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Abstract

Untargeted liquid chromatography-MS (LC-MS) is used to rapidly profile crude natural product 

(NP) extracts; however, the quantity of data produced can become difficult to manage. Molecular 

networking based on MS/MS data visualizes these complex data sets to aid their initial 

interpretation. Here, we developed an additional visualization step for the molecular networking 

workflow to provide relative and absolute quantitation of a specific compound in an extract. The 

new visualization also facilitates combination of several metabolomes into one network, and so 

was applied to an MS/MS data set from 20 crude extracts of cultured marine cyanobacteria. The 

resultant network illustrates the high chemical diversity present among marine cyanobacteria. It is 

also a powerful tool for locating producers of specific metabolites. In order to dereplicate and 

identify culture-based sources of known compounds, we added MS/MS data from 60 pure NPs 

and NP analogs to the 20-strain network. This dereplicated six metabolites directly and offered 

structural information on up to 30 more. Most notably, our visualization technique allowed us to 

identify and quantitatively compare several producers of the bioactive and biosynthetically 

intriguing lipopeptide malyngamide C. Our most prolific producer, a Panamanian strain of 

Okeania hirsuta (PAB10FEB10-01), was found to produce at least 0.024mg of malyngamide C per 

mg biomass (2.4%, w/dw) and is now undergoing genome sequencing to access the corresponding 

biosynthetic machinery.
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Introduction

For millennia, naturally occurring metabolites have been used to treat human disease and 

improve health. Perhaps the most familiar natural products (NPs) in modern medicine 

comprise the wealth of antibiotics produced by fungi and actinomycete bacteria, although in 

fact 50% of all small-molecule drugs clinically approved in the United States and Europe 

between 1981 and 2010 have been derived from or inspired by NPs.1 In recent decades, 

advances in synthetic chemistry and genetics have evolved to modify, refine and produce 

NPs in order to improve their pharmaceutical properties and resulting clinical efficacy.

The global ocean biome represents an enormous reservoir of biochemical diversity that has 

become increasingly accessible owing to SCUBA diving and other technologies that aid sub-

tidal marine collections. Marine cyanobacteria are an especially promising source of NPs 

because of their lack of physical defenses, ancient evolutionary origins, high genetic 

mutation rates relative to eukaryotes and capacity for horizontal gene transfer.2,3 These 

factors combine to result in diverse secondary metabolomes, with components ranging from 

simple hydrocarbons to halogenated macrolides and complex peptides.4 Because marine 

cyanobacteria produce many distinct types of NPs, a need has arisen for more powerful and 

efficient methods by which to profile their metabolomes.

Molecular networking is an analytical method well suited to this task.5 Molecular networks 

are visual representations of mass-spectral data sets generated using a vector-based 

similarity score for tandem mass spectra.6 Initially, MS/MS spectra that are nearly identical 

are combined and averaged to form ‘consensus’ spectra, each of which is represented 

graphically in the network as a circular ‘node.’ The consensus spectra are then compared 

pairwise, and their corresponding nodes in the network are linked with edges based on their 

structural similarity. Figure 1 illustrates a traditional molecular network representing the 

ionizable metabolome of one organism. The high scalablility of molecular networking in 

terms of number of MS/MS data sets that can be included and captured in one visual 

network has proven useful in dereplication efforts and in seeking analogs within desired 

molecular classes,6 motivating the networking of multiple metabolomes. Larger networks 

featuring more organisms promise faster dereplication and unique insights yielded by 

metabolomic comparison.6,7 Although molecular networking has no known limit for data 

volume,6 existing methods for visualizing multi-metabolomic networks can become 

challenging, especially with respect to where each MS signal comes from and its abundance.

