and microbiomes of Melophlus sponges. Morphology of (A) 

M. sarasinorum and (B) Melophlus sp. sponges collected in Apra Harbor, Guam. (C) 

Microbiome composition, at the phylum level, for sponge specimens used in this study. 

Each sample was sequenced in duplicate. (D) Relative abundances of sarasinosides and 

melophlin congeners among sponge specimens used in this study. Darker color denotes 

higher abundance. (E) Overlap of metabolomic features among sponge specimens used 

in this study. Features that are shared by all four Melophlus specimens used in this study 

are highlighted. 



                                   

 7 

1.3.2 Overall metabolomic description 

Untargeted liquid chromatography/high-resolution time of flight mass 

spectrometry (LC/MS) data were acquired with no prior derivatization or fractionation of 

organic extracts generated from sponge tissues. Each sponge extract was analyzed in 

duplicate. Of the Melophlus-derived natural products, two natural product families 

dominate. These are the glycosylated sterol molecules grouped as sarasinosides, and the 

polyketide/fatty acid tetramate conjugates- melophlins.41-47 Manually curating previously 

described sarasinosides and melophlins, first, we dereplicated identities of already known 

congeners (Tables A2, A3). Nearly all known sarasinosides and melophlins could be 

identified. Together with the LC/MS datasets, MS2 fragmentation spectra corresponding to 

sarasinoside and melophlin congeners were deposited to the GNPS database. 

Next, metabolites detected in the LC/MS datasets were extracted as ófeaturesô using 

the feature detection and alignment tool MZmine2.48 Extracted features comprise of ion 

m/zs conjoined with MS2 spectra, and information corresponding to retention time and ion 

abundance is appended to them. Features were ódeisotopedô, in that, only the most abundant 

isotopic ion is preserved in a feature. Using feature-mining, we compared the relative 

abundances of known sarasinoside and melophlin congeners among the four sponge 

specimens (Figure 1.2D). The M. sarasinorum samples GUM_22/GUM_59 harbor a 

greater abundance and diversity of sarasinoside congeners while the Melophlus sp. samples 

GUM_133/GUM_139 were enriched for melophlins. In this approach, isomeric 

sarasinosides and melophlin congeners are grouped together as they cannot be easily 

differentiated based on MS2 fragmentation data alone. The overall metabolomes of M. 

sarasinorum and Melophlus sp. sponges were highly similar. Of the 1319 total unique 
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features detected, 930 features (70.5%) are shared among the four sponge specimens 

(Figure 1.2E). Only 79 (6.0%) and 106 (8.0%) features were unique to M. sarasinorum and 

Melophlus sp. specimens, respectively. Of the 70 features that are shared among M. 

sarasinorum samples only, multiple features correspond to sarasinoside congeners, and of 

the 76 features shared among the Melophlus sp. samples only, features corresponding to 

melophlins can be detected (Table A4). 

The detection of sarasinoside A1 (1, Figure 1.3A) from M. sarasinorum has 

extensive precedent. To verify the identity of the natural product from Melophlus sp., we 

chromatographically isolated it from GUM_133 and acquired 1H and 13C NMR spectra. 

Comparison to literature data established the identity of the molecule isolated from 

GUM_133 as 1 (Figure A1, A2; Table A5). Molecule 1 is representative of a 

polyglycosylated sterol (glycosyl moieties: A- xylose, B1- N-acetylglucosamine, B2- N-

acetylgalactosamine, C, D- glucose). Ions observed in the MS2 spectra for 1, which is 

dominated by glycosidic fragments, were structurally annotated (Figure A3). For 

sarasinoside B1 (2, Figure 1.3A), among other sarasinosides, the óCô glycosyl moiety is 

changed from glucose to xylose, as compared to 1. The C23-oxo group is invariant among 

sarasinosides.  

Next, we queried the chemical diversity of sarasinoside congeners detected in the 

LC/MS datasets using MS2 spectral matching-based molecular networking.15 To connect 

nodes that remain disjointed by spectral overlap alone, spectral matching was 

supplemented with determination of spectral motifs by MS2LDA.16 Here, MS2LDA motifs 

represent substructures characterized by discrete fragments and neutral losses present in 

MS2 spectra. Hence, nodes that are not connected in classical molecular network but 
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contain a common substructure are searched using MS2LDA. A molecular network for 

sarasinoside congeners in which parent ions are represented as nodes that are connected by 

overlap of fragmentation spectra, as well as conservation of MS2LDA spectral motifs, is 

illustrated in Figure 1.3B. Nodes corresponding to 1 and 2 are labeled. Nodes for previously 

known sarasinoside congeners are shown in diamond, nodes for molecules that could not 

be dereplicated are shown as rounded squares. Based on previously described sarasinoside 

congeners, accurate mass, and manual annotation of MS2 fragmentation spectra, the 

network is divided among pentaglycosylated (unshaded), tetraglycosylated (shaded in 

brown), triglycosylated (gray), and diglycosylated sarasinosides (yellow). It is clear that 

pentaglycosylated congeners dominate the sarasinoside inventory (Figure 1.3C). Within 

each of these groups, the fraction of congeners that have been described in literature is 

minor. None of the diglycosylated sarasinosides were previously reported. 

The node corresponding to 1 demonstrates the presence of multiple MS2LDA 

motifs (Figure 1.3B). Of these, motif_505, highlighted as a green edge, is conserved for 

each node in the sarasinoside molecular network (Figure 1.3B). The motif_505 comprises 

of a single ion, m/z 204, which corresponds to the N-acetylhexose fragment generated by 

the cleavage of the glycosidic bond between A and B2 sugars (Figure 1.3D, left; complete 

inventory of MS2LDA motifs is provided as supplementary information). Conservation of 

motif_505 demonstrates that the A-B2 glycosylation pattern is conserved among all 

sarasinosides. Note that motif_505 now allows us to collate all sarasinoside nodes, 

including singletons that were otherwise disjointed by spectral overlap alone. 
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Figure 1.3. Sarasinoside chemical diversity revealed by mass spectrometry. (A) Chemical 

structures of sarasinoside A1 (1) and sarasinoside B1 (2). The glycosidic rings are labeled, 

note the difference in ring óCô between the two structures. (B) Sarasinoside molecular 

network. The motif_451, motif_505, and motif_668 are shown in color. Subnetworks 

corresponding to tetra-, tri-, and diglycosylated sarasinosides are labeled. Relevance of 

nodes labeled A, X, and Y is described in text. (C) Distribution of nodes according to 

glycosylation pattern, and distribution of nodes for which chemical identities can be 

dereplicated (known) and for which identities are not known (unknown) according to 

glycosylation pattern. (D) Structural annotation of ions comprising motif_505 (left), and 

motif_668 (middle), and motif_451 (right). (E) Extracted ion chromatogram generated by 

MZmine2 demonstrating four features corresponding to m/z 1321.65. The red dashed line 

represents the MS1 threshold below which all features were discarded. FBMN 
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demonstrating the clustering of the four features with other nodes corresponding to 

sarasinoside congeners. 

Nodes corresponding to 1 and 2 differ in the presence of motif_451 (brown edge, 

present only for 1) and motif_668 (magenta edge, present only for 2). Motifs _451 and 

_668 divide the pentaglycosylated sarasinosides into two sub-networks. The motif_668 

comprises of a single MS2 fragment ion, m/z 498, the structure of which is rationalized to 

be the B1-C-D glycosidic chain for 2 (Figure 1.3D, middle). As the C glycosyl ring differs 

between 1 and 2 (glucose and xylose, respectively, Figure 1.3A), motif_668 is not 

conserved for 1. Hence, nodes demonstrating the presence of motif_668 should possess the 

glycosidic pattern identical to 2, and not 1. Structural annotation of motif_451 reveals the 

presence of ions corresponding to the A-B1-C-D and B1-C glycosidic fragments in which 

the C ring corresponds to glucose (Figure 1.3D, right). Hence, motif_451 allows for 

determination of the glycosylation pattern for these nodes to be identical to that for 1. It is 

instructive to observe that only a single methoxy group differentiates 1 and 2 which is then 

differentially propagated by motif_668 and motif_451 to classify pentaglycosylated 

sarasinoside into two distinct families. 

The analyses presented above condenses parent ions within a 0.01 Da range into a 

single node. For instance, the node labelled óAô in Figure 3B comprises of 28 MS2 spectra 

spanning a 0.75 min retention time window (Table A6). Rather than a single sarasinoside 

congener, it is likely that the spread of retention time represents the presence of isomers. 

By combining classical molecular networking with feature mining by MZmine2, feature-

based molecular networking (FBMN) allows for the separation of isomeric molecules as 

distinct features, because features incorporate an additional metric of retention time.49 
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FBMN reveals that the sarasinoside chemical diversity extends even further than that 

illustrated in Figure 1.3B. For example, at least four distinct features corresponding to m/z 

1321.65 can be detected (Figure 1.3E). Organizing these features in a molecular network 

reveals that they indeed cluster together, along with other sarasinoside congeners. 

Next, we focused on the determination of putative structures of unknown 

sarasinoside congeners. Illustratively, node labelled X in Figure 1.2B, [M+H]1+ m/z 

1317.65, possesses an identical glycosylation pattern as 1 revealed by the conservation of 

motif_451 and motif_505. The mass increase of 27.99 Da between X and 1 corresponds to 

the addition of a methoxy group and a dehydrogenation as compared to 1 (+MeO(-H) -2H 

= 27.99 Da), as is evident by the comparison of the MS2 fragmentation ions for 1 and the 

sarasinoside congener corresponding to node X (Figure 1.4A). The sterol core of 1 is likely 

derived from the C30-demethylation of lanosterol which introduces the D14,15 unsaturation, 

as is observed in the structure of sarasinoside A3 (vide infra, Table A2). We posit that 

methoxylation at C12, as is observed in the structure of sarasinoside F, will furnish the 

natural product corresponding to node X. Likewise, for the node labelled Y in Figure 2B, 

[M+H] 1+ m/z 1285.63, the glycosylation pattern is conserved as for 1. The molecular 

formula thus predicted can only be satisfied by an unprecedented two addition 

dehydrogenations on the sterol core as compared to 1 (Figure 1.4A). Rather than traversing 

each node individually, we asked whether structural differences can be curated on the basis 

of accurate mass differences. We could indeed traverse nodes in the sarasinoside molecular 

network based on mass differences corresponding to common modifications such as 

hydroxylation (15.99 Da), methylation (14.01 Da), and dehydrogenation (2.01 Da) (Figure 

1.4B). In light of the characterization of the glycosylation patterns, a convergent theme 
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emerges in which tailoring of the sterol core emerges as the principal driver of sarasinoside 

chemical diversity. 

 

Figure 1.4. Characterization of low abundance sarasinoside congeners. (A) Comparison of 

MS2 fragmentation spectra corresponding to nodes for 1, X, and Y (as labeled in Figure 

3B). Chemical structures for two principal fragment ions, m/z 311.27 and m/z 409.35 that 

are detected in the MS2 fragmentation spectra for 1 are shown. The ion m/z 455.35 for X 

denotes the methoxylated, dehydrogenated sterol, as compared to 1, with the 3ô-OH 

preserved. (B) Sarasinoside molecular network in which edges corresponding to 

characteristic mass differences, such as hydroxylation (green), methylation (blue), and 

dehydrogenation (red) are highlighted. Compared to the molecular network in Figure 3B, 

singleton nodes and edges corresponding to MS2LDA motifs are omitted for clarity. 
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1.3.3 Putative sterol biosynthetic gene clusters in the sponge microbiome 

Next, we searched for the sarasinoside biosynthetic potential in the M. sarasinorum 

holobiont. Supported by literature, a hypothetical enzymatic scheme furnishing 

sarasinosides is illustrated in Figure 1.5A.50, 51  In this scheme, enzyme squalene synthase 

converts two molecules of farnesyl pyrophosphate to squalene. Squalene epoxidase then 

furnishes 2,3-oxidosqualene followed by conversion to lanosterol by lanosterol synthase. 

Alternatively, 2,3-oxidosqualene can also be converted to cycloartenol by cycloartenol 

synthase. Specific for sarasinosides, C30-lanosterol is likely demethylated by lanosterol 

demethylase which also introduces the D14,15 unsaturation. Redox tailoring to establish the 

C23-oxo modification and reduction of the D14,15 unsaturation furnishes the aglycone which 

is then glycosylated to yield 1 and 2. Catalytic sequence for C30-demethylation and redox 

tailoring of the tetracyclic core can be reversed. Indeed, sterols bearing the C23-oxo moiety 

without C30-demethylation are detected from other marine sources.52, 53 In the event that 

the D 14,15 unsaturation is not reduced, the aglycone corresponding to sarasinosides A3, B3, 

and C3 is produced (Table A2). Enzymatic glycosylation is expected to proceed via 

glycosyltransferase enzymes that employ sugar-diphosphate nucleosidic substrates. We 

used enzymes in this predictive biosynthetic scheme as diagnostic elements to mine the M. 

sarasinorum metagenome. 

Total DNA isolated from the GUM_22 holobiont was packaged into a 500 bp 

Illumina TruSeq DNA library and sequenced using the 2x150 bp paired end protocol on an 

Illumina HiSeq 2500 sequencer. Adaptor trimming and quality filtering yielded 

105,560,704 high quality reads which were assembled into 58,828 scaffolds. Scaffolds 
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were phylogenetically binned according to procedures that we have described previously. 

25, 54 Scaffold bins were organized into distinct clusters according to their phylogenetic 

derivation, which included sponge host as well as associated microbial taxa. Immediately, 

we could observe the clustering of scaffolds derived from different microbial taxa on a 

coverage (y-axis) vs %GC content (x-axis) plot (Figure 1.5B). Predicted protein functional 

annotations were obtained with Prokka.55 Hidden Markov Model based searches were 

performed to identify candidate sterol biosynthetic enzymes using PFAM database patterns 

PF00494 (squalene synthase), PF08491 (squalene epoxidase), and PF13243 and PF13249 

(squalene cyclase)56 Sequences encoding glycosyltransferase candidate enzymes were 

detected using PFAM database pattern PF00535 and CAZy-classified search patterns for 

glucose, xylose, and N-acetylhexose transferases.57 For each of these search criteria, 

individually, multiple genes were detected in the GUM_22 metagenome. For instance, 109 

candidate squalene synthases and 32 squalene epoxidases were detected, along with 592 

N-acetylhexose and 473 glucose/xylose glycosyltransferases. To sort the large number of 

potential hits that were dispersed across the metagenome, we queried whether multiple 

candidate sterol biosynthetic genes and glycosyltransferase-encoding genes were present 

together, within a single microbial taxon. Only a solitary g-proteobacterium satisfied this 

criterion, the tight grouping of metagenomic scaffolds for which is demonstrated in Figure 

1.5C. The metagenomically assembled genome (MAG) of this g -proteobacterial symbiont, 

divided among 57 scaffolds, is judged by CheckM to be 95% complete.58 The full length 

16S rRNA gene sequence recovered from the MAG demonstrates its closest sequenced 

relatives to be uncultivated sponge symbionts. The sterol biosynthetic genes, annotated 

within the Melophlus-derived sterol biosynthesis (msb) gene cluster and 
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glycosyltransferases, present in the Melophlus-derived glycosyl biosynthesis (mgb) gene 

cluster, can be identified from metagenomic scaffolds derived from this g -proteobacterium 

(Figure 1.5D). 

Within the msb locus, gene msbE encodes a bi-functional squalene epoxidase/sterol 

cyclase. Sequence alignment identifies a key valine residue in the C-terminal MsbE cyclase 

domain that allows for its annotation as a lanosterol cyclase, rather than an oxidosqualene 

cyclase (Figure 1.5A).50 Residues involved in coordinating the flavin cofactor can be 

discerned in the N-terminal epoxidase domain. Gene msbC encodes an integral membrane 

sterol reductase, homologs of which catalyze the reduction of the D14,15 unsaturation while 

protein product of gene msbD demonstrates high homology to the lanosterol C30-

demethylase. Overlapping genes msbA and msbB encode a NAD(P)-dependent 

oxidoreductase and a Rieske oxygenase, respectively. Homologs of MsbA and MsbB have 

been demonstrated to catalyze redox tailoring of the sterol scaffold, such as oxidative 

demethylation of 4,4-gemdimethyl.59 We posit that, among other activities, MsbA and 

MsbB could participate in the installation of the C23-oxo moiety. Gene msbF encodes a 

SAM-dependent sterol methyltransferase that could participate in the biosynthesis of 

methoxylated sarasinoside congeners such as sarasinoside F, H2, I2 (Table A2). Genes at 

either terminus of the msb gene locus described here bear no resemblance to sterol 

biosynthetic genes. Separated from the msb locus is the mgb locus. Genes mgb7ï9,13 all 

encode glycosyltransferases while genes mgb2,4ï6 encode enzymes involve in the 

biosynthesis and tailoring of sugar-diphosphate nucleosides. Gene mgb1 encodes a 

transcriptional regulator. Other genes, such as mgb10 and mgb12 that encode SAM-
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dependent methyltransferases, have no readily discernable roles in sarasinoside 

biosynthesis. 

  

Figure 1.5. Sarasinoside biosynthetic potential in the M. sarasinorum metagenome. (A) 

Sterol biosynthetic scheme with key enzymes (in red) and intermediates (in blue). Note 

that 2,3-oxidosqualene can be transformed to either cycloartenol or lanosterol. Only 

lanosterol is relevant as a biosynthetic intermediate for the elaboration of sarasinosides. 

(B) All GUM_22 metagenomic scaffolds greater than 10 kb in length are displayed in grey. 

Colored points represent phylogenetically assigned scaffolds classified by amino acid 

sequence similarity of multiple predicted proteins to sequences from the GenBank nr 

database. (C) Tight clustering of the metagenomic contigs for the g-proteobacterium that 

harbors the msb and mgb gene loci. (D) Metagenomic scaffolds bearing the mgb and msb 

loci. Protein products of neighboring genes, in purple, do not bear homology to sterol 

biosynthetic genes or sugar biosynthesis/transfer genes. 
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1.3.4 Mining for other glycosylated molecules 

The abundance of glycosyltransferases identified in the M. sarasinorum 

metagenome translates to the Melophlus metabolomes being exceptionally enriched for 

glycosylated molecules. The MS2LDA motif_505 which corresponds to the m/z 204 

fragment ion for N-acetylhexose moieties of 1 (Figure 1.3), alone, could be detected in 692 

(28.7%) of the 2,405 nodes in the molecular network for Melophlus LC/MS data used in 

this study. Glycosylated molecules are distributed across all four sponge specimens ranging 

in parent mass m/zs from 393.20 to 1889.98, implying that a wide diversity of structures 

undergo glycosylation in Melophlus holobionts. 