Herein, we describe the design and application of a new addition to molecular networking 

software. The new script, termed TOrTE (Tandem-MS Origin Tracing Engine), offers a way 

to quickly and intuitively visualize the extract origins and, if applicable, pure compound 

‘seed’ matches for each compound in a molecular network. Furthermore, it includes an 

algorithm to compare the quantities of each networked compound in all of the extracts and 

pure compound seeds in which it is found. Operating with or without this quantitative 

feature, the TOrTE can create large, multi-metabolome molecular networks with a wealth of 

intuitively visualized data (Figure 28–15). Such networks offer deep metabolomic insight and 

applications in chemotaxonomy, expression analysis, study of biosynthetic mechanisms and 

microbial culture management.
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We applied the newly expanded capacity of molecular networks to search our cyanobacterial 

culture collection for strains producing known metabolites of interest and their analogs. This 

effort was rewarded with the discovery of several malyngamide C producers. Malyngamide 

C and its corresponding acetate are structurally intriguing lipopeptides with antifungal and 

cancer cell cytotoxic properties (LC50 = 3.1 and 2.0 μM for NCI-H460 cells).16 Studies of 

the biosynthesis of other cyanobacterial metabolites17 suggest that they are likely assembled 

via a hybrid polyketide synthase (PKS) and non-ribosomal peptide synthase pathway. 

Analysis of the likely sequence of reactions leading to malyngamide C further suggests a 

potentially novel mechanism for carbocyclic ring formation coincident with off-loading 

from the terminal PKS module (Supplementary Figure S3), but producer DNA has been 

unavailable to date. Thus, locating a malyngamide C producer in the Scripps collection of 

marine cyanobacterial cultures was a high priority.16 TOrTE-based molecular networking 

facilitated the search for a malyngamide C producer and revealed sources of several other 

secondary metabolites in our culture collection. In so doing, the new technique demonstrated 

great potential to streamline and make more fruitful NP drug discovery and chemical 

biology programs.

Results

Visualizing strain origin of NPs with qualitative color coding

When molecular networks are expanded beyond a single metabolome, visual schemes like 

that in Figure 1 can obscure valuable data such as organism(s) of origin for each compound 

and relative quantities of metabolites. Color-coding nodes according to origin solves this 

issue, and multiple color-coding approaches exist to serve distinct needs.5–7 Thus, the 

TOrTE was adapted accordingly. Qualitative color coding as seen in Figure 3a can be useful 

in simply ascertaining production of a compound by a certain strain. It may also be 

necessary when quantitatively valid data are unavailable, or when mathematical corrections 

have not yet been applied to data obtained under different LC-MS/MS protocols. Qualitative 

color coding by origin has been used in molecular networks, but not typically with 

multicolored nodes.5–7 Because of consistency, pie charts visualized using one color per 

strain or seed provide an inherent ease-of-use advantage for many studies over systems in 

which unique colors correspond to particular combinations of strains. The one-to-one color 

mapping provided by the TOrTE aided in some of the metabolomic insights discussed 

below.

Relative and absolute quantitation

The version of TOrTE used to visualize the network shown in Figures 3 and 4 calculates 

extracted ion chromatogram (XIC) areas as described in METHODS, which are 

subsequently mapped to the angles used to create node pie charts. XIC area, however, was 

not the sole quantitative measure with which we experimented. Early versions of the TOrTE 

were designed to take full advantage of molecular networks' compound differentiation 

ability5 by calculating ion abundances for each node based solely on the scans used to form 

that node's consensus spectrum. Unfortunately, data produced by this method were poorly 

replicable, with standard deviation of chromatogram area between injections reaching 120% 

of the mean. This error revealed that when used with the above-mentioned LC-MS/MS 
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method, the approach used to create consensus spectra was not quantitatively accurate. 

Although internodal connections and consensus contents remained similar across networks 

produced from identical samples, numbers of consensus-forming scans varied widely and 

therefore skewed quantitative values. The algorithm described in Figure 4, which uses a 

precursor mass filter to control integration, yielded much more consistent data between 

replicate LC-MS injections, with standard deviations not exceeding 53.4% of the mean (n = 

5, see Supplementary Figure S4 for data used in this variability analysis). Standard deviation 

of malyngamide C abundance in the pure standard was 11.5% of the mean.

Figures 2–4 display products of the TOrTE run in quantitative mode, and visualize the 

relative quantities of distinct compounds ionized in each sample (for example, the quantities 

of malyngamide C from PAL15AUG08-01 and PAB10FEB10-01 in the pie chart, Figure 4). 