Querying for other glycosylated molecules presents interesting results. For 

instance, for the sub-network illustrated in Figure 1.6A, MS2 spectra for ions m/z 601.41 

(green node) and m/z 763.46 (blue node) demonstrate neutral losses corresponding to one 

and two hexose moieties, respectively (Figure 1.6B). Presence of evenly distributed lower 

abundance fragmentation ions between 100 and 300 Da that differ by 14 Da points towards 

a long, linear alkyl chain. Higher abundance fragment ions, m/z 421.34 and m/z 439.35 

correspond to the molecular formulae C30H45O
+ and C30H47O2

+, respectively, representing 

the aglycone structures for glycosylated parent ions m/z 601.41 and m/z 763.46. Mining the 

Melophlus metabolomes for m/z 421.34 and m/z 439.35 lead to the identification of another 

dedicated sub-network in which molecular ions corresponding to these aglycone 

substructures are present (Figure 1.6C, nodes in red). Dereplicating these molecules using 

the MarinLit repository lead to hits to sponge-derived polyacetylenes with m/z 439.35 

neatly corresponding to yakushynol F (Figure 1.6D).60 While the positions of the 

unsaturations can undoubtedly differ, this is the first instance in which polyacetylinic 
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natural products have been detected from Melophlus sponges and to the best of our 

knowledge, glycosylated polyacetylenes from marine sponges overall.61 Polyacetylinic 

natural products are widespread in marine metabolomes and based on accurate mass 

differences, other nodes in the subnetwork illustrated in Figure 1.6C can be rationalized as 

modifications such as hydroxylation (node 455.35), dehydrogenation (node 437.34), and 

reduction (node 441.36) of the C30 yakushynol F-like core structure. 

 

Figure 1.6. Other glycosylated molecules present in Melophlus metabolomes. (A) Network 

containing nodes for m/z 601.41 (in green) and m/z 763.46 (in blue) that correspond to 

mono- and diglycosylated C30 polyacetylinic natural products, respectively. (B) MS2 

fragmentation spectra for m/z 601.41 (in green, top) and m/z 763.46 (in blue, bottom) 

demonstrating the neutral losses for one, and two hexose sugar moieties, respectively. The 

position of the parent ions is marked by diamonds. Two major fragment ions are detected, 

m/z 421.34 and m/z 439.35 that are annotated to the molecular formulae as labeled. The 

low abundance fragment ions between 100 Da and 300 Da are characteristic of long alkyl 

chains, which, when fragmented, generate ions separated by methylene (14 Da) units. (C) 

Subnetwork containing nodes for m/z 421.34 and m/z 439.35 (in red). Progressing from m/z 

439.35, connecting nodes can be annotated by rationalizing modifications, such as 

hydroxylation (+O, node in yellow), dehydrogenation (-2H, node in pink), and reduction 

(+2H, node in green). (D) Mining the MarinLit database for m/z 439.35 leads to the 

identification of yakushynol F as a potential structure which is supported by fragmentation 

pattern characteristic of long alkyl chains. Glycosylation at either, and both hydroxyls of 

yakushynol F will lead to products corresponding to m/z 601.41 and m/z 763.46, 

respectively. 
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1.3.5 Diversity of melophlin natural products 

We inventoried the diversity of the other class of natural products previously 

described from Melophlus sponges, the long alkyl chain tetramates- melophlins. To verify 

the identity of melophlins from Melophlus sp. samples GUM_133/GUM_139, we isolated 

the most abundant melophlin congener present in the GUM_139 extract and acquired 1H 

and 13C NMR data (Table A7, Figures A11, A12). Comparison to literature established that 

the isolated melophlin corresponded to melophlin I (3, Figure 1.7A, Figure A4, A5).47 

Melophlin congeners can be divided among two families, one with and the other without 

methylation at C5, such as the isomeric melophlin J (4, Table A3). Biosynthetically, this 

difference likely translates to the tetramate heterocycle being derived from the 

condensation of glycine (Figure 1.7A, top) or alanine (Figure 1.7A, bottom) primary amine 

with the activated carboxylic acid of a b-keto acid (path a, Figure 1.7A) followed by 

Dieckmann cyclization of the enolate with the aminoacyl activated carboxylic acid (path 

b).62-65 Spectroscopically, C5-methylated and C5-demethyl melophlins can be distinguished 

by 13C shifts at 62.7 ppm and 57.7 ppm, respectively (in CDCl3).
47 

The MS2 spectra for 3 was structurally annotated (Figure A6). In the molecular 

network, node corresponding to 3 occurs as a singleton and is associated with motif_437 

(blue edge, Figure 1.7B) and motif_444 (green edge). The dominant MS2 product ions 

comprising motifs _437 and _444 were annotated (Figure 1.7C). Determining the presence 

of these two motifs in the molecular network identified a subnetwork (dashed) in which 

nodes corresponding to other melophlin congeners were detected (Figure 1.7B, nodes 

corresponding to known melophlins shown as diamonds). In this subnetwork, a third 

MS2LDA motif, motif_660 was identified (red edge, Figure 1.7B). The motif_660 



                                   

 21 

comprises of only two MS2 product ions that can be structurally annotated to be derived 

from both, the C5-methylated and C5-desmethyl melophlins (Figure 1.7C). The motif_660 

connects numerous other nodes in the network, including singletons that also possess 

motif_437 and motif_444, demonstrating that the structural diversity of melophlins, just as 

for sarasinosides, is far greater than that appreciated previously (Figure 1.7D). Within these 

potentially novel melophlin congeners are brominated derivatives with the bromine atoms 

predicated upon the alkyl chain, as determined by annotation of the fragmentation spectra 

(yellow nodes, Figure 1.7B). 

 

Figure 1.7. Inventory of melophlin congeners in sponge extracts. (A) Chemical structure 

of isomers 3 and 4. Note the difference in methylation state at C5 between 3 and 4. A 
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retrobiosynthetic reaction sequence is shown in which the amino acid (glycine or alanine) 

primary amine condenses with the activated a-keto acid (shown as the enolate tautomer) 

progressing to Dieckmann cyclization which will furnish the tetramate heterocyclic core 

structure for melophlins. (B) Molecular network for melophlin congeners. The three 

MS2LDA motifs are highlighted as curved connecting edges with nodes corresponding to 

previously known melophlin congeners shown as diamonds and those corresponding to 

unknown brominated congeners shown as yellow circles. (C) Structural annotation of MS2 

fragment ions comprising of motif_437, motif_444, and motif_660. Note that all fragment 

ions observed here constitute the tetramate heterocycle. (D) Distribution of known and 

unknown melophlin congeners quantified from panel B. 

 

1.3.6 Microbiome and metabolome comparison of Melophlus sponges to neighboring 

sponges 

Next, we aimed to decipher if Melophlus sponges share any of their microbiome or 

metabolomic architecture with their geographical neighbors. In Apra Harbor (Guam), 

together with M. sarasinorum, the óelephant earô sponge Ianthella basta is abundantly 

present (Figure 1.8A). The microbiome of the I. basta specimen GUM_65 was sequenced 

in duplicate and compared to that of M. sarasinorum specimen GUM_22. The I. basta 

microbiome, with a mean Shannon diversity index of 1.25 is less diverse than that of M. 

sarasinorum (mean diversity index 6.85, Figure 1.8B). Individual components of the 

microbiome are also divergent, with the I. basta biome being dominated by 

Thaumarchaeota with lesser relative abundance of Chloroflexi, Actinobacteria, and 

Acidobacteria phyla that dominate the M. sarasinorum microbiome (Figure 1.8C). The 

holobiont architectural divergence is reflected in the respective metabolomes as well. The 

I. basta metabolome, just as for Melophlus, have been extensively mined to reveal a rich 

tapestry of brominated alkaloids collectively called the bastadins (Figure 1.8D).66, 67 The 

metabolomes of four I. basta biological replicates were compared to metabolomes of the 
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four Melophlus specimens used in this study. A comparative plot reveals that no 

metabolomic features are shared between Melophlus and I. basta (Figure 1.8D). In this 

analysis, features contributing the most to metabolomic divergence are members of natural 

product families dedicated to respective sponge taxa, sarasinosides and melophlins for 

Melophlus and bastadins for I. basta. 

 

 

Figure 1.8. Microbiome and metabolome divergence between sponge geographical 

neighbors. (A) Morphology of I. basta (top, specimen GUM_65) and the presence of I. 

basta sponges on the Apra harbor seafloor (bottom). (B) Shannon diversity indices for M. 

sarasinorum GUM_22 and I. basta GUM_65. (C) Relative abundance heatmap for 

microbiome ASVs at the phyla level for technical replicates of GUM_22 and GUM_65. 

The histogram demonstrates ASV abundances. (D) Representative polybrominated natural 

products detected in the I. basta metabolomes dereplicated using MarinLit. (E) 

Comparative two-dimensional distribution of metabolomic features mined using MZmine2 

for the four Melophlus specimens used in this study (on left) against four biological 

replicates of I. basta (on right). Each sponge specimen was analyzed by LC/MS in 
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duplicate. The x-axis, on a log2 scale, is plotted the mean ratio fold-change (FC) for each 

metabolomic feature identified above a common MS1 abundance threshold. The y-axis 

represents the statistical significance p-value of the ratio fold-change for each metabolite 

(plotted on a log10 scale). Metabolomic features with p-value > 0.05 are colored grey. 

 

1.3.7 Discussion 

 While Melophlus sponges have been extensively mined for natural products, this is 

the first untargeted metabolomic characterization of their natural product profiles, their 

microbiome architectures, and their metagenomes. Contemporary -omics tools are making 

it abundantly clear that the chemical diversity and biosynthetic potential for marine 

sponges far exceeds prior characterizations.38 A paired multi-omic profiling of marine 

sponge holobionts provides several advances. Overlapping metabolomic and microbiome 

architectures allow for phylochemical insight into identities of novel sponges to assist 

phylogenetic assignments, especially in cases of non-concerted evolution of the rRNA 

genes as we observe for the Melophlus genus here.68 Overall, grossly different sponge 

morphologies for species in the Melophlus genus do not correspond to different 

microbiomes and different metabolomes. We have previously recorded similar observation 

for the Lamellodysidsea genus of marine sponges.25 How and why the microbiome 

structure is selected for at the genus level in marine sponges is presently not clear.  

  A multi-omic profiling strategy also enables biosynthetic insights. For 

sarasinosides, chemical diversity is largely realized via modifications on the sterol core 

demonstrating the participation of promiscuous redox catalysts. Extensive redox tailoring 

of the sterol tetracyclic core is broadly observed in marine sponges.69 Accurate mass 

differences between key MS2 fragment ions allows for rapidly curating what these redox 
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modifications are, as is illustrated for representative sarasinoside congeners in Figure 1.4. 

Complexity of the sponge holobiont complicates the discovery of these modifying 

enzymes. It is plausible that a central sterol core that is delivered by a sponge symbiont is 

modified by other members of the holobiont community. Thus, in this study, we have 

focused on the discovery of biogenetic routes for the delivery of the sterol core structure. 

While sterols are ubiquitous in sponge metabolomes, the msb locus represents, to the best 

of our knowledge, the very first microbially encoded sponge-derived gene cluster that 

likely encodes for sterol production. Sterol biosynthetic genes can be dispersed in bacterial 

genomes, as is also the case for the g-proteobacterial symbiont from which the msb locus 

is derived.50 A squalene synthase encoding gene, an enzyme which converts farnesyl-

pyrophosphate to squalene (Figure 1.5A), is missing from the msb locus and is indeed 

located on a different metagenomic scaffold derived from this symbiont. Lesser variability 

is observed in the sarasinoside glycosylation pattern. The xylose-glycosyltransferase which 

installs the óAô sugar ring is likely tolerant towards a large diversity of sterol structures. 

The B1 and B2 N-acetylhexose sugars remains invariant. Promiscuity for the sugar 

nucleosidic substrate (glucose or xylose) is apparent for the C-sugar glycosyltransferase. 

In addition to a diversity of marine sources, glycosylated sterols are widely present in plant 

metabolomes, where, due to their amphipathic structures, they are postulated to serve roles 

in modulating membrane permeabilization.70, 71 

Another primary advance afforded by multi-omic profiling of sponges are the insights 

gained into the overall metabolomic architecture of sponges. Instructive to observe is the 

enrichment of distinct natural product classes. The motif_505, which corresponds to the 

presence of N-acetylhexose sugars (Figure 1.2D), is conserved for greater than 25% of all 
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ions detected in the Melophlus LC/MS datasets. The holobiont metagenome then reveals 

nearly 600 N-acetylhexose glycosyltransferases to be present. While undoubtedly some of 

these glycosyltransferases will be involved in primary metabolism, the abundance of 

glycosylated metabolites and the number of candidate glycosyltransferase enzymes 

detected in Melophlus is unprecedented. Along the same lines, our prior metabolomic 

profiling of the Indo-Pacific sponge Lamellodysidea herbacea found the sponge to be 

exceptionally rich in the diversity of polyhalogenated phenols, leading us to posit that the 

sponge holobiont harbors promiscuous halogenating enzymes.72 The rules that govern 

Melophlus spongesô preponderance towards glycosylated natural products while 

Lamellodysidea sponges select for polyhalogenated phenols are presently not clear. These 

two examples are in complete contrast to our metabolomic description of the Floridian 

sponge Smenospongia aurea, the metabolome of which, while being very diverse, is not 

enriched in one particular natural product class.73 

Organizing of sponge extracts as a collection of metabolomic features allows for 

quantitative comparisons to address questions of choice. For instance, here, we ask whether 

geographical neighbors that experience identical predatory and infectious pressure use 

shared metabolites to combat ecological stressors? Comparison of the Melophlus 

metabolomes with that of I. basta, another sponge that is co-dominant on the Apra Harbor 

seafloor, reveals no metabolomic overlap. Crucially, this analysis includes not only 

abundant natural products in respective sponges that have been described 

spectroscopically, but also lesser abundance metabolites that are outside the purview of 

traditional isolation-based characterization. If sponges do not share or conserve metabolites 

to address comparable ecological challenges, do each of these different natural product 
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classes represent independent defense mechanisms? It is likely that the role of sponge 

natural products extends beyond the simple hypothesis of predator deterrence to include 

recruitment and maintenance of specific commensal associations, and other, as yet 

unidentified roles in holobiont physiology. While ecological insight is an obvious starting 

point, metabolomic overlap can be used to address other questions as well such as to discern 

identities of metabolites in different sponge extracts leading to similar pharmacological 

assay readouts. Geographic proximity also does not translate to overlapping microbiomes. 

While Proteobacteria are abundant in both high- and low-microbial abundance sponges, 

high-microbial abundance sponges such as M. sarasinorum are enriched in Chloroflexi 

while low microbial abundance sponges such as I. basta are enriched in archaeal symbionts 

(Figures 1.7B, C), a general trend that has been observed previously.74 

Our study design used less than 5 g of wet tissue collected for each sponge specimen. 

The multi-omic workflows described here present a starting point to prioritize sponge 

specimens for larger collections for targeted deliverables. Geographically mapping paired 

multi-omic data from biodiversity hotspots will also democratize the addressing of a 

greater diversity of scientific questions from a single resource. 

1.4 Materials and Methods 

1.4.1 DNA extraction from sponge tissues 

The DNA extraction protocol used in this study was adapted from our previous reports. 

25, 54 Sponge tissue frozen in RNAlater was thawed overnight at 4 °C and rinsed thrice with 

Tris-EDTA (TE) buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA-Na). Sponge tissue was 

homogenized using sterile scalpel and treated with lysozyme at 30 °C in TE buffer for 2 h, 
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followed by treatment with proteinase K at 65 °C for 30 min. Impurities were extracted 

twice with buffered phenol:chloroform:isoamyl alcohol and DNA precipitated by addition 

of equal volume of ice-cold isopropanol. DNA was pelleted by centrifugation, washed 

twice with 70% EtOH, dissolved in TE buffer, and further column purified using Qiagen 

DNA purification kit using manufacturerôs directions. 

1.4.2 Molecular determination of sponge phylogeny 

The hypervariable ITS-2 region of the ribosomal gene was amplified from the 

metagenomic DNA using Q5 high fidelity DNA polymerase with the forward primer 

SP58bF (5ô-AATCATCGAGTCTTTGAACG-3ô) and reverse primer SP28cR (5ô-

CTTTTCACCTTTCCCTCA-3ô), as described previously.75 The thermocycling conditions 

were as follows: initial denaturation of 30 s at 98 °C, 35 cycles each of 10 s at 98 °C, 30 s 

at 45 °C, and 1 min at 72 °C, with final extension of 2 min at 72 °C. The PCR products 

were purified and concentrated using Zymo DNA clean and concentrator kit and clone 

libraries were generated using ligation-independent TA-cloning with pGEM-T Easy 

Vector System kit. Three clones for each sponge amplicon were Sanger sequenced and 

reads were filtered manually to remove the nucleotides from the pGEM-T Easy vector. 

Filtered sequences were used to search the GenBank nr/nt database using Basic Local 

Alignment Search Tool (BLAST). The D3-D5 region of the 28S rRNA gene was amplified 

using the primers NL4F (5ô-GACCCGAAAGATGGTGAACTA-3ô) and NL4R (5ô-

ACCTTGGAGACCTGATGCG-3ô).39 The thermocycling conditions were as follows: 

initial denaturation of 2 min at 95 °C, 35 cycles each of 30 s at 95 °C, 30 s at 55 °C, 70 s 

at 72 °C, with final extension of 2 min at 72 °C in a 25 µL reaction volume using GoTaq 
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DNA polymerase. Purification, assembly into vectors, and Sanger sequencing proceeded 

as described above. 

1.4.3 16S rRNA gene amplification, sequencing, and data analysis 

Next generation sequencing of the v4 region of the 16S rRNA gene was used to 

inventory sponge-associated microbiomes. Illumina MiSeq sequencing of the dual-indexed 

PCR amplicons was carried out as previously described.76 The v4 primers 515F and 806R 

were used with both forward and reverse primers barcoded and appended with Illumina-

specific adaptors according to established procedures.77 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, with final extension of 2 min at 72 °C. Amplicons were purified and 

concentrated using Zymo DNA clean and concentrator kit, pooled in equimolar 

concentrations, and sequenced on an Illumina MiSeq platform using a 500-cycle kit with 

10% PhiX DNA to increase read diversity. The raw sequences were imported into QIIME2 

(v.2017.7; https://docs.qiime2.org/2019.7/) using the qiime tools import script with the 

input format as PairedEndFastqManifestPhred33, and the sequences were demultiplexed 

using the qiime demux script.78 DADA2 software was used to obtain a set of observed 

sequence variants (SVs).79 Based on quality scores, the forward and reverse reads were 

truncated at 150 bp using the qiime dada2 denoise script. Taxonomy was assigned using 

the SILVA pre-trained classifier (silva-119-99-515-806-nb-classifier) using the qiime 
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feature classifier plug-in.80 Taxonomic distributions of the samples were calculated using 

the qiime taxa barplot script. 

The Ŭ-diversity metrics associated with the M. sarasinorum (GUM_22) and I. basta 

(GUM_65) were computed using the qiime diversity core metrics script. The Shannon 

diversity index was used to the compare the microbial diversity as it takes both abundance 

and richness into consideration. The relative abundances of the different taxonomic phyla 

associated were represented through a heatmap. The reads corresponding to each individual 

phylum in a sample were normalized by dividing the value with the sum of the reads of all 

phyla in the given sample. The negative logarithm of the normalized values was computed 

to reduce the spread of the data, and the values were imported to RStudio in a .csv file 

format. The corresponding heatmap was generated in RStudio using the following script: 

#x<-read.csv("Final XIC area.csv", row.names=1, check.names = FALSE) 

#y<- data.matrix(x) 

#pal<-choose_palette() 

#heatmap.2(y, trace = 'none', margins=c(10,12), Rowv = FALSE, Colv = FALSE, 

col=pal,cexRow=1.0,lwid=c(2,10),lhei=c(2,10),density.info='none',key.par=list(mar=c(4,

4,4,10)))\ 

1.4.4 Sponge chemical extraction and mass spectrometry data acquisition 

Sponge tissues were frozen and lyophilized to dryness. Dried tissues were soaked 

in 1:1 v/v DCM/MeOH (1 mL solvent/100 mg dry sponge tissue) for 48 h at room 
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temperature. The DCM/MeOH extract was clarified by centrifugation, dried, resuspended 

in MeOH, and directly analyzed using an Agilent 1290 Infinity II UHPLC coupled to a 

Bruker ImpactII ultra-high-resolution Qq-TOF mass spectrometer equipped with an 

electron spray ionization source. A Kinetex 1.7 ɛm C18 reversed phase UHPLC column 

(50 Ĭ 2.1 mm) was employed for chromatographic separation. MS spectra were acquired 

in positive ionization mode from m/z 50ï2000 Da. An active exclusion of ó2ô 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 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. 

1.4.5 Molecular networking 

Molecular networks were generated using the GNPS online workflow. The MS2 

raw data was clustered with MS-Cluster with a parent mass tolerance of 0.01 Da and a MS2 

fragment ion tolerance of 0.05 Da to create consensus spectra. The edges were filtered to 

have a cosine score above 0.7 and more than 4 MS2 matched peaks were used. Edges 

between nodes were preserved if both nodes were within each other's top 10 most similar 

nodes. The molecular network thus created was visualized using Cytoscape 3.6.1. The 

molecular networking job processed by the classical molecular networking workflow in 

GNPS was reanalyzed by MS2LDA using default parameters. For feature-based molecular 
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networking, raw data files were processed using MZmine2 for feature detection. The MS1 

data was filtered by assigning a threshold level for noise detection at 10,000, MS2 spectra 

were filtered using a noise level threshold of 500. The following are the parameters applied 

to the filtered data: chromatogram builder (minimum time span- 0.1 min; minimum 

intensity of the highest data point in the chromatogram- 1500; m/z tolerance- 15 ppm); 

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); isotopic peaks grouper (m/z 

tolerance- 15 ppm; retention time tolerance absolute- 0.1 min; maximum charge- 3; 

representative isotope- most intense); join aligner (m/z tolerance- 15 ppm; retention time 

tolerance- 0.1 min); feature list rows filter (m/z range- 1280 Da to 1350 Da; MS/MS filter; 

reset peak number ID); remove duplicate filter (retention time tolerance absolute- 0.1; m/z 

tolerance- 5 ppm); 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) and a list of MS2 spectra (.mgf file). These files were 

exported with MZmine2 to the GNPS feature based networking workflow.[24] The 

parameters were set with the precursor ion mass tolerance of 0.01 Da and the fragment ion 

mass tolerance of 0.05 Da. The cosine score was set at 0.7 and a minimum of 6 matched 

fragment ions were needed to generate the network. The network was visualized as before 

in Cytoscape 3.6.1 and used to generate the Venn diagram illustrating the metabolomic 

overlap between M. sarasinorum (samples GUM_22 and GUM_59) and Melophlus sp. 

(samples GUM_133 and GUM_139). Plot for comparison of Melophlus and I. basta 

metabolomes was generated by MetaboAnalyst using features extracted by MZmine2. The 
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volcano plot was generated at a fold-change threshold of 3 and a p-value threshold of 0.05, 

after inter quartile data filtering and pareto scaling of the data. 

1.4.6 Isolation and structural characterization of 1 and 3 

Sponge extracts, generated as described above, were chromatographed on a Luna 5 

ɛm C18 reversed phase LC column (250 Ĭ 10 mm). Chromatography solvent A: water + 

0.05% v/v trifluoracetic acid (TFA), solvent B: MeCN + 0.05% v/v TFA. Flow rate was 

held constant at 2 mL/min throughout. The elution profile employed for isolation of 1 was: 

5% solvent B for 5 min, a linear gradient from 5% to 40% B in 5 min, from 40% to 60% B 

in 20 min, from 60% 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. The elution profile employed for isolation of 3 was: 5% solvent B 

for 5 min, a linear gradient from 5% to 50% B in 5 min, 50% B for 10 min, from 50% to 

90% B in 2 min, from 90% to 100% B in 22 min, 100% B for 5 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 1 min, from 100% to 

5% B in 1 min, 5% B for 5 min. An additional isocratic purification step was employed for 

3, 93% solvent B for 45 min. Solvents were removed in vacuo to afford dried molecules. 

Molecules were dissolved 1 in CD3OD and 3 in CDCl3 followed by NMR data acquisition 

using an 800 MHz Bruker Avance III HD spectrometer. 

1.4.7 Quantification of relative abundances of sarasinosides and melophlins 

The abundance of sarasinoside and melophlin congeners was calculated by the area 

under the extracted ion chromatogram (EIC) generated as a part of the feature table 

processing in MZmine2. Identical parameters as described above for feature table 
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generation were used, except that the m/z range was changed to 250ï1335 Da in the feature 

list rows filter module. Areas under the EIC for known sarasinoside and melophlin 

congeners were tabulated and normalized, separately for sarasinosides and melophlins. 

These values were then converted into the negative logarithmic scale. Normalized 

logarithmic areas for absent congeners were assigned a value of 6 (since the negative 

logarithm of 0 is undefined). The value 6 was decided based on the least abundant 

sarasinoside which had a negative logarithmic value of 4.41. Therefore, 6 is a fair 

estimation, when based on the logarithmic scale, to denote the abundance of sarasinosides 

that are not detected in the sponge metabolome. The script used to generate the heatmap in 

RStudio is described above. 

1.4.8 Metagenomic sequencing, assembly, and mining 

Illumina HiSeq 2500 reads (2 x150 paired end) were processed using Trimmomatic 

version 0.339,81 then assembled using IDBA-UD version 1.1.117.82 Scaffolds were binned 

based on percent GC, nucleotide composition, coverage depth, and taxonomic 

classification by DarkHorse version 2.0,83 as previously described.84 Reads were mapped 

to binned scaffold groups using Bowtie2, version 2.218,85 and coverage depth was 

determined with the idxstats module of samtools version 0.1.191.86 Second round, targeted 

assemblies were performed to obtain MAGs from individual binned read subsets using 

Celera Assembler version 8.3.87 MAG completeness was assessed using CheckM version 

1.07. 
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1.4.9 Database deposition information 

The mass spectrometry data collected was deposited in the MassIVE repository 

with the MassIVE ID# MSV000084824. Sponge 28S rRNA and ITS-2 rRNA amplicon 

data, 16S amplicon data, and metagenomic sequencing data are deposited to GenBank with 

BioProject accession number PRJNA602901. 
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CHAPTER 2. DISCOVERY OF NON-PROTEINOGENIC AMINO 

ACID, HOMOARGININE, IN MARINE SPONGE 

METABOLOMES LENDS INSIGHT INTO BIOSYNTHESIS OF 

PYRROLE-IMIDAZOLE  ALKALOIDS  

This chapter is adapted from two papers 1) I. Mohanty, S. G. Moore, D. Yi,  J. S. Biggs, 

D. A. Gaul, N. Garg, V. Agarwal, ACS Chem. Biol., 2020, 15(8), 2185-2194; 

10.1021/acschembio.0c00375. 2)  I. Mohanty, S. G. Moore, J. S. Biggs, C. J. Freeman, D. 

A. Gaul, N. Garg, V. Agarwal, ACS Omega, 2021, 48(6), 33200-33205; 

10.1021/acsomega.1c05685.  Permission to use the manuscript 1 has been granted by the 

ACS journal and attached in Appendix B. The manuscript 2 is covered under the creative 

commons license and the copyright is retained by the authors. 

2.1 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 multi-omic 

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 non-proteinogenic amino acid 
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homoarginine is a critical branch point that connects primary metabolite lysine to the 

production of pyrrole-imidazole alkaloids. Together with arginine, the non-proteinogenic 

amino acid homoarginine is a substrate to produce vasodilator nitric oxide in the human 

body. In addition, the absolute abundance of homoarginine, its abundance relative to 

arginine, and its stereochemical assignment in marine sponges is not known. Here, using 

stable isotope dilution mass spectrometry, we quantify the absolute abundances of 

homoarginine and arginine in marine sponges. We find that the abundance of homoarginine 

is highly variable and can far exceed the concentration of arginine, even in sponges where 

incorporation of homoarginine in natural products cannot be rationalized. 

2.2 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.88 These molecules are constructed starting from simple organic 

substrates by gene-encoded enzymes, and biochemical schemes underlying their 

construction offer new insights into biosynthetic enzymology and genomic architectures.89  

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.90, 91 In sponges, and for other marine metazoan 

holobionts, the associated natural products are shown to be produced by the microbiome. 
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However, there is increasing timorous acceptance that the eukaryotic host itself could be 

the site for biosynthesis of several holobiont-derived natural products.36, 78, 92 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 2.1A). Pyrrole-imidazole alkaloids are a large 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.93, 94 Retrosynthetic routes for pyrrole-

imidazole alkaloids posit the enantioselective dimerization of three key monomeric 

building blocks, oroidin (1), hymenidin (2), and clathrodin (3) (Figure 2.1A). Indeed, in in 

vitro biomimetic experiments, the dimerization of these monomeric building blocks was 

realized using enzymes extracted from pyrrole-imidazole alkaloid harboring sponges.95, 96 

However, insights into the biosynthesis of 1ï3 themselves have been scant; the only data 

that we currently possess were delivered by monitoring the incorporation of radiolabeled 

amino acids precursors into 1.97-99 Specifically, while the 2-aminoimidazole moiety in 1ï3 

is widely present in marine metabolomes, precursors and intermediates involved in its 

construction have not been identified.100, 101 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 
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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 non-polar 

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.102-104 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.36 The site for the production of the pyrrole-imidazole alkaloids in the sponge 

holobiont has not been resolved.  

Here, we provide the multi-omic profiling of the metabolomic and microbiome 

architectures of Stylissa, Axinella, and Agelas sponges, genera that are exceptionally 

prolific producers of pyrrole-imidazole alkaloids. We generate metabolomic datasets 

describing the polar and non-polar 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 
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presence of nonproteinogenic amino acids and derivatives that allow us to refine 

biosynthetic hypotheses for pyrrole-imidazole alkaloids. The discovery of homoarginine 

(4, Figure 2.1C) as a plausible intermediate in the biosynthesis of pyrrole-imidazole 

alkaloids is, to the best of our knowledge, the first report of annotating the non-

proteinogenic amino acid in marine sponges. Apart from sponges, homoarginine is present 

in the human metabolome. Together with L-arginine (5, Figure 2.1C), homoarginine is a 

substrate for nitric oxide synthase leading to the production of the vasodilator nitric 

oxide.105 Due to its role in nitric oxide production, the abundance of homoarginine in 

human blood plasma is negatively correlated with cardiovascular risk and renal 

dysfunction.106, 107 The abundance of homoarginine increases during pregnancy with 

proposed roles in increasing blood volume and vasodilation.108 The enzyme 

arginine:glycine amidinotransferase catalyzes the amidino group transfer from 5 to the side 

chain primary amine of lysine (6, Figure 2.1C) leading to the production of 4. While the 

function of 4 and its relevance as a disease biomarker in mammalian physiology is well 

validated, the presence, abundance, and role(s) of 4 in other biomes has received lesser 

attention. In another parallel investigation in the lab, we had detected the presence of 4 in 

marine sponges of the genera Aplysina and Aiolochroia. In these sponges, 4 was 

rationalized to be a biosynthetic precursor of bromotyrosine alkaloid natural products67 

aplysinamisine I 109 (Figure 2.1D) and aerophobin 2 110 (Figure 2.1D) that are detected. Our 

study also highlighted some marine sponges such as Ianthella sp. that do not possess 

natural products that can readily be rationalized to be derived from 4 also bear high 

concentrations of 4. In this study, we query the stereochemistry at Ca of 4 and determine 

the isomer 4a to be exclusively present in multiple marine sponges. By synthesizing an 
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isotopically labeled standard of 4a and spiking the standard into sponge tissues, we 

determine the absolute abundance of 4a and compare that to the abundance of 5 in Aplysina, 

Aiolochroia, Stylissa, and Ianthella spp. sponges. We find the proteinogenic amino acid 5 

to be uniformly abundant in these phylogenetically and geographically dispersed sponges. 

However, the abundance of 4a was variable and was found to be several folds higher than 

5 even in the Ianthella sp. sponge that does not contain natural products derived from 

homoarginine. Our results now set the stage for investigating the physiological role(s) 

potentiated by the high concentration of homoarginine in marine sponges.  

Data described herein are generated using less than 1 g biomass for each sponge 

specimen, highlighting the applicability of contemporary -omic technologies in 

transcending the limitation of biomass availability.  
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Figure 2.1.  Sponge-derived pyrrole-imidazole alkaloids. (A) Monomers 1ï3 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. Role and production of homoarginine (4). (C) The enzyme nitric oxide synthase 

converts 4 and 5 to nitric oxide (NO) with concomitant production of homocitrulline and 

citrulline, respectively. The two possible stereoisomers of 4, 4a and 4b, are shown. 

Amidinotransfer from 5 to the side chain e-amine of lysine (6) leads to the production of 4 

together with the non-proteinogenic amino acid ornithine. (D) Marine sponge derived 

natural products in which the incorporation of 4 can be rationalized. Marine sponge 

samples used in this study. Aplysina and Aiolochroia spp. sponges were collected in the 

Florida Keys, Stylissa and Ianthella spp. sponges were collected in Guam.  
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2.3 Result and Discussion 

2.3.1 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 5ô-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 species-level identification is tenuous 

based on DNA barcoding alone as we have demonstrated before.111 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 

2.1B, Table A8).  

Liquid chromatography/mass spectrometry (LC/MS) data were used to reveal the 

conservation of brominated alkaloids in all three sponge genera. Accurate mass 

determination, characteristic isotopic distribution of brominated species, comparison of the 

MS2 fragmentation spectra to 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 A7). Molecule 3 was not detected in specimens used in this study. 

The extracted ion chromatograms (EICs) revealed the presence of multiple isomeric 
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species, consistent with reported congeners that arise via intramolecular cyclization for 1 

and 2 (Figure A8).  

 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 acquired. Thus, for each of the 

three genera, Stylissa, Axinella, and Agelas, six LC/MS datasets were collected. A partial 

least squares discriminant analysis (PLSDA) revealed that the data self-organized 

according to sponge genera (components 1 and 2, Figure 2.2A). The score plot between 

components 2 and 3 reveal 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.  
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Figure 2.2.  (A) PLSDA clustering of Stylissa, Axinella, and Agelas metabolomes 

represented as ellipses of 95% confidence level. The 4-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 co-variance between the three sponge genera. (B) 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 (C) 

phylum and at the (D) genus levels for sponge microbiomes. Node color denotes sponge 

genera, the border color corresponds to technical replicates, in that, 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 dataset 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. 
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2.3.2 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 2.2B). 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.25, 111 In sponge microbiomes, microbial diversity 

is a predictor of microbial abundance; the presence of Chloroflexi, Acidobacteria, and 

Poribacteria designate Agelas specimens to be high microbial abundance (HMA) sponges 

while Stylissa and Axinella specimens are designated as low microbial abundance (LMA) 

sponges.112 

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 A9). 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 cut-off value chosen in light of contemporary literature.113 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 interconnectedness among the 

microbiome network (Figure 2.2C). This is likely due to the dominance of the 

Proteobacteria, Acidobacteria, Thaumarchaeota, and Cyanobacteria phyla which make up 
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greater than half of the bacterial diversity for each specimen. However, at the genus level, 

the inter-genera interconnectedness is completely lost, and the microbiomes fall into sub-

networks according to the sponge genera (Figure 2.2D). At the phylum-level, a relatively 

higher dissimilarity index was observed between the Agelas biological replicates (Table 

A9), consistent with the Agelas specimens belonging to different species as determined by 

28S rRNA sequences (Table A8). Still, at the genus level, the inter-species 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.  

2.3.3 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 aminoalkyl-2-

aminoimidazole 11 and pyrrole-2-carboxylic acid 12, both of which are reported natural 

products isolated from Axinella and Agelas genera (Figure 2.3A).114-117 By tracing the 

incorporation of radiolabeled precursors, different groups have presented convergent data 

that the pyrrolyl moiety in 1 is derived from proline (13).97-99 The enzymatic oxidation of 

the pyrrolidine heterocycle in 13 and pyrrole halogenation are well established 

transformations.118, 119 The biosynthetic elaboration of 11 is more contentious. Based on 

radiolabeling experiments, differing data for the incorporation of lysine (6) and histidine 

into 1 has been presented and the involvement of other polar amino acids such as arginine 

and ornithine has been proposed.93, 120-122 
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 To furnish 11, we rationalized a biosynthetic scheme starting from 6. In this 

hypothetical scheme, amidinotransfer from arginine to the side chain primary amine of 6 

generates the non-proteinogenic amino acid homoarginine (4, Figure 2.3A). Ornithine, a 

product of this reaction, can, in turn, furnish 13. Decarboxylation of 4 furnishes 

homoagmatine (7). Support for this hypothesis is derived from the observation that pyrrole-

imidazole alkaloids arising from direct condensation of 4 and 7 with (di)bromo-1H-

pyrrole-2-carboxylic acids have been described (Figure 2.3A).123-125 While 4 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.98, 126  

To query for the presence of 4 and 7, first, we acquired LC/MS data used 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 validates the presence of the 

proteinogenic amino acid 6 (Figure 2.3B). In an identical fashion, by comparison to a 

commercially available standard, we could detect the presence of 4 in all three, Stylissa, 

Axinella, and Agelas sponges (Figure 2.3C, data shown for Stylissa metabolomes only, see 

below). Next, we synthesized a standard of 7 by the guanidinylation of 1,5-diaminopentane 

(Figures A9ïA11). Presence of 7 in sponge metabolomes was similarly confirmed by 

comparison of retention time and MS2 spectra with this synthetic standard (Figure 2.3D). 