When all of the data in the network is collected using a uniform LC-MS/MS protocol, major 

producers of a given compound can be easily differentiated from minor ones. Mathematical 

corrections (see METHODS) can be devised if data collected using different protocols needs 

to be compared quantitatively. Automated relative quantitation and pure compound seeding 

can also be used synergistically to provide absolute quantitation of select metabolites. 

Associated calculations are given in METHODS and malyngamide C is offered in 

Supplementary Information S2 as a specific example.

TOrTE-based molecular networking as a metabolomic screening technique

The mass-spectral data set used in this investigation was obtained via LC-MS/MS analysis 

of 20 cultured strains of tropical marine cyanobacteria from which lipid extracts could be 

obtained (see Table 1). An advantage of using molecular networking to profile 

cyanobacterial metabolomes is that the technique is sensitive enough to use with MS data 

made from unfractionated ‘crude’ extracts. In Figure 1, 35 distinct compounds resolved from 

one 0.020 ml injection of a crude cyanobacterial lipid extract. By directly analyzing crude 

extracts, analysis time was significantly reduced and the natural proportions between the 

constituents of an extract as they elute and enter into the ion source were maintained. The 

latter point enables very reasonable comparative quantitation.

Figure 2 represents the entire 20-strain set of crude extracts wherein nodes are color coded 

according to cyanobacterial strain. If multiple strains were found to produce the same 

compound, then that compound's node is represented with a multicolored pie chart. The 

network also contains MS data from 36 of the 60 pure NP and NP analog ‘seed’ compounds 

initially added (see Supplementary Table S6). These 36 were the compounds that formed 

consensus spectra or correlating edges with compounds in the crude extracts. For easy 

identification, nodes that matched (formed consensus spectra) with seeds were marked by a 

color-coded outer border in addition to a seed sector in the node's pie chart.

A number of new insights were gleaned by processing 20 metabolomes into a single large 

network. Not only were common metabolites instantly visible but also entire clusters of 

nodes, representing families of structurally related molecules,7 were found to overlap. The 

cluster surrounding dolastatin 10,8 Figure 2 inset, is an example in which 5 of 13 clustered 

molecules are found in both PAL18AUG08-03 and PAL02AUG09-04 in roughly equal 

amounts. Indeed, this observation supports the field identifications of these two collections 
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as Schizothrix, as this genus is known to produce several dolastatin-type compounds, some 

of which are of interest as antimalarial agents.18

The established technique of seeding a molecular network with pure compounds6 was found 

to be especially powerful in the network of the 20 cyanobacterial metabolomes. Although 

some compounds, such as the veraguamides12 (Figure 2 inset), could be dereplicated 

without seeds using fragmentation data from the literature,12 the seeds added to the network 

in Figure 2 accelerated and confirmed network annotation by identifying in a single step six 

known compounds and 30 analogs of known compounds. For example, the structure of an 

analog of barbamide15 was suggested from a three-node cluster (Figure 2, inset). The single 

non-seed-matching node represents a compound of 34 Da lighter than barbamide whose 

molecular ion isotope pattern was consistent with the dichloro-analog dechlorobarbamide.19 

In another example, dolastatin 10 was linked to partially identifiable analogs: to the right of 

the seed-matching node was a compound with a ‘CH2’ added to either the Dolavaline or Val 

residues. The presence of a fragment with m/z = 559 for both dolastatin 10 and the analog 

(spectra shown in Figure 2) indicated that structure of the three other residues was likely 

conserved. Below the dolastatin 10 seed another analog resolved with m/z = 761; it also bore 

an additional CH2 on Dolavaline or Val, but showed a fragment for the rest of the molecule 

that was 38 Da lighter, likely representing a modification of the Dolaproine and Dolaphenine 

residues. Absolute quantitation of these two dolastatin analogs was impossible because of a 

lack of seeds, but if their ionization efficiencies are comparable to that of dolastatin 10, then 

the relatively large areas of their eluted LC-MS peaks suggest they may be present in 

isolable quantities.