This is the first report for the detection of the non-proteinogenic amino acid 4 and its 

decarboxylated derivative 7 in marine sponges.  
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Experimentally establishing the presence of 4 and 7 in sponge metabolomes allows 

us to now progress along the rationalized biosynthetic scheme illustrated in Figure 2.3A. 

Conceivable Cd-hydroxylation for 7 (carbon atom naming convention for amino acid 4) 

furnishes 8. The decarboxylation-hydroxylation sequence can be inverted to furnish 8 via 

9 rather than via 7. Thus, we proceeded to interrogate the presence of 9 as well. Using 

established procedures,127 a racemic standard for 9 was synthesized by the specific 

guanidinylation at the e-NH2 of the cupric salt of commercially available racemic 5-

hydroxylysine (Figures A12ïA14). Comparison of retention time and MS2 fragmentation 

spectra establishes the presence of 9 in the sponge metabolomes (Figure 2.3E). Thus, at 

this stage, metabolomic evidence has been presented pointing towards guanidinylation, 

decarboxylation, and Cd-hydroxylation of 6 as participating events in pyrrole-imidazole 

alkaloid biosynthesis. Lysine Cd-hydroxylation by a-ketoglutarate dependent enzymes has 

biosynthetic precedent; this modified amino acid is detected in eukaryotic collagen 

including that in marine sponges.128, 129 Overall, data presented above is consistent with 

prior experiments demonstrating the incorporation of radiolabeled 6 and 13 in 1.99 

Proceeding along the proposed biosynthetic route, oxidation of the secondary alcohol in 8 

to a ketone will facilitate a spontaneous dehydration to install the 2-aminoimidazole 

heterocycle in 10, as has been realized synthetically,130 followed by Cb-Cg oxidation to 

afford 11.  

Molecule 4, which had not been described from sponges previously, is a critical 

branch point which connects the primary metabolite 6 to a natural product biosynthetic 

process (Figure 2.3A). In addition to the proposed amidinotransfer, 6 can be converted to 

4 by carbamoylation at the e-NH2. At present, we cannot eliminate this possibility. We are 
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biased towards amidinotransfer being the operative transformation because we do not 

detect carbamylated lysine (homocitrulline) in the sponge metabolomes. Amidinotransfer 

upon 6 is a biosynthetic reaction validated to be present in the eukaryotic and bacterial 

metabolic toolkits.131, 132 In vertebrates, 4 and 7 serve as metabolic markers for 

cardiovascular disease with roles in the production of nitric oxide.105 It is tantalizing to 

posit that biosynthetic ingenuity has repurposed these metabolites for the elaboration of 

natural products in sponge holobionts.  

 

Figure 2.3.  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 4 and 7 are rationalized to be directly coupled with 

pyrrole carboxylic acids are shown in the dashed box. (BïE) EICs and MS2 spectra mirror 

plots comparing 4, 6, 7 and 9 detected in the Stylissa metabolome against synthetic 

standards. Key MS2 ions are highlighted. 
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2.3.4 Stereochemical assignment of homoarginine 

We have reported the detection of 4 in Stylissa, Axinella, Agelas, Aplysina, 

Aiolochroia, and Ianthella spp. sponges (Figure 2.1D).133, 134 However, stereochemistry at 

the 4-Ca remained indeterminate. A standard for the L- isomer, 4a, was obtained 

commercially. The D- isomer, 4b, was synthesized by guanidinylation of the side chain e-

amine of D-lysine. Both standards were derivatized by Marfeyôs reagent yielding a pair of 

diastereomers (Figure 2.4A). The retention times for derivatized 4a and 4b were 

determined using LC/MS extracted ion chromatograms (EICs, 439.1695 Da ± 0.001 Da) 

generated from data collected in the negative ionization mode. Baseline separation between 

the diastereomers was achieved using reverse-phase chromatography (Figure 2.4B). 

 Next, we generated methanolic extracts from sponge tissues and derivatized the 

extracts with Marfeyôs reagent. Detection of derivatized 4 in sponge extracts was achieved 

using identical LC/MS data collection and EIC generation methods that were used for 4a 

and 4b standards. By comparison of retention times, 4a was identified to be present in all 

sponge specimens (Figure 2.4B). The isomer 4b was not detected. From these data, we 

conclude that only the L- isomer of 4, 4a, is present in marine sponges. 

To the best of our knowledge, this is the first experimental determination of the 

stereochemistry of 4 in marine sponges. The stereochemical assignment based on data 

presented in this study is consistent with adducts of 4a detected with brominated pyrroles 

in Agelas sponges.126 It was curious to observe  this stereochemical fidelity  maintained in 

the Ianthella sp. sponge where 4a cannot be rationalized to be incorporated into natural 

products. That the L- isomer 4a is present in all sponge specimens used in this study likely 
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points towards a similar biogenetic origination mechanism for 4a in sponges as is operative 

in humans, which is the guanidinylation of lysine. 

 

Figure 2.4.  The L- isomer of 4 is present in marine sponges. (A) Derivatization of 4a and 

4b with Marfeyôs reagent to yield diastereomeric products. (B) EICs [M-H]1- m/z 439.17 

demonstrating chromatographic separation of derivatized standards of 4a and 4b, and 

comparison with similarly derivatized sponge extracts. 

 

2.3.5 Abundance of L- homoarginine and L- arginine in marine sponges 

To query the absolute abundance of 4a and 5 in marine sponges, first, we 

determined the single reaction monitoring (SRM) transitions for these amino acids. A SRM 

transition refers to the combination of the two m/z values; a MS1 precursor ion m/z, and the 

MS2 product ion m/z.135 The use of SRM transitions provides high selectivity and 

eliminates contamination with coeluting or closely eluting isomers which aids in accurate 

quantification of abundance. The SRM transitions used for 4a and 5 are illustrated in Figure 

2.5A and Figure 2.5B, respectively. For both amino acids, we observed oxidative 

decarboxylation followed by imine hydrolysis to yield a MS2 Ca-aldehyde product ion. 

Thus, for 4a, the SRM is based on the MS1 m/z 189ŸMS2 m/z 144 transition (Figure 2.5A). 

For 5, the corresponding SRM is based on the MS1 m/z 175ŸMS2 m/z 130 transition 



                                   

 53 

(Figure 2.5B). For 4a and 5 standards, EICs for MS1 m/z 189 and MS1 m/z 175 

(corresponding to MS1 ions detected for 4a and 5, respectively) and for SRM transitions 

m/z 189Ÿ m/z 144 (for 4a) and m/z 175Ÿm/z 130 (for 5) demonstrated identical retention 

times and chromatographic profiles (Figure 2.5C, 2.5D). Next, an isotopic standard for 4a 

was synthesized by guanidinylation of commercially available isotopically labeled 6. An 

isotopic standard for 5 was commercially obtained. For isotopic standards of 4a and 5, 

EICs for MS1 m/z 197 and MS1 m/z 185 (corresponding to MS1 ions detected for isotopic 

standards for 4a and 5, respectively) and for SRM transitions m/z 197Ÿm/z 150 and m/z 

185Ÿm/z 138 demonstrated identical retention times and chromatographic profiles (Figure 

2.5E, 2.5F). For sponge extracts, areas under the SRM chromatograms were used for 

quantification of abundance of 4a and 5. 

 

 

Figure 2.5.  SRM transitions for 4a and 5, and their respective isotopic standards. MS1 

parent ions, and MS2 product ions observed for (A) 4a and its isotopic standard and (B) 5 

and the respective isotopic standard. MS1 EIC (top) and SRM chromatogram (bottom) 

observed for (C) 4a, (D) 5, (E) isotopic standard of 4a, and (F) isotopic standard of 5. 

Retention times and peak profiles of the MS1 EICs are identical to that of the respective 

SRM chromatograms. 13C isotopes are represented as red dots, 15N isotopes are denoted by 

green boldface letter óNô. 
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To minimize matrix effects, different amounts of isotopic standards were directly 

added to lyophilized and pulverized sponge tissues, followed by extraction and 

quantification. Assuming identical ionization of 4a and 5 as compared to their respective 

isotopic standards, the relative peak area ratios (SRM chromatogram peak area for 4a 

divided by peak area of its isotopic standard; similarly for 5) were plotted against the 

concentration of isotopic standard added to the sponge tissue (Figure A15ïA22). When the 

SRM peak area ratio was unity, the amount of isotopic standard added to the sponge tissue 

would translate to the abundance of 4a and 5 in sponge tissues. Using this methodology, 

the absolute abundance of 4a and 5 determined in different sponge tissues is illustrated in 

Figure 2.6. Calculated LODs for 4a and 5 were lower than the concentrations of 4a and 5 

detected in sponge tissues used in this study (Figure A23ïA24).  

The abundance of the proteinogenic amino acid 5 ranged from 68.7 ng/mg sponge 

tissue to 9.1 ng/mg sponge tissue (7.5-fold variation) with the maximum concentration 

recorded in Aplysina sp. and the minimum in Stylissa sp. sponge (Figure 2.6). The variation 

in abundance of 4a was much greater. The highest concentration of 4a was recorded in 

Stylissa sp. (453.5 ng/mg sponge tissue) and the lowest in Aplysina sp. (6.7 ng/mg sponge 

tissue; 67.6-fold variation). While the presence of 4a in Aplysina and Stylissa, and 

Aiolochroia spp. sponges can be rationalized based on the respective natural product 

chemistries, we were surprised to detect the high concentration of 4a in Ianthella sp. (415.1 

ng/mg sponge tissue). Ianthella sp. does not possess natural products that can be 

rationalized to be derived from 4a. 

The ratio of concentration of 5 to 4a in marine sponge samples used in our study 

ranges from 10.3 in Aplysina sp. to 0.02 in Stylissa sp. These ratios are in sharp contrast to 
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human blood plasma and peripheral blood mononuclear cells where 5 dominates 4a 50 to 

300-fold.136 It is not immediately clear why the Ianthella sponge possess high 

concentrations of 4a. Myriad non-proteinogenic amino acids either participate in natural 

product biosynthetic schemes137 or are employed in core metabolic and signaling pathways. 

While it is apparent that the high abundance of 4a in Ianthella sp. sponge does not support 

the biosynthesis of natural products, other roles that 4a could serve in the physiology of 

this sponge are not immediately clear. It is tantalizing then to revisit the participation of 4 

in nitric oxide production. Nitric oxide in marine sponges is proposed to play fundamental 

roles in sponge larval settlement and metamorphosis.138 Substrates for nitric oxide 

production, such as 5, in sponges can be synthesized by symbiotic bacteria associated with 

the sponge host.139 In low microbial abundance sponges such as Ianthella sp.,74, 134 

supplementation of nitric oxide production using 4a may be especially relevant to sponge 

physiology.   

                                 

Figure 2.6.  Abundance of 4a and 5 in Aplysina, Aiolochroia, Stylissa, and Ianthella spp. 

sponges presented as nanograms of metabolite present per milligram of dried sponge 

biomass. Histograms represent means from three biological replicates for each sponge 

species and error bars represent standard deviation in amino acid abundances. 
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2.3.6 Enrichment of pyrrole-imidazole alkaloid biosynthetic intermediates 

The abovementioned 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 4, 6, 7-10 in sponges that produce pyrrole-imidazole alkaloids, we chose the 

marine sponge, Dysidea sp. to serve as a comparative negative control (Figure 2.7A). 

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 (Figure 2.7A, A25).140 In addition to barbaleucamides, characteristic Dysidea 

molecules- the polychlorinated diketopiperazine dysamides were also detected (Figure 

A25). 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.104 Distinct 

from Oscillatoria, cyanobacterial symbionts within Stylissa, Axinella, and Agelas sponges 

belong to the Synechococcus and Prochlorococcus genera (Figure A26). To validate the 

pyrrole-imidazole alkaloid biosynthetic scheme illustrated in Figure 2.3A, we searched for 

the enrichment of precursor 4, 6 and intermediates 7ï10 in the Stylissa, Axinella, and 

Agelas sponge metabolomes, the key metric being that they should not be present at 
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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 the postulated 

intermediates are indeed detected, and are enriched in Stylissa, Axinella, and Agelas 

metabolomes as compared to the Dysidea metabolome (Figure 2.7B). Genus Stylissa 

demonstrated the highest enrichment of these metabolites with the relative abundance of 

different molecules changing between Axinella and Agelas.  

The presence of 4, 7 and 9 have been confirmed by comparison to standards; 

structural assignment of 8 and 10 is supported by annotation of fragmentation spectra 

(Figure 2.7CïG). Fragmentation of 4 demonstrated the neutral loss of -CONH2, 

rationalized as imine formation by decarboxylation followed by deamination to install an 

aldehyde at Ca (m/z 144) (Figure 2.7C). Additional fragment ions corresponding to 

oxidative deamination (m/z 172) and loss of the guanidino group (m/z 130) were also 

observed. The characteristic C5-aminoalkyl chain of 4 manifests as the oxidized piperidine 

(m/z 84). Fragmentation spectra for 7, identical to that of the synthetic standard (Figure 

2.7D), 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 7 

being the decarboxylated derivative of 4 (Figure 2.7D). MS2 spectra for 8 likewise 

possesses the oxidatively deaminated product ion (m/z 144), and further deamination at the 

guanidino group (m/z 127) (Figure 2.7E). Instructive to observe is m/z 101 product ion, the 
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structure for which is rationalized by dehydration at Cd (vide infra) followed by ring 

closure.  

Fragmentation spectra for 9, richest and most descriptive of all species queried here, 

is described in light of that of 4 (Figure 2.7F). Molecules 4 and 9 differ only by single 

hydroxylation, however, the MS2 spectra are quite different (Figure 2.7C, F). Consistent 

with the fragmentation of 4, we observed the oxidatively deaminated fragment ion (m/z 

188) and the product ion corresponding to the -CONH2 neutral loss (m/z 160). 

Unexpectedly, formulae determination for the more abundant fragment ions, m/z 145 and 

m/z 128, demonstrated one, and two deaminations occurring at the guanidino group after 

the -CONH2 neutral loss at Ca. This observation is in contrast to the fragmentation spectra 

for 4 where no guanidino deaminations were observed (Figure 2.7C), but, consistent with 

fragmentation spectra for 8, another hydroxylated derivative where guanidino 

deaminations were also detected (Figure 2.7E). 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 Cd-

hydroxy oxygen on to the guanidino carbon followed by successive deaminations. Hence, 

retrospectively, hydroxylation is likely affected upon the homoarginine Cd. If 

hydroxylation occurs at Cg, 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 Cb and Ce will lead to formation of less likely 

seven- and four-membered heterocycles, respectively. The fragmentation spectra for 10 

demonstrates the oxidatively deaminated product ion (m/z 124), and deamination at the 2-

aminoimidazole ring (m/z 99) (Figure 2.7G). 



                                   

 59 

 



                                   

 60 

Figure 2.7.  Enrichment of rationalized pyrrole-imidazole alkaloid biosynthesis 

intermediates. (A) Dysidea sp. metabolome BPC with overlaid EICs demonstrating 

presence of barbaleucamides AïB. (B) EICs, generated within 1 ppm error tolerance for 4, 

6, 7-10 across Stylissa, Axinella, Agelas, and Dysidea polar metabolomic LC/MS datasets. 

The y-axes for each EIC is identical as indicated, except for 6 in which the high abundance 

in Stylissa is adjusted with a different y-axis scaling. (CïG) MS2 spectra for 4, 7, 8ï10 

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. 

 

2.3.7 Comparative polar metabolomes 

Next, we sought to query which other polar metabolites could be identified in the 

sponge metabolomes. With the greatest enrichment of 4, 6 7ï10 in Stylissa, as compared 

to Axinella and Agelas, we compared the Stylissa and the Dysidea polar metabolomes. 

From the LC/MS datasets that were acquired in technical triplicate for each sponge 

specimen, mass spectral features were extracted using MZmine2.48 Along with the MS1 

m/z ion, mass spectral features are appended with the metric of abundance, as determined 

by area under the EIC. The Stylissa and Dysidea features are illustrated in Figure 2.8A in 

which the logarithmic fold-change in ion abundance is plotted along the horizontal axis 

and the logarithmic statistical significance (p-value) of the mass spectral feature in 

differentiating between the Stylissa and Dysidea metabolomes is plotted along the vertical 

axis.  

 Features corresponding to 4, 6, 7ï10 are some of the most enriched features in the 

Stylissa metabolome (blue dots, Figure 2.8A). We also observe the enrichment of 13, 

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 
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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 4 and 6 against that of 

leucine in Stylissa and Dysidea polar metabolomes (Figure 2.8). Given the abundance of 

leucine-derived barbaleucamides and dysamides in the Dysidea non-polar metabolome, we 

expected leucine to be highly enriched in the Dysidea polar metabolome. However, this 

was not the case. In the Axinella vs Dysidea, and Agelas vs Dysidea comparative plots, we 

observed a similar equitable distribution of leucine with enrichment of 4 and 6 in Axinella 

and Agelas as compared to Dysidea (Figure A27). 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.104 However, the polar 

metabolome, which is representative of 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 4 and 6 in the 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. Firstly, by culturing the 

archaeocyte cells from the sponge Teichaxinella morchella, phylogenetic assignment 

revised to Axinella corrugata,141 Kerr successfully recovered the production of pyrrole-

imidazole alkaloids.97 Secondly, using enzyme extracts from the LMA sponge Stylissa 

caribica, Molinski reconstituted the late stage intermolecular coupling of 1 to dimeric 

pyrrole-imidazole alkaloids (Figure 2.1A).95, 96 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 
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support pyrrole-alkaloid production (Figure 2.2B). 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.25, 36, 38, 142 

 In addition to primary metabolites and amino acid derivatives, by comparison to 

authentic standards, the quaternary ammonium betaines stachydrine (14) and trigonelline 

(15) were also identified in the sponge polar metabolomes (Figure 2.8B, C). Among these, 

15 has been described from marine sponges previously.143 While 14 was enriched in 

Dysidea, 15 had a higher abundance in the Stylissa metabolome (red dots, Figure 2.8A) 

Molecule 15, in particular, is widely distributed in the marine metabolome. In addition to 

sponges, 15 has been detected in corals, seaweeds, and phytoplankton.144-146  
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Figure 2.8.  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) 14 and (C) 15 detected in the Stylissa metabolome against authentic standards. Note 

that EICs corresponding molecular formulae for both 14 and 15 demonstrate more than one 

peak. 
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2.3.8 Correlative microbiome-metabolome richness 

At this stage, we have an inventory of the polar and the non-polar 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 non-polar metabolites? 