Application of TOrTE-based networking

One of the known compounds dereplicated in our network of 20 cyanobacterial 

metabolomes was the structurally intriguing lipopeptide malyngamide C. Using the full 

capabilities of TOrTE-based molecular networking, we were able to locate the malyngamide 

C producers in our culture collection, determine their yields in terms of both extract mass 

and dry weight (dw), and thus select our most prolific producer per unit dw for DNA 

extraction and sequencing. This process began with the quantitatively color coded, seeded 

network in Figure 2. As shown in the inset, a node with parent m/z = 456 exhibited a 

consensus between six of the extracts and the seed for malyngamide C. Furthermore, the 

mass spectra associated with this node displayed a monochlorinated signature, and the node 

was located within a more complex cluster featuring parent masses consistent with 

malyngamides C acetate, I, J, K, L, S and T, along with the precursor fatty acid ‘lyngbic 

acid.’9–11 Four of these surrounding nodes were also seed-matched, permitting us to 

confidently dereplicate malyngamide C. By simple inspection of the node pie chart for 

malyngamide C, we were able to discern our most prolific producer of the compound by 

extract mass: PAL15AUG08-01, a black Moorea sp.

At this point, relative quantitation and the pure compound seed were used together to 

determine absolute concentrations of malyngamide C. In Figures 3 and 4, each pure seed is 

mapped as a colored sector as well as an identically colored outer border. Because the 

amount of malyngamide C injected to obtain the seed data was known (3.3 μg), the ratio 
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(6.26:1.91) of the malyngamide C sectors between PAL15AUG08-01 and the seed sample 

were used to calculate the amount of malyngamide C in the crude extract injection (0.10 mg 

of malyngamide C per mg of extract = 10% (w/w); see METHODS). Multiplied by total 

extract mass over tissue dw, this was equivalent to 1.9 × 10−3mgmg−1 biomass = 0.19% (w/

dw). Repeating these calculations led us to another producing culture (PAB10FEB10-01, 

Okeania hirsuta20) that produced 2.4% malyngamide C (w/dw), about 10 times more than 

PAL15AUG08-01 (see Supplementary Information for calculations comparing strains 

PAL15AUG08-1 and PAB10FEB10-01 and Supplementary Figure S5 confirming that the 

seed was within the linear dynamic range). Thus, PAB10FEB10-01 was scaled up and its 

DNA extracted for genome sequencing using Ilumina methods. The malyngamide C gene 

cluster and biochemical characterization of the unusual off-loading/carbocyclization reaction 

will be reported in due course.

Discussion

The NP sciences continue to evolve in response to the growing number of described 

metabolites, perceptions of rediscovery of known compounds (dereplication), tremendous 

advances in knowledge of the biosynthesis of some major secondary metabolite classes, and 

exponential increases in the speed and economy of whole-genome or metagenome 

sequencing. These advances have increased the need for new methods of analysis of 

complex NP metabolomes, and MS has emerged as an ideal tool in this regard. A 

consequence, however, is an ever-increasing expansion of primary data, and thus a 

significant bottleneck has become data analysis. New methods are needed to improve 

automated data analysis and visualization, which can then permit perception, appreciation 

and utilization of these large data sets to direct further NP efforts in the most efficient ways 

possible. The molecular networking algorithm previously described5 is an analysis platform 

upon which new sub-routines may be added with relative ease, thus allowing further 

improvements as described herein.

As with any automated analysis platform, care must be taken to maintain consistency of 

results with the raw data. In the course of this investigation, we identified two main caveats 

in our methodology, and here suggest measures to mitigate them. Often, compounds with the 

same parent mass and very similar MS/MS fragmentation spectra resolve as multiple 

adjacent nodes. This is especially noticeable when a subset of such nodes is seed-matched, 

as in the cases of malyngamide C, dolastatin 10 and dolastatin 12 (see Figures 3 and 4). 

Such nodes may represent (a) mass spectrometry data itself (e.g., the differences of a low 

concentration vs high concentration of a molecule; although the main ions are the same, 

some ions will be missing in the spectrum of a molecule at low concentration) that result in a 

consensus score that bins the data separately or (b) co-eluting isomers with subtly different 

fragmentation spectra. The first possibility can be accentuated by the combination of data 

from different LC-MS experiments, thus underscoring the benefit of a standardized LC-MS 

method to the generation of any molecular network. When the network of cultured strains in 

Figure 2 was processed with pure compound seeds made using a Kinetex HPLC column (see 

METHODS), clusters of multiple nodes with apparent masses of malyngamide C and 

dolastatin 12 resolved, but only one was seed-matched within each of these clusters. Because 

the scans used to form each of the nodes' consensus spectra were consecutive, it was difficult 
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to tell whether the compounds lacking seed consensus were identical to the seed-matching 

ones. For diagnostic purposes, the network was reprocessed with five replicate malyngamide 

C samples made using the same column and gradient as the crudes but at a concentration and 

injection volume equivalent to that of the other pure compounds. Having been collected 

under the same protocol, the spectra produced by these runs consistently matched consensus 

spectra formed by malyngamide C from the crude extracts. Rather than two or more 

consensus spectra deviating as more spectra are averaged, a phenomenon that occurs as a 

consequence of the computational method, all nodes with m/z = 456 that previously shared 

an edge with malyngamide C converged to match the malyngamide C pure seed. The 

dolastatin 12 seed was not re-run and its inset in Figure 2 illustrates an unresolved instance 

of this issue. The second interpretation of apparently identical neighboring nodes is that they 

represent true isomeric compounds. This possibility demonstrates a point of caution unique 

to the TOrTE algorithm. If isomers co-elute within the time window specified for 

chromatogram integration, their ion intensities are combined, even if the isomers resolve as 

separate nodes. This issue is due to the XIC integration method used (see METHODS) and 

is best resolved by developing an HPLC method to separate the isomers in question. 

However, it should be noted that this theoretical shortcoming was not encountered in the 

present study.

Although it is generally appreciated that the metabolomes of marine cyanobacteria are rich 

in NPs, efforts to date have focused primarily on those that are present in large quantity or 

show biological activity in the relatively few assays used so far in screening campaigns. 

Thus, a full appreciation of marine cyanobacterial metabolomes is lacking, although recent 

expansion of the number and phylogenetic coverage of sequenced genomes has given some 

insight on this issue.21–23 In the current study, the metabolomes of 20 strains of cultured 

cyanobacteria were profiled by LC-MS/MS, and the resultant data combined into a 

molecular network along with the MS/MS data for 60 pure and structurally defined NPs and 

analogs. The facility with which such an amalgamation of data can be accomplished is a 

notable strength of molecular networking, and with addition of the TOrTE, multi-

metabolomic networks can now be quantified and intuitively visualized. Compounds and 

even compound families of related chemical structure from different cyanobacteria are 

connected to one another in a network, oftentimes giving insight into the nature of the 

chemotype.22 Pure compound seeds, whose dereplicative power is increased many-fold in a 

multi-metabolomic network, can enormously strengthen node annotation by possessing a 

correlating edge or forming a consensus node, as shown with the malyngamide, barbamide 

and dolastatin 10 seeds. All these features of TOrTE-based molecular networks contribute to 

a much more comprehensive concept of cyanobacterial metabolomics. They are likewise 

practical, with numerous applications in contemporary NP research.

The practicality of quantitative molecular networking was confirmed in this study by 

identification of malyngamide C producers within our marine cyanobacterial culture 

collection. The importance of this discovery follows from a theoretical analysis of the 

biosynthesis of the malyngamide compound class and recognition that the terminal step 

might involve a novel off-loading from a modular type I PKS enzyme manifold. As shown in 

Supplementary Figure S3, it is conceivable that the enolic form of an enzyme-tethered δ-

keto intermediate is involved in coincident carbocyclic ring formation and off-loading from 
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the enzyme. Although there is some precedence for carbon–carbon bond formation during 

PKS off-loading,24 to our knowledge this would represent the first occasion wherein a 

carbocyclic ring is directly formed. Because a defined protocol was employed in the analysis 

of the 20 cyanobacterial extracts and equal masses of extract were introduced for each 

species, the chromatogram areas for specific compounds (nodes) occurring in multiple 

extracts were comparable, and allowed relative quantitation. This knowledge was applied to 

our investigation of malyngamide C, revealing that the PAL15AUG08-01 strain contained 

approximately two times more of this compound by crude extract mass than 

PAB10FEB10-01. Moreover, a known quantity of pure malyngamide C was analyzed by 

LC-MS/MS to produce the pure seed. The ratio of the ion counts for this seed and 

malyngamide C appearing in the extracts provided a basis for absolute quantitation. We 

calculated 0.10mg of metabolite per mg of crude extract (10%, w/w) in PAL15AUG08-01, 

but only 0.19% (w/dw) as compared with 2.4% (w/dw) for PAB10FEB10-01.