To address this question, we plotted the Shannon indices, a measure of a-diversity of the 

sponge microbiome, against the detected polar and non-polar 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 2.9A). On the other hand, LMA sponges, Axinella and Stylissa, possess higher 

relative number of polar and non-polar metabolites. It is instructive to observe that the 

numerical spread of non-polar metabolites is higher than that for the polar metabolites 

(Figure 2.9A, y-axes). We additionally observe that a greater fraction of the polar 

metabolome is shared among the three sponge genera (Figure 2.9B). We rationalize these 

observations with the assertion that the polar metabolome is more descriptive of primary 

metabolites as compared to the non-polar metabolomes which will be biased towards more 

specialized and thus non-overlapping secondary metabolites and natural products.    

Metabolomics guides contemporary investigations in chemical ecology.147 An open 

question is in which of the two fractions, the polar or the non-polar 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 
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protective function for pyrrole-imidazole alkaloids was realized for Stylissa sponges in the 

Indo-Pacific.148-150 On the other hand, zwitterionic betaines, such as 15 identified here in 

the Stylissa polar metabolome, have been shown to be primary waterborne cues that 

mediate predator-prey interactions.151 As a class of molecules, the primacy of zwitterionic 

betaines in mediating ecological interactions is well established. In terrestrial plants, 14 

and 15 were shown to modulate interactions between plants and bacteria in the 

rhizosphere.152 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 paucity of natural products detected in their metabolomes, some  sponges 

are classified as óchemically undefendedô.153 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 non-polar 

natural products. A comprehensive inventory of both, the polar and the non-polar 

metabolites in sponge holobionts is critical in discerning chemical crosstalk in organismal 

interactions. 
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Figure 2.9.  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, non-polar and polar metabolomes is represented. The horizontal error bars denote 

standard deviation across four microbiome datasets recorded for each sponge genera, as 

shown in Figure 2.1E. The vertical error bars denote standard deviation in number of mass 

spectral features detected across six LC/MS datasets for each sponge genera. (B) Euler 

diagrams demonstrating the overlap of non-polar (left) and polar (right) metabolomic 

features across the three sponge genera. 

 

2.4 Materials and Methods 

2.4.1 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.111 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 (5ô-

AATCATCGAGTCTTTGAACG-3ô) and reverse primer SP28cR (5ô-
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CTTTTCACCTTTCCCTCA-3ô), as described previously 111. The D3-D5 region of the 28S 

rRNA gene was amplified using the primers NL4F (5ô-

GACCCGAAAGATGGTGAACTA-3ô) and NL4R (5ô-ACCTTGGAGACCTGATGCG-

3ô). A 25 ÕL PCR reaction was set up with 20 ng of DNA template, 1 ÕL 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).  

2.4.2 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-high-resolution Qq-ToF mass 

spectrometer equipped with an electron spray ionization source. A Kinetex 1.7 ɛm C18 

reversed phase UPLC column (50×2.1 mm) was employed for chromatographic separation. 

MS spectra were acquired in positive ionization mode, m/z 50ï2000 Da. An active 

exclusion of two spectra was employed, implying, that an MS1 ion would not be selected 



                                   

 68 

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 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 
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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.15 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.154  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. 

2.4.3 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 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.    
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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 C, 

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 70-1050 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 collision-induced disassociation 

(CID) energy of 30%. AcquireX Deep Scan was performed with three iterations to 

maximize number of collected MS/MS scans. 
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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 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 
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same as those used for the non-polar data processing. For quantitative metabolomic 

analysis, volcano plots and Euler plots were generated as described above. 

2.4.4 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.111 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 79, 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.155 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 óveganô diversity function. A 2D correlation plot was generated for the Shannon 
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index and the number of either polar or non-polar features. To highlight the divergence of 

the microbiome on moving from level 2 óphlyumô classification to level 6 ógenusô 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 generate the 

dissimilarity matrix and the corresponding network. The BrayïCurtis 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 

BrayïCurtis 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 156: 

>library(vegan) 

>Genus_table <-read.csv(ñLevel6_genus.csv", row.names=1) 

>Genus.relative <- Genus_table / rowSums(Genus_table) 

>distances <- vegdist(Genus.relative, method = "bray") 

>diss.mat <- as.matrix(distances) 
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>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")) 

 

2.4.5 Synthesis of D- homoarginine 

The procedure for synthesis of 4b was adopted from literature.157 Diisopropylamine 

(1.41 mL, 10.04 mmol) was added to a stirred solution of D-N-Ŭ-Boc-lysine (485 mg, 1.97 

mmol) in 10 mL MeOH at room temperature followed by the addition of guanidinylating 

reagent N,Nô-bis-Boc-1-guanyl pyrazole (1.63 g, 5.28 mmol). The reaction was stirred at 

room temperature for 3 h. The reaction was concentrated under vacuum. Deprotection of 

the Boc functional group was achieved by dissolving the guanidinylated product (100 mg) 

from the previous step in 3 mL DCM followed by the dropwise addition of 2 mL 

trifluoroacetic acid. The reaction was stirred at room temperature for 16 h and concentrated 

under vacuum. Cation-exchange chromatography was performed using the DOWEX resin 

and pure molecule 4b was eluted using 1 M aqueous ammonium hydroxide as the mobile 

phase. 1H NMR (Figure A28, 800 MHz, CD3OD) ŭ 1.40 ï 1.49 (m, 2H), 1.62 (q, J = 7.4 

Hz, 2H), 1.88 ï 1.96 (m, 2H), 3.17 (t, J = 7.0 Hz, 2H), 3.98 (t, J = 6.3 Hz, 1H). 

2.4.6 Synthesis of isotopic standard of L- homoarginine 

The isotopic standard of 4a was synthesized based on literature procedure.158 To a 

stirred solution of 13C, 15N labeled L-lysine chloride (61 mg, 0.32 mmol) in 1.2 mL of 1 M 

NaOH, a solution of CuSO4 (48 mg, 0.19 mmol) in 3 mL water was added. The reaction 

mixture was stirred at room temperature for 5 h. The guanidinylating reagent N,Nô-bis-
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Boc-1-guanyl pyrazole (139 mg, 0.45 mmol) and NaHCO3 (53 mg, 0.63 mmol) were 

added. The reaction was stirred at room temperature for 24 h. A blue precipitate of cupric-

lysine complex was obtained after filtration and was dissolved in saturated 

ethylenediaminetetraacetic acid and stirred overnight at room temperature. The white 

precipitate thus obtained was carried forward for deprotection of the Boc groups by acid 

treatment as above and characterized by 1H-NMR. 1H NMR (Figure A29, 800 MHz, D2O) 

ŭ 1.40 (d, J = 51.2 Hz, 2H), 1.52 (d, J = 11.9 Hz, 1H), 1.55 ï 1.63 (m, 3H), 1.73 (tt, J = 

8.6, 4.3 Hz, 2H), 1.87 (d, J = 33.4 Hz, 2H), 2.03 (d, J = 33.2 Hz, 2H), 2.23 (s, 1H), 3.12 

(tt, J = 7.3, 3.5 Hz, 2H), 3.30 (tt, J = 7.4, 3.6 Hz, 2H), 3.89 (q, J = 5.4 Hz, 1H), 4.08 (q, J 

= 5.4 Hz, 1H).  

2.4.7 Derivatization of standards and sponge extracts 

The protocol for derivatizing 4a and 4b standards was adapted from literature.159 

To a 50 µL aqueous solution of 50 mM standards, 20 µL 1 M NaHCO3 was added followed 

by the addition of 100 µL 1% (w/v) 1-fluoro-2-4-dinitrophenyl-5-L-alanine amide (FDAA, 

Marfeyôs reagent) in acetone. The solution was vortexed and then incubated at 37 °C for 1 

h. The reactions were quenched by the addition of 20 µL 1 N HCl. The samples were 

diluted by the addition of 810 µL MeCN and chromatographed on Thermo Scientific 

Accucore C30 reversed phase LC column (250 Ĭ2.1 mm, 2.6 µm particle size) coupled to 

a Thermo Fisher Scientific Orbitrap ID-X Tribrid mass spectrometer operating in the 

negative ionization mode with an electrospray ionization (ESI) source. The 

chromatographic method for sample analysis involved elution with water with 10 mM 

ammonium acetate and 0.1% acetic acid (mobile phase solvent A) and 90:10 

isopropanol:water with 10 mm ammonium acetate (mobile phase solvent B) using the 
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following gradient program: 0 min 8%B; 5 min 25%B; 7 min 90%B; 7.4 min 100%B; 10.5 

min 100%B; 10.7 min 25% B; 12 min 8%B. The flow rate was 0.4 mL/min.  The column 

temperature was set to 40 °C, and the injection volume was 0.5 µL. MeOH extracts of 

pulverized sponge tissues were derivatized by using the same protocol as described above, 

with the only deviation being the use of 200 µL of sponge extract instead of 50 µL aqueous 

solution of standards. 

2.4.8 Isotope standard spiking in sponge tissues 

Three biological replicates for each sponge species were used in this study. Isotopic 

standard for 5 was obtained commercially. In a 2 mL Eppendorf safe-lock tube, lyophilized 

sponge tissues were homogenized with two tungsten carbide beads in a QIAGEN 

TissueLyser II at 20 Hz for 20 min, in 2 cycles of 10 min each. The pulverized sponge 

tissue was weighed in Eppendorf tubes and known concentrations of stable isotope labeled 

analytical standards 4a and 5 were added. The spiked sponge tissues were extracted with 

80 % MeOH, sonicated for 45 min on ice, and centrifuged at 16,000×g for 30 min. The 

supernatant was transferred to autosampler vials for analysis. 

2.4.9 Development of LC-MS/MS method for quantitation 

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; 9.4 min 
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60% A; 9.5 min 5% A; 12 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 1 µL. The mass spectra were 

acquired on the Orbitrap ID-X tribrid spectrometer with full scan and targeted MS2. Full 

scan data was collected in positive mode from 100 to 600 m/z with a resolution of 30,000 

and the targeted MS2 data was collected with an isolation window of 0.8 m/z and HCD 

precursor activation of 40%. The product ions were collected in the Orbitrap at a resolution 

of 30,000. Inclusion lists including 4a, 5, and their respective isotope standards were 

employed for acquiring MS2 data. The raw data files were processed with Xcalibur 

4.3.73.11 (Thermo Fisher Scientific) and manually curated to extract peak areas for the 

metabolites of interest. 

2.4.10 Limit of detection 

Limit of detection (LOD) is defined here as the lowest concentration of a metabolite 

in a sample detected by the mass spectrometer. Samples of different concentrations for the 

synthetic 4a and 5, ranging from 50 nM to 10 µM, were prepared by serial dilution. 

Separate calibration curves were generated for 4a and 5 by plotting the response factor 

(peak areas) against corresponding metabolite concentrations. LOD was calculated from 

the external calibration curves based on the standard deviation of the response (s) and the 

slope (s) using the equation; LOD = 3.3*(s/s).  
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2.4.11 Calculations for abundance of L- homoarginine and L- arginine 

The ratio of peak areas of endogenous 4a and 5 to the peak areas of spiked isotopic 

standards (along y-axes) versus the amount of isotopic standard added per mg of sponge 

tissue (along x-axes) were plotted. Data points on these plots were fitted to linear functions. 

Equating the value of óyô as 1 in the linear equation of the calibration curves for 4a and 5 

delivered their corresponding absolute concentrations in the sponge tissue on the x-axes.  
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CHAPTER 3. PRESENCE OF BROMOTYROSINE ALKALOIDS 

IN MARINE SPONGES IS INDEPENDENT OF METABOLOMIC 

AND MICROBIOME ARCHITECTURES  

 This section is adapted from the paper I. Mohanty, S. Tapadar, S. G. Moore, J. S. 

Biggs, C. J. Freeman, D. A. Gaul, N. Garg, V. Agarwal, mSystems, 2021, 6(2), e01387-

20; 10.1128/mSystems.01387-20. The copyright for this open access ASM journal is 

retained by the authors. 

3.1 Abstract 

Marine sponge holobionts are prolific sources of natural products. One of the most 

geographically widespread class of sponge-derived natural products are the bromotyrosine 

alkaloids. Another distinguishing feature of bromotyrosine alkaloids is that they are present 

in phylogenetically disparate sponges. In this study, using sponge specimens collected from 

Guam, Solomon Islands, Florida Keys, and Puerto Rico, we queried whether the presence 

of bromotyrosine alkaloids potentiates metabolomic and microbiome conservation among 

geographically distant and phylogenetically different marine sponges. A multi-omic 

characterization of sponge holobionts revealed vastly different metabolomic and 

microbiome architectures among different bromotyrosine alkaloid harboring sponges. 

However, we find statistically significant correlation between the microbiomes and 

metabolomes signifying that the microbiome plays an important role in shaping the overall 

metabolome, even in low microbial abundance sponges. Molecules mined from the polar 

metabolomes of these sponges revealed conservation of biosynthetic logic between 
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bromotyrosine alkaloids and brominated pyrrole-imidazole alkaloids, another class of 

marine sponge-derived natural products. In light of prior finding postulating the sponge 

host itself to be the biosynthetic source of bromotyrosine alkaloids, our data now set the 

stage for investigating the causal relationships that dictate the microbiome-metabolome 

interconnectedness for marine sponges in which the microbiome may not contribute to 

natural product biogenesis. 

3.2 Introduction  

Marine sponges are holobionts in which a eukaryotic host is associated with a rich 

and diverse microbiome. These filter-feeding sessile benthic invertebrates are validated 

sources of bioactive small organic molecules, colloquially referred to as natural products. 

Several thousand sponge-derived natural products have been described. Interest in sponge-

sourced natural products is sustained due to their pharmaceutical potential and their roles 

in shaping benthic marine community structure.153, 160 Building upon spectroscopic and 

crystallographic descriptions of sponge-derived natural products, mass spectrometry based 

metabolome mining strategies are beginning to reveal additional chemical diversity in 

sponge holobionts.38, 161 

One of the most abundant, structurally diverse, and geographically ubiquitous class 

of marine sponge-derived natural products are the bromotyrosine alkaloids; over 800 

congeners are now known.67, 162 Retrosynthetically, this chemical diversity can be 

recapitulated by a single unifying principle ï the condensation of a hydroxyimino 

bromotyrosine with an alkaloid that is derived from decarboxylation of (non)proteinogenic 

amino acids. Based on this rationalization, bromotyrosine alkaloids can be divided into 
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three subclasses as illustrated in Figure 3.1. The first, and geographically most dispersed 

group, consists of bromotyrosine alkaloids in which tyrosine-derived ketoxime carboxylic 

acids are condensed with aminoacyl alkaloids. In such molecules, the phenyl ring is 

routinely hydroxylated and are typified by the purealidins, aerophobins, and fistularins, 

which often coexist with their isomeric spirocyclohexadienylisooxazoline congeners 

(henceforth referred to as spiroisooxazoline bromotyrosine alkaloids for simplicity). 

Methylation or aminopropylation of the dibrominated phenoxyl is also commonly 

observed. The second subclass of molecules are the bastadins, wherein bromotyrosine 

ketoximes are condensed with a brominated tyramine followed by biaryl couplings to 

generate symmetric and asymmetric dimers.66 Unlike the first subclass which is detected 

in various sponge genera, bastadins are limited to Ianthella, a sponge genus localized to 

the Indo-Pacific Ocean (Figure 3.1). The third subclass of molecules are the psammaplins, 

wherein monobrominated tyrosine ketoximes are condensed with cysteamine followed by 

dimerization around a disulfide linkage. For bastadins and psammaplins, sulfation of the 

bromotyrosine phenoxyl has been observed. 

The chemical transformation of aerophobins and psammaplins in response to sponge 

tissue damage posits role for bromotyrosine alkaloids as chemical defenses in their native 

environments.163-166. Indeed, hydroxyimino aromatic amino acids serve as defense 

compounds in terrestrial plants.167 Sponges bearing bromotyrosine alkaloids emit hydrogen 

cyanide when damaged which is also a hallmark of plant hydroxyimino tyrosine-derived 

cyanogenic glucosides such as dhurrin.168, 169 Pharmacology of bastadins and psammaplins 

is well developed with the former acting as ryanodine receptor agonists and the latter as 

histone deacetylase inhibitors in a manner reminiscent of other metal-chelating marine 
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prodrug thiols such as romidepsin and largazole.34, 170-172 Despite their ubiquity, ecological 

roles, and pharmacological potential, biosynthetic routes to bromotyrosine alkaloids have 

not been described. 

Driven by contemporary metagenomic sequencing, assembly, and genome mining 

approaches, the prevailing view of natural product biosynthesis in sponge holobionts is that 

the bacterial symbionts associated with the sponge eukaryotic host are the engines for the 

production of natural products. In all cases where the biogenetic routes for marine 

holobiont-derived natural products have been described, sponge or otherwise, the 

microbiome structure remains correlatively conserved with the natural product 

chemistry.36, 38 The presence of bromotyrosine alkaloids is spread across numerous 

geographically disperse sponges of different morphologies and phylogenies. In light of this 

spread, it is not currently understood if there are common microbiome features that underlie 

the presence of bromotyrosine alkaloids in sponge holobionts. Furthermore, metabolomic 

conservation among phylogenetically and geographically distant sponges that harbor 

bromotyrosine alkaloids has not been mapped. Here, we provide a paired multi-omic 

characterization of bromotyrosine alkaloid bearing sponges to reveal vastly different 

microbiome architectures that are tightly correlated with disparate metabolomes of sponge 

holobionts. In addition to an inventory of natural products, mining the polar metabolomes 

of these marine sponges yields biosynthetic insights for the construction of bromotyrosine 

alkaloids together with the curious conservation of bioactive betaines that have otherwise 

been shown to mediate inter-organismal interactions in the terrestrial environment. 
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3.3 Results and Discussion 

3.3.1 Diverse sponge genera host bromotyrosine alkaloids 

A library of sponge specimens from Guam, Solomon Islands, Florida Keys, and 

Puerto Rico (abbreviated GM, SI, FK, and PR, respectively in Figure 3.1) was assembled 

(Table A10). Sponge phylogenies were determined by Sanger sequencing of PCR 

amplicons for the internal transcribed spacer-2 (ITS-2) and the 5ô-terminus of the 28S 

rRNA encoding gene. Species-level designations of marine sponges based entirely upon 

sequencing of PCR amplicons are not robust.133 Hence, phylogenetic descriptions of 

specimens determined by this study were restricted to genera. Multiple specimens of the 

same genus from one geographical region, such as Aplysina from the Florida Keys, 

represent morphologically distinct species. Separate phylogenetic trees were constructed 

with the ITS-2 and 28S amplicon sequences using the corresponding sequences for the 

sponge Melophlus sarasinorum collected from Guam as the root; M. sarasinorum does not 

possess brominated alkaloids.133 Boot strap values thus obtained demonstrated that the 

phylogenetic grouping using ITS-2 sequences was better supported as compared to that 

based on 28S amplicon sequences (Figure 3.1, Figure A30). 