In conclusion, LC-MS has become a preferred method for profiling crude NP extracts and 

derived fractions with its assets being: (a) minimal sample preparation, (b) speed, (c) 

robustness and (d) high information content. At the same time, it suffers from an excess of 

data that is laborious to analyze on a peak-by-peak basis. Hence, new automated routines are 

needed to provide initial interpretations by showing relationships between the data in a 

visually clear manner, especially when evaluating multi-metabolomic data sets for patterns. 

In the current survey of the extracts of 20 cultured cyanobacteria, we used a seeded 

molecular network to dereplicate a variety of NPs. Relatively simple additions to the 

molecular networking workflow made the dereplication process more visually intuitive, and 

yielded a wealth of additional metabolomic information. This information included relative 

quantities of malyngamide C in the extracts of different cyanobacterial cultures, and with the 

authentic seed compound present in defined quantity, allowed us to determine absolute 

quantities as well. Results obtained using TOrTE-based molecular networks not only offer a 

more complete picture of cyanobacterial metabolomics, but also enabled us to identify our 

highest-yielding malyngamide C producers, one of whose genomes we are now sequencing 

as part of a biosynthetic investigation.

In continuing this work, we aspire to produce a high content molecular universe of marine 

cyanobacterial metabolites by profiling hundreds of crude extracts and pure compounds in 

our library. Thus, we will release TOrTE as a tool for the NP research community in the near 

future. With its qualitative color-coding feature, metabolomes can be compared with 

improved understanding of an organisms' evolution and chemotaxonomy. Quantitative color-

coding visualization offers myriad applications, including chemical ecology studies, 

expression analyses, biosynthetic investigations and culture management tasks, such as 

optimization of growth conditions, selection of producer organisms and scaling of cultures to 

produce desired quantities of a metabolite. A cyanobacterial molecular universe, using a 

robust algorithm for consensus generation and integrated with databases such as 

AntiMarin,25 will allow dereplication of known compounds, identification of promising 

analogs, and discovery of novel molecules within days of obtaining samples from the field.
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Methods

Cyanobacteria were hand-collected in various tropical waters (see Table 1) at depths from 

0.3–15 m with the aid of snorkel or SCUBA. Chemistry samples were preserved in 1:1 

seawater/EtOH and frozen at −20 °C. Live samples were brought back to the laboratory in 

vented tissue culture flasks with 0.2 μm-filtered seawater and subsequently cultured in 

SWBG-11 media with 35gl−1 Instant Ocean (United Pet Group, Cincinnati, OH, USA). The 

cultures were kept at 28 °C in a 16 h light/8 h dark cycle with a light intensity of ∼7 μmol 

photons−1 m−2 provided by 40W cool white fluorescent lights. To produce crude extracts, 

cyanobacterial tissue samples were extracted up to five times in 2:1 CH2Cl2/MeOH, then 

dried in vacuo, resuspended at 10 mg ml−1 in pure CH2Cl2 and run through a 0.2-μm glass 

fiber syringe filter to eliminate particulates.

The filtrates were dried again, resuspended at 10 mg ml−1 in MeOH, and 0.020 ml of each 

were injected (no-waste mode) into a reverse-phase HPLC system using a Phenomenex 

Prodigy C18 column (3 μm × 100 mm × 4.60 mm) with a gradient of 30–100% acetonitrile 

(ACN) in water with 0.1% formic acid over 20 min, followed by a 10-min isocratic period at 

100% ACN. Total solvent flow was held at 0.50 ml min−1. Pure marine NP and NP analog 

samples, referred to as ‘seeds,’ were prepared similarly using >85% pure samples (by NMR 

analysis) from the in-house pure compound library diluted to 0.33 mg ml−1 in MeOH. An 

aliquot of 0.010 ml of each was injected into a Phenomenex Kinetex C18 column (5 μm × 

100 mm × 4.60 mm) and subjected to a gradient of 30–99% ACN in 0.1% formic acid over 

17 min, followed by an 3-min isocratic period at 99% ACN. Total solvent flow was held at 

0.70 ml min−1. All solvents were purchased as LC-MS grade.