In the phylogenetic tree, we observed that sponge genera grouped according to 

bromotyrosine alkaloid subclass (Figure 3.1). Organic extracts of sponge biomass were 

analyzed by liquid chromatography- mass spectrometry (LC/MS). Chromatographic 

conditions employed preferentially retained non-polar molecules; henceforth, these data 

are referred to as the non-polar metabolomes. Typified by the characteristic isotopic 

signature of brominated molecules and manual annotation of MS2 fragment ions, the 
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structures of previously described bromotyrosine alkaloids were dereplicated from the 

natural products database MarinLit.37 In Ianthella and Aplysinella specimens collected 

from Guam and the Solomon Islands, bastadins and psammaplins were detected, 

respectively (Figure A31). All other specimens of diverse genera such as Aplysina, 

Verongula, Suberea, Pseudoceratina, and Aiolochroia were found to contain the 

spiroisooxazoline alkaloids. To differentiate between the spiroisooxazolines and the 

isomeric phenyl 3ô-hydroxylated structures (for example- isomeric purealidin L (1) and 

purealidin O illustrated in Figure 3.1), 1 was isolated from an Aplysina specimen collected 

in the Florida Keys and structurally confirmed by comparison of 1H- and 13C-NMR shifts 

to those reported in literature (Figure A32).173 

Bromotyrosine alkaloid-harboring sponges collected as a part of this study fell into 

three different orders within the class Demospongiae (Table A10). Specimens were further 

divided among six different families, four of which are within the order Verongiida, and 

nine genera collected from four different locations. Among natural products, the 

geographical and phylogenetic diversity of sponges harboring bromotyrosine alkaloids is 

perhaps only equaled by sponge-derived meroterpenes,174 triterpenoids, and polyacetylenic 

alcohols and acids.175 No natural products that have been demonstrated to be 

biosynthesized by sponge symbiotic bacteria are as widely distributed among disperse 

sponge clades.36, 38 In Aplysina sponges, bromotyrosines are found localized within the 

spherulous cells in the sponge mesohyl supporting the postulate that the sponge host itself, 

and not the bacteria symbionts, may be the biogenetic source of bromotyrosine 

alkaloids.176-178 
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Figure 3.1.  Sponge phylogeny and bromotyrosine alkaloid natural product subclasses. The 

distinctive morphology of some sponge specimens allows for species assignment- 

illustrated here are Aplysina fulva (collected in Florida Keys), Ianthella basta (Guam), and 

Aplysinella rhax (Guam). Representative structures of bromotyrosine alkaloids detected in 

each specimen are shown. 

 

3.3.2 Nonconvergent microbiome architectures 

Next, we determined the microbiome architectures for all bromotyrosine alkaloid 

bearing sponge specimens. For marine sponges, microbial diversity correlates with 

microbial abundance; diverse microbiomes are indicative of high microbial abundance 

(HMA) while lesser diversity signifies low microbial abundance (LMA).74 Bacterial 16S 

amplicon sequencing for all samples in this study were conducted in parallel. We also 

included three sponges that do not possess bromotyrosine alkaloids as controls in this 

analysis. Control sponges include Smenospongia (collected in Florida Keys, Table A10), 
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Stylissa (Guam), and Agelas (Solomon Islands). The metabolomes of these control sponges 

have been previously described; Stylissa and Agelas contain the brominated pyrrole-

imidazole alkaloids while Smenospongia harbors the brominated indoles and a 

cyanobacterial symbiont derived chlorinated hybrid peptides/polyketides.73, 133 Among 

these controls, Smenospongia and Agelas are HMA sponges while Stylissa is a LMA 

sponge.74, 133 

Plotting the Shannon indices demonstrated that Ianthella and Aplysinella 

specimens collected in Guam and Solomon Islands, which harbor the bastadins and 

psammaplins, respectively, were distinctively LMA sponges (Figure 3.2A). With the 

exception of an Iotrochota specimen collected in the Solomon Islands, all sponges that 

possess the spiroisooxazoline alkaloids were HMA sponges. Presence of bacteria of the 

phylum Chloroflexi was characteristic of HMA sponges, as has been described 

previously.179 

Next, we generated two-dimensional Bray-Curtis dissimilarity matrices for sponge 

microbiomes at the phylum, order, and genera levels. These matrices are represented as 

networks in which nodes with dissimilarity indices less than 0.6 are interconnected with 

edge length indicative of the magnitude of the dissimilarity index (Figures 3.2BïD). Each 

microbiome was sequenced in duplicate; hence, each sponge specimen is represented by 

two nodes in these networks. At the phylum level, all nodes were interconnected (Figure 

3.2B). However, nodes corresponding to the LMA sponges Iotrochota, Ianthella, and 

Aplysinella were starting to separate along with the LMA control sponge Stylissa. 
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At the order-level, Ianthella and Aplysinella formed a separate subnetwork while 

the LMA Iotrochota nodes disassociated completely (Figure 3.2C). Illustrative to note is 

that the nodes for the control LMA sponge Stylissa also disassociated. However, nodes for 

the HMA control sponges Agelas and Smenospongia remained interconnected with other 

bromotyrosine alkaloid harboring sponges. Disassociation from the network correlated 

with a-diversity while being independent of natural product chemistry; the four sponge 

genera with the lowest Shannon indices separated from the parent network. 

At the genera level, further disassociation of nodes for sponges with the next higher 

Shannon indices, such as the control sponge Agelas was observed (Figure 3.2D). The HMA 

control sponge Smenospongia remained interconnected with other bromotyrosine alkaloid 

bearing sponge genera such as Aplysina, Verongula, Aiolochroia, and Suberea. For the 

spiroisooxazolines, there is only a limited conservation of microbiomes. While a majority 

of sponges harboring this subclass of bromotyrosine alkaloids are HMA sponges, some, 

such as Iotrochota, Verongula, and Pseudoceratina possess distinctively different 

microbiome architectures (Figure 3.2D).  
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Figure 3.2.  (A) Shannon indices (denoting a-diversity) and distribution of bacterial phyla 

in microbiomes of bromotyrosine alkaloid harboring sponge specimens used in this study. 

Bray-Curtis dissimilarity networks at (B) phylum, (C) order, and (D) genera levels for the 

sponge microbiomes. Sponge microbiomes were sequenced in duplicate. Connectivity 

cutoff was set at 0.6; nodes with dissimilarity indices less than 0.6 are connected with the 

edge length indicative of the dissimilarity index magnitude. 

 

3.3.3 Detection of rationalized biosynthetic intermediates 

Biosynthesis of the three different subclasses of bromotyrosine alkaloids can be 

rationalized to involve common intermediates. Among the psammaplins, it is instructive to 

observe that the tyrosine unit is always monobrominated, no dibrominated psammaplin 

congeners have been detected. Unlike the spiroisooxazolines in which the dibrominated 

phenoxyl is always methylated, methoxylated psammaplins are likewise not detected. In 

contrast to the psammaplins, both mono- and dibrominated tyrosine building blocks can be 
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rationalized from the inventory of bastadins structures while phenyl methoxylation is 

observed for hemibastadins.66, 67 To query whether these structural observations are 

predictive of corresponding biosynthetic intermediates, bromotyrosines 2ï5 were 

synthesized and used as standards to query the metabolomes of two specimens each of 

Aplysina, Aplysinella, and Ianthella sponges that bear the spiroisooxazolines, 

psammaplins, and bastadins, respectively (Figure 3.3, Figures A33ïA36). Sponge extracts 

were analyzed by LC/MS using modified chromatographic procedures designed to retain 

polar metabolites; these data are henceforth referred to as the polar metabolomes. 

Metabolite identification in these polar metabolomes relied on matching of LC retention 

times and MS2 fragmentation spectra to synthetic standards. 

Bromotyrosine building blocks could be detected in all three sponge genera (Figure 

3.3). Consistent with the observed structural features for psammaplins, dibrominated 4 and 

5, or methoxylated 3 were not detected in either of the two Aplysinella specimens. Aplysina 

possessed the greatest diversity wherein each of the four molecules, 2ï5, were detected. 

While spiroisooxazolines are always dibrominated, monobrominated 2 and 3 can be 

rationalized as precursors for 4 and 5. The sequence of bromination and methylation in the 

biosynthetic scheme can be interchanged. Halogenases participating in the biosynthesis of 

2ï5 are likely obligate brominases, corresponding chlorinated congeners were not detected 

in any of the polar metabolomes. It is as yet unclear if bromination is affected upon free 

tyrosine, or, upon tyrosine that is thioesterified to carrier proteins as is the case for the 

proposed biosynthetic scheme for bromoalterochromides, the only bromotyrosine-

containing natural products for which identification of the biosynthetic genes has been 

experimentally validated.180, 181 Among Verongiida sponges, bromotyrosines are also 
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constituents of the collagenous spongin-chitin skeleton,182, 183 though, the extraction 

procedures used in this study bias the detection of bromotyrosines from the sponge tissue 

rather than from the recalcitrant skeletal polymers. 

Is tyrosine bromination an early or a late-stage biosynthetic event? While the 

detection of 2ï5 does indeed point towards brominated tyrosines being available to 

downstream biosynthetic enzymes, we also queried alternate hypotheses. Mining the polar 

metabolomes for MS1 [M+H] 1+ ions corresponding to 6 led to its observation in 

Aiolochroia, Suberea, Aplysina, and Verongula genera (Figure 3.3D). While we could not 

synthesize a standard for 6, annotation of the MS2 spectra is supportive of the structural 

assignment (Figure 3.3E). Specifically, fragmentation ions 6a and 6b support the presence 

of a carboxylate and methyl moieties. In the MS2 spectra for amino acids, oxidative 

deamination, and the neutral loss of -CONH2 group from Ca is commonly observed.133, 184 

However, both these modifications are absent in the fragmentation spectra for 6 pointing 

towards modification of the primary amine which we hypothesize to be involved in the 

formation of the isooxazoline ring with tyrosine Ca, Cb, and Cg atoms which is also 

supported by the structural assignment of fragmentation ions 6cïe. MS1 ions corresponding 

to 6 are not detected in either of the two specimens of Ianthella and Aplysinella (Figure 

3.3D); bastadins and psammaplins do not possess the spirocyclohexadienylisooxazoline 

building block. 
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Figure 3.3.  (A) Extracted ion chromatogramsô (EICsô) retention time match, (B) MS2 

spectral match, and (C) relative abundances for bromotyrosines 2ï5 monitored for two 
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Aplysina, Aplysinella, and Ianthella specimens. Panel A represents EICs generated within 

± 0.01 Da mass tolerance for the most abundant [M+H]1+ isotopic ion. Metabolite 

abundance in panel C was calculated by integration of the EIC peak for the [M+H]1+ ion. 

(D) EIC for [M+H]1+ ion corresponding to 6 and (E) MS2 spectra for 6. Structural 

annotations for MS2 fragments are all within 2 ppm error. 

  

The rationalized inventory of biosynthetic precursors for bastadins and 

psammaplins is sparse; restricted to tyrosine and tyramine for bastadins and tyrosine and 

cysteamine for psammaplins. The chemical diversity for these two subclasses of 

bromotyrosine alkaloids is generated by further modification of the bromotyrosine-

tyramine (bastadins) and bromotyrosine-cysteamine (psammaplins) conjugates. These 

modifications include phenoxyl sulfation and methylation, amino acyl b-hydroxylation and 

dehydrogenation, and oxidative biaryl and disulfide couplings.67 In contrast, the inventory 

of rationalized biosynthetic precursors for spiroisooxazolines is larger. Here, diverse 

decarboxylated aminoacyl alkaloids are ligated to the dibrominated tyrosine-derived 

building block. For sponges used in this study, aminoacyl alkaloids conceivably derived 

from the decarboxylation of histidine, lysine, and ornithine can be discerned by manual 

annotation of the MS2 spectra (Figure A37). For 1, detected in high abundance in Aplysina, 

Verongula, Aiolochroia, and Suberea specimens collected in the Florida Keys, Puerto Rico, 

and the Solomon Islands, the aminoacyl building block agmatine can be rationalized to be 

derived via the decarboxylation of arginine (Figure 3.4A). In these sponge metabolomes, 

together with 1, aerophobin-2 (7, Figure 3.4A) is also detected. Comparison of MS2 spectra 

for 1 and 7 demonstrates that the dibrominated tyrosine building block is conserved 

between the two structures (Figure 3.4B). However, unlike 1, the aminoimidazole 
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propylamine moiety for 7 cannot be rationalized starting from proteinogenic and 

commonly encountered non-proteinogenic amino acids. 

We recently reported that the structurally similar aminoimidazole propylamine 

precursor for the sponge-derived natural product oroidin is likely derived from the non-

proteinogenic amino acid homoarginine (8, Figure 3.4A).133 Oroidin, and its desbromo 

congeners hymenidin and clathrodin undergo intramolecular cyclization and homo- and 

hetero- cycloadditive dimerization to furnish the pyrrole-imidazole alkaloids.93 We had 

hypothesized that 8 undergoes Cd-hydroxylation to furnish 9. Oxidation of the secondary 

alcohol can lead to spontaneous dehydration to install the aminoimidazole heterocycle. 

This oxidative dehydration can occur before or after decarboxylation at Ca to afford the 

aminoimidazole propylamine moiety that is observed in 7, and after further Cb-

dehydrogenation, in oroidin (Figure 3.4A). 

The abovementioned hypothesis necessitates the presence of the non-proteinogenic 

amino acid 8 and its hydroxylated derivative 9 in sponge samples in which we detect the 

presence of 7. The presence of 8 and 9 was queried for in polar metabolomes of various 

sponge specimens in which 7 was detected along with Aplysinella (containing 

psammaplins) and Ianthella (containing bastadins) in which 7 was not detected. Four other 

sponge specimens of the genera Stylissa, Agelas, Smenospongia, and Dysidea acted as 

controls in this workflow (Figures 3.4CïD). We have demonstrated the presence of 8 and 

9 in Stylissa and Agelas previously and the absence of these metabolites in the Dysidea 

specimen used here.133 Due to the absence of pyrrole-imidazole and bromotyrosine 

alkaloids in Smenospongia, we anticipated Smenospongia to not contain 8 and 9. 
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In the polar metabolomes of control sponges, 8 and 9 were detected in Stylissa and 

Agelas while being absent in Dysidea and Smenospongia (Figures 3.4CïD). In all sponge 

tissues in which 7 was detected, we detected the presence of 8 and 9 in high abundance; 

metabolite identification was based on comparison of retention time and MS2 spectra to a 

commercially available standard of 8 and previously developed racemic standard of 9 

(Figures 3.4EïH).133 Consistent with the absence of 7, Aplysinella specimens collected in 

Guam and in Solomon Islands did not contain either 8 or 9. Surprisingly, 8 was detected in 

high abundance in Ianthella; however, 9 was not detected. While the physiological role for 

8 in Ianthella cannot be presently rationalized, transformation of 8 to 9 appears to be a 

modification that is dedicated for the construction of the aminoimidazole propylamine 

building block. Our findings here extend the presence of 8 and 9 to diverse sponge families 

and genera within the Verongiida order, in addition to Scopalinida, Axinellida, and 

Agelasida orders from which we had described it previously.133  

It is instructive to observe the diversity of sponge microbiomes that harbor 8. 

Illustratively, the presence of 8 is conserved among LMA Ianthella and HMA Aplysina 

sponges that are at the extremities of the a-diversity plot and share little overlap among 

their microbiomes at the order- and genera-level (Figure 3.2). However, Aplysinella and 

Ianthella, both LMA sponges, are divergent in the presence of 8. The amino acid 8 can be 

generated by amidinotransfer upon lysine, or, by carbamylation of lysine to afford 

homocitrulline followed by amination. We could not detect homocitrulline in any of the 

polar metabolomes generated in this study. Carbamylation of lysine side chains is a 

nonenzymatic posttranslational modification associated with aging; it is unclear if this 
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modification can occur upon free lysine.185 On the other hand, biochemical precedence 

exists for amidinotransfer on free lysine to afford 8.131, 132  

 

 

Figure 3.4.  (A) Rationalized retrobiosynthetic scheme for the elaboration of the 2-

aminoimidazole propylamine building block that is incorporated in the bromotyrosine 

alkaloid 7 and in pyrrole-imidazole alkaloids such as oroidin. (B) Comparison of MS2 

fragmentation spectra for 1 and 7 demonstrating divergence in the aminoacyl alkaloid that 

is ligated to the conserved bromotyrosine building block. Relative abundance of (C) 8 and 

(D) 9 in sponge extracts as determined by integration of the EIC peak area generated from 

the LC/MS data. (E) EICôs retention time and (F) MS2 spectra matches for 8 detected in 

sponge extracts against authentic standard. Similarly, (G) EICôs retention time and (H) 

MS2 spectra matches for 9 detected in sponge extracts against a racemic synthetic standard. 
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3.3.4 Conservation of betaine chemistry 

In addition to biosynthetic precursors, another class of brominated alkaloids 

detected together with spiroisooxazolines in sponges are the tyramine- and tyrosine-

derived betaines. In Aplysina specimens collected in Florida Keys, previously reported 

betaines 10 and 11 were detected in high abundance (Figure 3.5A).186, 187 MS2 spectra for 

10 and 11 demonstrates oxidative cleavage of trimethylamine and the radical scission of 

the carbon-bromine bonds being the dominant MS2 product ion generating transformations 

(Figure 3.5B). Guided by the structural annotation of the MS2 spectra, additional betaines 

such as 12 and 13 could be detected in the sponge extracts. The abundance of 12 and 13 

was much lower than that of 10 and 11; however, distinct retention times demonstrates that 

they are not in-source fragments generated in the mass spectrometer. Molecules 10ï13 

were detected in the non-polar metabolomes while 11ï13, but not 10, could be detected in 

the polar metabolomes. 

In addition to betaines 10ï13, in the polar metabolomes, we detected the presence 

of betaines trigonelline (14) and stachydrine (15, Figure 3.5). As before, compound 

identification relied on comparison of retention time and MS2 spectra to synthetic standards 

(Figure A38). Both 14 and 15 were detected across all sponge specimens queried here 

which include sponges bearing all three subclasses of bromotyrosine alkaloids and control 

sponges of Stylissa, Smenospongia, Agelas, and Dysidea genera (Figures 3.5CïD). Our 

data demonstrate that the presence of 14 and 15 is broadly conserved in phylogenetically 

and geographically disperse HMA and LMA sponges. The presence of 14 and 15 is not 

restricted to the marine environment; 14 has been demonstrated to mediate predator-prey 

interactions in aquatic systems while 14 and 15 mediate interactions between plants and 
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their bacterial symbionts.151, 152 While the ecological roles of 14 and 15 are appreciated in 

other diverse niches, their roles in sponge ecology are currently unknown.  

Next, we compared the polar metabolomes of Aplysina, Verongula, and 

Aiolochroia specimens collected in the Florida Keys to Smenospongia, Stylissa, and Agelas 

control sponges. These three control sponge genera are prolific producers of brominated 

metabolites; Smenospongia of brominated indoles; Stylissa and Agelas of brominated 

pyrrole-imidazole alkaloids. Here, we observed that betaines 11ï13 were highly enriched 

in sponges containing the bromotyrosine alkaloids while non-halogenated betaines 14 and 

15 were nearly equitably distributed among these diverse sponge genera (Figure 3.5E). 

Note that 10 was not detected in polar metabolomes. Primary metabolites, such as amino 

acids (yellow nodes in Figure 3.5E), acted as controls in this analysis. Though detected in 

high abundance in each polar metabolome, glutamate, valine, aspartate, leucine, and 

proline were not highly differentiating. We did however observe a relative enrichment of 

tyrosine and arginine in Aplysina, Verongula, and Aiolochroia wherein they are proposed 

to act as precursors for the biosynthesis of 1 (Figure 3.4A). 
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Figure 3.5.  (A) Base peak chromatogram (in black) and superimposed EICs for 10ï13 in 

non-polar metabolome of as Aplysina sponge specimen. (B) Structural annotations of MS2 

spectra for 10ï13. Relative abundance of (C) 14 and (D) 15 in sponge polar metabolomes. 

(E) Comparison of sponge polar metabolomes with nodes corresponding to betaines in 

orange and amino acids in yellow (FC: fold-change). 

   

3.3.5 Microbiome-metabolome interdependence 

The non-polar metabolomes reported here are descriptive of the natural product 

chemistry harboured within the sponge holobionts while the polar metabolomes capture 

biosynthetic intermediates and primary metabolites. Taken together, these data deliver a 
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comprehensive metabolomic description for sponges that are united by the presence of 

bromotyrosine alkaloids. Biosynthesis of the three subclasses of bromotyrosine alkaloids 

share a common central theme, that is, ligation of an aminoacyl alkaloid with a brominated 

tyrosine building block. Does this unified biosynthetic logic lead to overall metabolomic 

conservation among the sponge holobionts? We probed this question within the Verongiida 

order by comparing the non-polar and polar metabolomes of sponges harbouring the 

spiroisooxazoline (family Aplysinidae, various genera), bastadins (genus Ianthella), and 

psammaplin (genus Aplysinella) groups of bromotyrosine alkaloids by principal coordinate 

analysis (PCoA). By restricting this analysis to only within the Verongiida order, we 

intended to eliminate possible phylogenetic outliers.  

 In the PCoA plots, we observed significantly distant clustering of the non-polar and 

the polar metabolomes of the three sponge groups with a greater spread observed for the 

metabolomes of the spiroisooxazoline harbouring sponges (Figures 3.6A, B). Notably, the 

polar metabolomes of the Ianthella samples collected in Guam and Solomon Islands were 

distant while the non-polar metabolomes were indeed quite similar. Overall distinct 

clusters for each sponge group were observed with no overlap between groups. Next, the 

microbiomes were compared in a similar fashion. As for the metabolomes, the 

microbiomes neatly grouped into three separate and distant clusters (Figure 3.6C).  

 To understand if the microbiome and metabolome divergences are correlated, we 

conducted a Procrustes analysis wherein we fit the PCoA matrices of the non-polar and 

polar metabolomes to the microbiome matrix (Figures 3.6D, E). For both, the non-polar 

and the polar metabolomes, we observed statistically significant correlation with the 

microbiome architecture with the m2 Gower statistic in both instances being less than 0.5 
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(p <0.001). In addition, clustering consistent with the bromotyrosine alkaloid subclass was 

still preserved in the Procrustes plots with three distinct regions emerging in both cases. 

While it is conceivable that holobiont metabolomes will correlate with the microbiomes 

for HMA sponges such as those that harbour the spiroisooxazolines, it is instructive to 

observe that this correlation also holds for LMA Ianthella and Aplysinella genera. The low 

abundance of symbionts encumbers the description of bacterial metagenome-assembled 

genomes (MAGs) from LMA sponges. Consequently, current functional relatedness of the 

microbiome to the holobiont metabolome is almost exclusively restricted to HMA sponges. 

Our data allows us to posit that the microbiomes of LMA sponges are also correlated with 

the holobiont metabolomes.  

 In conclusion, this study provides a comprehensive multi-omic description of 

marine sponge holobionts that harbour bromotyrosine alkaloids. We demonstrate that the 

microbiome architectures of these sponges are divergent and despite the unifying presence 

of bromotyrosine alkaloids, the disparate microbiomes correlate with disparate 

metabolomes. Polar metabolomes are used to derive biosynthetic insights that include the 

oxidative tailoring of a non-proteinogenic amino acid, a modification that is borrowed from 

the biosynthetic logic for the construction of pyrrole-imidazole alkaloids. We also describe 

the curious conservation of betaines in sponge metabolomes which may be primary players 

in mediating intra- and inter-organismal interactions in benthic marine ecology. The 

discovery of the biogenetic routes that underlie the widespread production of 

bromotyrosine alkaloids will be facilitated by the development of experimental and 

computational tools to interrogate the genomes of eukaryotic members of the sponge 
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holobiont, in addition to the microbial community that is traditionally accessed using 

contemporary sequencing and metagenome assembly workflows. 

 

 

Figure 3.6.  Principal coordinate score plots of (A) non-polar metabolomes, (B) polar 

metabolomes, and (C) microbiomes. The nodes are colored per the subclass of 

bromotyrosine alkaloids. Procrustes analyses of (D) non-polar metabolomes and 

microbiomes, and (E) polar metabolomes and microbiomes. The blue edge-halves point 

towards microbiome nodes while the red halves point towards the metabolomes. 
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3.4 Materials and Methods 

3.4.1 DNA extraction and molecular determination of sponge phylogeny 

Metagenomic DNA was extracted from frozen sponge tissue using a protocol 

adapted from our previous reports.111, 133 Briefly, frozen sponge tissues were thawed 

overnight at 4 °C and 200 mg (wet weight) sponge tissue was used for DNA extraction. 

Two regions of ribosomal DNA were amplified to be used as barcodes for genera 

determination. The hypervariable ITS-2 gene sequence was amplified from metagenomic 

DNA using GoTaq DNA polymerase with the forward primer SP58bF (5ô-

AATCATCGAGTCTTTGAACG-3ô) and reverse primer SP28cR (5ô-

CTTTTCACCTTTCCCTCA-3ô). The D3-D5 region of the 28S rRNA gene was amplified 

using the primers NL4F (5ô-GACCCGAAAGATGGTGAACTA-3ô) and NL4R (5ô-

ACCTTGGAGACCTGATGCG-3ô). A 25 ÕL PCR reaction was set up with 20 ng DNA 

template, 1 µL each of 10 µM forward and reverse primer, 12.5 µL DNA polymerase 

premix, and volume adjusted to 25 µL with water. The thermocycling conditions were as 

follows: initial denaturation for 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 cleaned and concentrated, and clone libraries were 

generated using ligation-independent cloning with the pGEM-T Easy Vector System kit 

(Promega). Three clones for each sponge amplicon were Sanger sequenced and reads were 

filtered manually to remove the nucleotides derived from the vector backbone. Filtered 

sequences were used to search the GenBank nr/nt database using Basic Local Alignment 

Search Tool (BLAST).188 The phylogenetic tree, based on the ITS-2 sequences, was 

constructed in MEGA7 using default parameters for Maximum Likelihood method. 
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3.4.2 Metabolite extraction and LC/MS data collection and analyses; non-polar 

metabolites 

Frozen sponge tissues were lyophilized to dryness and 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-high-resolution Qq-ToF mass 

spectrometer equipped with an electron spray ionization (ESI) source. A Kinetex 1.7 ɛm 

C18 reversed phase UPLC column (50×2.1 mm) was employed for chromatographic 

separation. Spectra were acquired in positive ionization mode, m/z 50ï2000 Da. An active 

exclusion of two spectra was employed, implying, that an MS1 ion would not be selected 

for MS2 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 for fragmentation. 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. The 

elution profile employed was as follows: 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 and processed using MZmine2 for feature finding.[46] Data 

were batch processed and filtered by assigning a MS1 threshold for noise detection at 

10,000. The following were the parameters applied to extract mass spectrometric features: 
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(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 2000 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 from 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). Principal 

coordinate analysis (PCoA) was performed on the non-polar metabolomics data. The MS1 

feature table, obtained after the processing with MZmine2 in the previous step, was used 

for the calculation of Bray-Curtis dissimilarity metric using ClusterApp (q2_meatbolomics 

plugin in QIIME2, https://github.com/mwang87/q2_metabolomics). The output files of 

this analysis, along with the processed microbiome data were further used for performing 

Procrustes analysis in QIIME1, with visualization of the plots in EMPeror.189, 190 

3.4.3 Isolation and structural characterization of purealidin L (1) 

Sponge dried biomass after lyophilization was soaked in DCM/MeOH (1 mL 

solvent/100 mg dry sponge tissue) for 48 h at room temperature. The extract was clarified 

by centrifugation and 5 mL of the dried extract was loaded on to a Phenomenex Strata C18-

E giga tube. It was then fractionated with an elution profile starting with 5 % MeCN, 10 % 
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MeCN, 15 % MeCN, 20 % MeCN, 25 % MeCN, 50 % MeCN and 100 % MeCN. All the 

fractions were collected and dried under vacuum, resubstituted in MeOH, and the samples 

were analyzed on a Bruker amaZon SL ion-trap mass spectrometer to identify the extract 

with the molecule of interest. The desired extract was chromatographed on a Luna 5 ɛm 

C18 reversed phase LC column (250×10 mm). Chromatography solvent A: water + 0.1% 

v/v trifluoracetic acid (TFA), solvent B: MeCN + 0.1% v/v TFA. Flow rate was held 

constant at 2 mL/min throughout. The elution profile employed for isolation of 1 was: 5% 

solvent B for 5 min, a linear gradient from 5% to 35% B in 10 min, at 35 % for 40 min, 

from 35% to 100% B in 10 min, 100% B for 3 min, from 100% to 5% B in 1 min, 5% B 

for 2 min, from 5% to 100% B in 1 min, 100% B for 2 min, from 100% to 5% B in 1 min, 

5% B for 3 min. Solvents were removed in vacuo to afford dried molecules. The molecule 

was dissolved in DMSO-d6 (for 1H-NMR) and CD3OD (for 13C-NMR) followed by NMR 

data acquisition using an 800 MHz Bruker Avance III HD instrument. 

3.4.4 Metabolite extraction and LC/MS data collection and analyses; polar metabolites 

In a 2 mL Eppendorf safe-lock tube, lyophilized sponge tissues were homogenized 

with two tungsten carbide beads in a QIAGEN TissueLyser II at 20 Hz for 20 min, in 2 

cycles of 10 min each. Samples were extracted with 80% MeOH (4 mL solvent per 100 mg 

of sample), sonicated for 30 min in an ice bath, and centrifuged at 16,000×g for 30 min. 

The supernatant was transferred to an autosampler vial for further analysis.  For quality 

control, 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. 
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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, 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 with use of 

an internal calibrant. The ESI source was operated at a vaporizer temperature of 275 C, a 

spray voltage of 3.5 kV, and sheath, auxiliary, and sweep gas flows of 40, 8, and 1 (arbitrary 

units), respectively. UPLC-MS2 experiments were performed by acquiring mass spectra 

with data dependent acquisition (DDA) and targeted MS/MS (tMS2) acquisition. DDA 

methods collected full scan data with a resolution of 120,000 and the dd-MS2 were 

collected at a resolution of 30,000 with an isolation window of 0.8 m/z with a cycle time 

of 0.6 s. Dynamic exclusion was set to exclude MS/MS acquisition of a precursor if the 

precursor was acquired twice within a 3 second window. The exclusion duration was 4 

seconds. Mass tolerance was set at 3ppm. dd-MS2 ions were activated by HCD at 

normalized collision energies of 40 % and CID collision energy of 35%, and product ions 

were measured in the orbitrap at a resolution of 30,000. tMS2 methods acquired full scan 

data at 30,000 resolution and activated product ions from the inclusion list with an isolation 
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window of 0.8m/z and HCD activation at 30% energy +/- 60%. Inclusion list loop control 

was set to N=4.  

The raw 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 were filtered by assigning 

a threshold level for noise detection at 10,000; no threshold was used for filtering 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. PCoA and Procrustes analyses 

were performed using the MS1 feature table as described above for non-polar data. In 

addition, the DDA and tMS2 raw data files were manually curated to obtain extracted ion 

chromatograms (EICs) and MS2 fragmentation spectra, respectively. Retention times and 

MS2 spectra were accessed for the desired molecules in the sponge extract samples and 

compared to that of the corresponding synthetic standards. The relative abundance of the 

molecules of study were manually derived from the area under the EICs (plotted within 2 

ppm error). Histograms were constructed from these areas using Origin 2020 software. 

Volcano plot was generated from the polar feature table output of MZmine2 using 

Metaboanalyst.  

3.4.5 Synthesis and characterization of standards 

Molecules 2ï5 were synthesized according to literature procedures.191-194 

(S)-2-Amino-3-(3-bromo-4-hydroxyphenyl)-propanoic acid (2): To a stirred solution of 

L-tyrosine (500 mg, 2.76 mmol) in 25 mL MeOH at 0 ºC under argon, SOCl2 (1000 µL, 

13.79 mmol, 5 eq) was added slowly and the reaction was maintained at the same 
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temperature for 15 min. The reaction was then allowed to stir overnight at room 

temperature under argon. The reaction mixture was then concentrated under vacuum and 

washed with 20 mL MeOH thrice and the crude was dried under vacuum to obtain L-

tyrosine methyl ester. Mono-bromination of this crude methyl ester (100 mg, 0.5 mmol, 1 

eq.) was achieved with N-bromosuccinimide (NBS, 118 mg, 0.65 mmol, 1.29 eq) in 10 mL 

MeOH with stirring at room temperature for 24 h. The solvent was removed under vacuum 

and reaction crude partitioned between with EtOAc and H2O. The aqueous phase was 

recovered, dried, and the crude material was dissolved in 5 mL MeOH/H2O/THF (1:1:1) 

and K2CO3 (100 mg, 1.69 mmol, 3 eq) was added. The reaction was stirred for 24 h at room 

temperature. The pH was adjusted to 6 and conversion was monitored by thin layer 

chromatography (TLC, mobile phase nBuOH/AcOH/H2O 4:1:1). 2 was obtained after 

HPLC purification. 1H NMR (Figure A33, 800 MHz, methanol-d4) ŭ 7.43 (d, J = 2.1 Hz, 

1H), 7.10 (dd, J = 8.3, 2.2 Hz, 1H), 6.88 (d, J = 8.3 Hz, 1H), 3.95 (ddd, J = 8.2, 4.9, 1.0 Hz, 

1H), 3.21 ï 3.18 (m, 1H), 3.00 ï 2.97 (m, 1H). 

(S)-2-amino-3-(3-bromo-4-methoxyphenyl)-propanoic acid (3): To a stirred solution of 

O-methyl-L-tyrosine (300 mg, 1.54 mmol, 1 eq.) in 25 mL of cooled MeOH, SOCl2 (550 

µL, 7.68 mmol, 5 eq) was added slowly and the reaction was maintained at 0 °C for 15 

min. Remainder of the procedure was the same as described above for synthesizing 3. 1H 

NMR (Figure A34, 800 MHz, methanol-d4) ŭ 7.50 (d, J = 2.1 Hz, 
1H), 7.24 (dd, J = 8.4, 

2.2 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 4.12 (dd, J = 7.7, 5.4 Hz, 1H), 3.87 (s, 3H), 3.23 (dd, 

J = 14.7, 5.4 Hz, 1H), 3.07 (dd, J = 14.7, 7.7 Hz, 1H). 

(S)-2-amino-3-(3,5-dibromo-4-hydroxyphenyl)-propanoic acid (4): Compound 4 was 

obtained in the same way as described above for 2 using NBS (187 mg, 1.05 mmol, 2.2 
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eq.). 1H NMR (Figure A35, 800 MHz, methanol-d4) ŭ 7.45 (s, 2H), 4.15 (dd, J = 7.7, 5.4 

Hz, 1H), 3.19 (dd, J = 14.8, 5.4 Hz, 1H), 3.04 (dd, J = 14.8, 7.6 Hz, 1H). 

(S)-2-amino-3-(3,5-dibromo-4-methoxyphenyl)-propanoic acid (5):  The crude reaction 

mixture of O-methyl-L-tyrosine methyl ester (200 mg, 0.73 mmol, 1 eq.) was dissolved in 

10 mL MeOH, followed by addition of Boc2O (185 mg, 0.85 mmol, 1.16 eq.) and TEA 

(400 µL). The reaction was stirred for 24 h at room temperature. The solvent was 

evaporated under vacuum and pH adjusted to 3. This crude was taken forward for the o-

methylation reaction. To a stirred solution of crude 5a (Figure A36, 200 mg, 0.44 mmol, 

1eq.) in 10 mL acetone, K2CO3 (106 mg, 0.77 mmol, 1.74 eq.) and MeI (100 µL, 1.6 mmol, 

3.62 eq.) was added in the respective order. The mixture was stirred for 18 h at room 

temperature. The solvent was removed, and the reaction mixture was purified via column 

chromatography using Hexane: EtOAc (3:1). The pure material 5b was dissolved in 5 mL 

DCM at 0 °C and stirred for 10 min, followed by the addition of 1 mL TFA with stirring 

and reaction was allowed to proceed for 24 h at room temperature. The product obtained 

in the previous step, 5c was dissolved in a 5 mL mixture of MeOH/H2O/THF (1:1:1) and 

K2CO3 (113 mg, 0.82 mmol, 3eq.)  was added. The reaction was stirred for 24 h at room 

temperature. The pH adjusted crude was then purified in RP-HPLC using a mobile phase 

mixture of MeCN (0.1 % TFA) and H2O (0.1 % TFA) to obtain pure 5. 1H NMR (Figure 

A36, 800 MHz, methanol-d4) ŭ 7.55 (s, 2H), 4.27 ï 4.26 (m, 1H), 3.86 (s, 3H), 3.25 (dd, J 

= 14.7, 5.8 Hz, 1H), 3.12 (dd, J = 14.7, 7.5 Hz, 1H). 
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3.4.6 Microbiome sequencing and analyses 

The procedure for querying the sponge-associated microbiome was based on our 

previous reports.189, 190 Next-generation sequencing of the v4 region of the 16S rRNA gene 

on Illumina MiSeq platform was used. Briefly, the region of interest was amplified by the 

primer pair 515F/806R which are barcoded and appended with Illumina-specific adaptors. 

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 final volume of 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, respectively.78, 79 Based on quality scores, the 

forward and reverse reads were truncated at 150 bp using the qiime dada2 denoise script. 

Taxonomy was assigned using the SILVA pre-trained classifier using the qiime feature 

classifier plug-in.195 The qiime taxa barplot script was used to generate the bar plots 

representing the taxonomic distribution.  

 The a-diversity of the microbiome was quantified by computing Shannon index 

using the q2_diversity plugin in QIIME2. To highlight the divergence of the microbiome 

on moving from level 2 óphylumô classification to level 6 ógenusô among the different 

sponge genera within the study, a microbiome network was generated based on the SV 

feature table generated by qiime2. The vegan library of R package was used to generate 
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the dissimilarity matrix and the corresponding network. The vegdist() function was used to 

calculate the BrayïCurtis 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 was converted to an adjacency matrix using the graph.adjacency() 

function. 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. The network thus generated was exported from RStudio in graphml format and 

visualized in Cytoscape. Three networks were generated at the phylum (level 2), order 

(level 4), and genus (level 6). Procrustes analysis was performed on both the metabolomics 

(as described above) and microbiome dataset using QIIME1. For the microbiome data, 

unweighted UniFrac metric was used to generate the pairwise dissimilarity matrix to be 

used in Procrustes analysis.196  

3.4.7 Data Availability 

Sponge 28S rRNA sequences and ITS-2 sequences are submitted to GenBank under 

the accession numbers MW377651-70 and MW377671-87, respectively. The 16S 

amplicon sequencing data is available under BioProject accession number PRJNA686181. 

LC/MS data were deposited to UCSD Center for Computational Mass Spectrometry with 

the MassIVE ID# MSV000086608. 
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CHAPTER 4. ENZYMATIC SYNTHESIS ASSISTED 

DISCOVERY OF PROLINE -RICH MACROCYCLIC PEPTIDES 

IN MARINE SPONGES 

This section is adapted from the paper I. Mohanty, N. A. Nguyen, S. G. Moore, J. S. 

Biggs, D. A. Gaul, N. Garg, V. Agarwal, ChemBioChem, 2021, 22, 1-6; 

10.1002/cbic.202100275. Permission to use the manuscript has been granted by the journal 

and attached in Appendix B. 

4.1 Abstract 

Proline-rich macrocyclic peptides (PRMPs) are natural products present in 

geographically and phylogenetically dispersed marine sponges. The large diversity and low 

abundance of PRMPs in sponge metabolomes precludes isolation and structure elucidation 

of each individual PRMP congener. Here, using standards developed via biomimetic 

enzymatic synthesis of PRMPs, a mass spectrometry-based workflow to sequence PRMPs 

was developed and validated to reveal that the diversity of PRMPs in marine sponges is 

much greater than that has been realized by natural product isolation-based strategies. 

Findings are placed in the context of diversity-oriented transamidative macrocyclization of 

peptide substrates in sponge holobionts. 

4.2 Introduction  

Macrocyclization of ribosomal and non-ribosomal peptides is ubiquitous in natural 

product chemistry. Macrocyclization imparts pharmacologically desirable properties of 
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stability and rigidity which reduces the entropic cost associated with target binding.197 

From neutrophil defensins and snake venom toxins to cyclic peptide natural products 

produced by bacteria, across all scales of life, macrocyclic peptides demonstrate potent 

bioactivities and serve various different biological roles.198 Benthic marine invertebrates- 

sponges, are prolific sources of proline rich macrocyclic peptides (PRMPs).199 PRMPs are 

detected in marine sponges without restriction of geographical location and are widespread 

among several sponge phyla. Cell growth inhibitory cytotoxic activities of sponge derived 

PRMPs has sustained interest in their development as drug candidates.199 Unlike other 

natural product chemical classes, the abundance of which dominates the sponge 

metabolomes, PRMPs in sponges are present in trace amounts. For instance, in Stylissa 

spp. sponges the metabolomes of which are enriched in pyrrole imidazole alkaloids 

(PIAs),200 PRMPs were isolated in 0.01% yields (PRMP weight/sponge dry weight).201-204 

Low abundance of PRMPs interspersed with much higher abundance other natural products 

in sponge extracts encumbers their structure elucidation using natural product isolation-

based strategies. Here, we devise a mass spectrometry-based workflow to sequence 

sponge-derived PRMPs and validate the spectrometric sequencing using standards 

furnished by biomimetic enzymatic peptide macrocyclization. 

We previously described the detection of PIAs in Stylissa and Axinella spp. sponges 

using LC/MS-based untargeted metabolomics.133 Screening these LC/MS data using the 

DEREPLICATOR tool205 hinted at the presence of peptidic natural products in Stylissa 

and Axinella spp. extracts consistent with prior reports describing the isolation of PRMPs 

from these sponge genera.199 The low abundance of PRMPs and sub-gram amounts of dry 

sponge biomass which were available to us precluded a natural product isolation-based 
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effort. Thus, we decided to pursue PRMP structure elucidation from mass spectrometry 

fragmentation data. 

4.3 Results and Discussion 

4.3.1 Single leucine/isoleucine distinction based on mass spectrometry 

In a proline containing peptide, fragmentation preferentially occurs at the N-terminus 

of the Pro residue.206, 207 Sequencing PRMPs detected in sponge extracts thus began with 

the annotation of the NPro-XaaC dipeptide oxonium MS2 fragment ions per the inventory 

shown in Table A11. Proceeding from the NPro-XaaC dipeptide, to recover the PRMP 

sequence, we annotated mass shifts corresponding to proteinogenic amino acids till we 

reached the parent ion in the MS2 spectra. As shown in Figure 4.1A for a PRMP detected 

in Axinella sp., PRMPs containing more than one proline residue yielded multiple NPro-

XaaC dipeptide MS2 fragments. Progressing from each of these different dipeptide 

fragments, NPro-PheC (MS2 m/z 245) and NPro-GluC (MS2 m/z 227), the same cyclic 

sequence, cyclo(FFPEXWP), was recovered. Here, X denotes Leu/Ile residues that cannot 

be differentiated based on MS2 fragmentation alone. Identities of the amino acid 

constituents in cyclo(FFPEXWP), Phe, Pro, Glu, Leu/Ile, and Trp, were supported by the 

detection of the individual amino acyl immonium ions in the MS2 spectra (Figure A39, 

Table A12). 

To resolve Leu and Ile residues, we developed standards for the two possible 

PRMPsï cyclo(FFPELWP) and cyclo(FFPEIWP). For this, synthetic linear peptides 

FFPELWPFQA and FFPEIWPFQA were obtained. The C-terminal FQA tripeptide was 

proteolyzed and transamidatively macrocyclized products were furnished by the plant 
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peptidase PCY1.208 Upon fragmentation of the cyclo(FFPELWP) and cyclo(FFPEIWP) 

products, the MS2 immonium ion for Leu/Ile, m/z 86, was isolated and fragmented. 

Consistent with prior reports,208, 209 fragmentation of the Ile-derived MS2 m/z 86 immonium 

ion generated a characteristic MS3 m/z 69 product ion in high abundance, while the MS3 

m/z 69 product ion was detected in lesser abundance when the MS2 m/z 86 precursor ion 

was derived from Leu. By modulating the MS3 fragmentation energy (Figure A40), we 

generated an unambiguous binary result in which the MS3 m/z 69 product ion was observed 

only for Ile (Figure 4.1B), but not observed for Leu (Figure 4.1C). Adopting the thus 

optimized methodology for the cyclo(FFPEXWP) PRMP detected in the sponge extract, 

we annotated X as Leu (Figure 4.1D). Validation of the mass spectrometry-based result 

was obtained by spiking the sponge extract with enzymatically synthesized 

cyclo(FFPELWP) and cyclo(FFPEIWP) standards; the cyclo(FFPELWP) standard 

coeluted with the sponge-derived PRMP (Figure 4.1E) which we term as axinellin D. 

PRMP congeners detected in this study are highlighted in Table A13. 

Employing the now validated mass spectrometry workflow which could differentiate 

between Leu and Ile residues, we additionally sequenced the PRMPs stylissatin E 

cyclo(FVPELWP) and stylissatin F cyclo(FPWVPLTP) from Stylissa sp. specimens used 

in this study (Figure 4.1F, A41ïA44, Table A13). We also detected the presence of the 

PRMPs cyclo(FGPELWP), cyclo(PAVMLRP), and cyclo(FPLTVPWP) in Axinella sp. 

extracts (Figures A45ïA50). Primary sequences of these PRMPs correspond to the 

previously described hymenamide C, hymenamide F, and axinellin B. The presence of 

axinellin B serves as an internal control as it has been reported from an Axinella sponge 

previously.210 However, hymenamides C and F were isolated from Hymeniacidon sp. 
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sponges (Table A13).211, 212 Hymeniacidon sp. sponges belong to a different phylogenetic 

(order Suberitidia) as compared to Axinella sp. (order Axinellida) within the 

Demospongiae class of marine sponges. 

 

                            

Figure 4.1.  (A) MS2 spectra for cyclo(FFPEXWP). MS2(86)ŸMS3 spectra for the (B) Ile-

derived MS2 m/z 86 precursor ion (cyclo(FFPEIWP) standard), (C) Leu-derived MS2 m/z 

86 precursor ion (cyclo(FFPELWP) standard), and the (D) Leu/Ile-derived MS2 m/z 86 

precursor ion (cyclo(FFPEXWP) PRMP). (E) Extracted ion chromatograms (EICs) 

showing co-injection of cyclo(FFPELWP) (top) and cyclo(FFPEIWP) (bottom) standards 

with the sponge extract. (F) Inventory of single Leu/Ile containing PRMPs sequenced in 

this study. 
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4.3.2 Single leucine/isoleucine distinction based on mass spectrometry 

The workflow in section 4.3.1 is applicable when a single Leu/Ile is present in the 

peptide sequence. When more than one Leu/Ile residues are present, multiple side chains 

will contribute to MS2 m/z 86 ion which will complicate the MS2(86)ŸMS3-based Leu/Ile 

distinction. This scenario presents itself for the cyclo(FYSX1AX2P) PRMP that we 

detected in Axinella sp.; Xn denote Leu/Ile residues. As before, the PRMP was sequenced 

starting from the NPro-PheC MS2 m/z 245 fragment ion (Figure 4.2A, A51). Next, the ion 

corresponding to the fragment PFYSX1A, MS2 m/z 679 (Figure 2A) was isolated and the 

MS3 m/z 86 Leu/Ile immonium ion was generated. Here, only a single residue, X1, 

contributes to the production of the MS3 m/z 86 product ion. Further fragmentation of the 

MS3 m/z 86 ion did not generate the characteristic MS4 m/z 69 ion (Figure 4.2B), denoting 

that X1 was Leu. 

Next, the cyclo(FYSLALP), cyclo(FYSIALP), cyclo(FYSLAIP), and 

cyclo(FYSIAIP) standards were generated by PCY1-mediated macrocyclization of the 

corresponding -FQA appended linear peptides. Fragmenting cyclo(FYSIALP) and 

cyclo(FYSIAIP) using the MS2(679)ŸMS3(86)ŸMS4 procedure yielded the characteristic 

MS4 m/z 69 ion while fragmentation of cyclo(FYSLALP) and cyclo(FYSLAIP) did not 

(Figure A52). To query the identity of X2 in the PRMP cyclo(FYSX1AX2P), the MS2 m/z 

185 ion was isolated. This MS2 ion can be generated by the X1A, or the AX2 dipeptides. 

The MS2(185)ŸMS3(86)ŸMS4 fragmentation scheme demonstrated the production of the 

characteristic MS4 m/z 69 ion (Figure 4.2C). As X1 was Leu (and hence the X1A fragment 

could not contribute to the production of the MS4 m/z 69 product ion), these data denote 

that X2 was Ile. Analogous MS2(185)ŸMS3(86)ŸMS4 fragmentation for the 
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cyclo(FYSLAIP) standard generated the MS4 m/z 69 ion while the cyclo(FYSLALP) 

standard did not (Figure A53). Validation of the mass spectrometry-based PRMP 

sequencing scheme was obtained by spiking the sponge extract with the PCY1 generated 

standards; the cyclo(FYSLAIP) standard coeluted with the sponge PRMP which is termed 

axinellin E (Figure 4.2D, Table A13). 

Using the workflow developed above, we additionally sequenced the multiple 

Leu/Ile containing PRMPs axinellin F cyclo(FFPELLP) from Axinella sp., and stylissatin 

G cyclo(WLPLTPLP)  from Stylissa sp. (Figure 4.2E, Figure A54ïA58, Table A13). In 

addition to these PRMPs, we detected the presence of the previously described PRMPs 

hymenamide H213- cyclo(WVPLTPLP) and phakellistatin 18214- cyclo(YPIFPIP) from 

Stylissa sp. (Figure 4.2E, Figure A59ïA62). Hymenamide H was described from 

Hymeniacidon sp. (order Suberitidia) while phakellistatin 18 was described from Phakellia 

fusca (order Axinellida), sponges belonging to orders different from Stylissa sp. (order 

Scopalinida). Together with the detection of hymenamide C in Axinella sp., it is evident 

that PRMP congeners are shared among phylogenetically different sponges.   
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Figure 4.2.  (A) MS2 spectra for the PRMP cyclo(FYSX1AX2P) detected in Axinella sp. 

where X corresponds to Leu/Ile. MSn fragmentation strategies to query X1 and X2 identities 

are illustrated. (B) Confirmation of X1 as Leu as MS4 m/z 69 product ion is not detected. 

(C) Confirmation of X2 as Ile as MS4 m/z 69 product ion is detected. (D) EICs showing co-

injection of enzymatically synthesized PRMP standards with the sponge extract. (E) 

Inventory of multiple Leu/Ile containing PRMPs sequenced in this study. 

 

Unlike axinellin F, cyclo(FFPELLP), where Ile residues occur next to Leu/Ile 

residues in a PRMP sequence, mass spectrometry alone may be insufficient to provide 

unambiguous results. This scenario presented itself during the sequencing of the PRMP 

cyclo(X1PHPYX2X3GP) that we detected in Axinella sp. As before, the PRMP was 

sequenced starting from the NPro-HisC (m/z 235), NPro-TyrC (m/z 261), and NPro-X1C (m/z 

211) dipeptide MS2 ions (Figure 4.3A). Using PCY1 and appropriately designed linear 

peptide substrates, we generated standards for all eight possible Leu/Ile combinations for 

cyclo(X1PHPYX2X3GP). Residue X1 was annotated as Ile by isolating the MS2 m/z 211 
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ion corresponding to the PX1 dipeptide and following the MS2(211)ŸMS3(86)ŸMS4 

fragmentation scheme (Figure 4.3B). Annotation of X1 as Ile was supported by analogous 

fragmentation of the cyclo(LPHPYX2X3GP) and cyclo(IPHPYX2X3GP) standards (Figure 

A63ïA64). Similarly, identity of X2 as Ile was decided by isolating the MS2 m/z 608 ion 

corresponding to the PHPYX2 pentapeptide and following the MS2(608)ŸMS3(86)ŸMS4 

fragmentation scheme (Figure 4.3C) and comparing the MS4 spectra to 

cyclo(IPHPYLX 3GP) and cyclo(IPHPYIX 3GP) standards (Figure A64). Because X2 was 

Ile (which generates the MS4 m/z 69 diagnostic ion) and no MS2 fragment could be detected 

which contained only X3 without X1 or X2, identity of X3 could not be determined by mass 

spectral fragmentation. To annotate X3, retention times for the cyclo(IPHPYIL GP) 

(X1,X2=Ile; X3=Leu) and cyclo(IPHPYII GP) (X1,X2=Ile; X3=Ile) standards were 

compared to reveal the sponge PRMP as cyclo(IPHPYII GP) which we term axinellin G 

(Figure 4.3D, Table A13). Among the inventory of PRMPs, cyclo-nonapeptides such as 

axinellin G are relatively rare (Table A13). Overall, we demonstrate the utility of enzymatic 

synthesis of cyclic peptide standards for discovery and sequencing of sponge PRMPs. At 

present, we cannot determine the cis/trans conformation of the Pro residues. 
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Figure 4.3.  (A) Sequencing of the cyclo(X1PHPYX2X3GP) based on MS2 spectra. Note 

that three Pro residues in this octapeptide generate three different NPro-XaaC MS2 dipeptide 

product ions. Fragmentation strategies to query identities of X1 and X2 residues are 

illustrated. Annotation of (B) X1 and (C) X2 residues as Ile by the detection of the MS4 m/z 

69 product ion. (D) Annotation of X3 as Ile by retention time comparison of the sponge 

detected PRMP against enzymatically synthesized cyclo(IPHPYILGP) and 

cyclo(IPHPYIIGP) standards. 

 

4.3.3 Biosynthetic insight into PRMPs 

Amino acid residues reported to date for sponge PRMPs are proteinogenic amino 

acids in the L- configuration (to the best of our knowledge the only exception is Trp derived 

L-kynurenine in phakefustatins AïC).215 It is thus conceivable that sponge-derived PRMPs 

are ribosomally synthesized and posttranslationally modified peptides216 and that the PCY1 

catalyzed proteolysis of a C-terminal recognition sequence (RS in Figure 4.4A; PCY1 RS 


































































































































































































































































