The HPLC eluate was electrospray ionized (35 eV) and analyzed for positive ions using a 

Thermo-Finnigan LCQ Advantage ion trap mass spectrometer (Thermo-Finnigan, San Jose, 

CA, USA). MS/MS spectra were obtained in a data-dependent manner using collision 

induced dissociation (CID) at 35 eV.26 LC-MS data files were converted from Thermo RAW 

to mzXML format using msconvert from the ProteoWizard suite (v3.0.4743).27 Seed files 

were processed using an msconvert data filter that retained only MS/MS scans with 

precursor masses within 1 Da of the m/z ratio of the seed metabolite's most common ion (see 

Supplementary Table S6). All mzXML files were used to generate a molecular network with 

the Spectral Networks script suite.5 A minimum cosine similarity score of 0.95 and a parent 

mass tolerance of ±0.3 Da was specified for consensus spectrum generation, and nodes were 

networked with minimum cosine similarity score of 0.6, 6 matching peaks minimum and 10 

connections per node maximum.

Once the basic molecular network had been generated, the new TOrTE utility was applied to 

the data set (Figure 4). TOrTE uses a list of consensus spectra generated with the network to 

ascertain the source mzXML files for each of the spectra contributing to each consensus 

spectrum. If operating in quantitative mode, the program opens each of these mzXML files 

and searches within it for the most intense precursor peak to a consensus-forming spectrum. 

The program then uses ProteoWizard to generate an XIC spanning a time window about the 

most intense precursor scan with width manually specified according to the typical elution 

profile. In this investigation, 48 s was used. The m/z range of the XIC is also a specified 
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value about the node's parent mass. ± 1 Da was used here. Quantitation is achieved by 

calculating area under the XIC trace. This is done automatically for each file contributing to 

every node and the area values are stored in a large annotation table with one row for each 

node and a column for each MS/MS data file. When TOrTE runs in qualitative mode, each 

cell of the annotation table holds a Boolean value: 1 if a compound is present in a data file or 

0 if it is not.

The network was loaded into Cytoscape 2.8.3 and both qualitative and quantitative TOrTE 

annotation tables were added as sets of node attributes. The nodeCharts plugin for 

Cytoscape28,29 was used to visualize TOrTE output data with pie charts. See Figures 3 and 4 

for the resultant images.

After the pie charts were used to identify PAL15AUG08-01 and PAB10-FEB10-01 as 

principal malyngamide C producers, the absolute concentrations of malyngamide C in the 

extract and tissue of these strains were calculated as follows:

Variable definitions:

[s]i ≡ seed, concentration injected (mg ml−1)

[c]i ≡ crude extract, concentration injected (mg ml−1)

Vs ≡ seed, volume injected (ml)

Vc ≡ crude extract, volume injected (ml)

si ≡ seed, mass injected (mg)

ci ≡ crude extract, mass injected (mg)

Am ≡ metabolite, area under LC-MS peak from crude extract (ion-min)

As ≡ seed, area under LC-MS peak from pure sample (ion-min)

mi ≡ metabolite, mass injected (mg)

[m]c ≡ metabolite, concentration in crude extract (mgmg−1)

ctot ≡ crude extract, total mass obtained (mg)

mtot ≡ metabolite, total mass obtained (mg)

dw ≡ extracted cyanobacterial tissue, dw mass (mg)

[m]dw≡metabolite, concentration in non-water biomass (mgmg−1)

To obtain masses of injected material for seed and crude samples:
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To obtain concentration of metabolite in crude extract [mg metabolite per mg crude]:

To normalize the above value in terms of dry tissue mass [mg metabolite per mg dw]:

Crude extract mass was added to dw of the extracted tissue in order to represent total non-

water biomass of the cyanobacterial tissue sample.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Simple molecular network from a cultured black Moorea sp. (collection PAL15AUG08-1). 

Nodes are labeled with parent m/z ratio and edge thickness is mapped to cosine similarity 

score.
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Figure 2. 
Network of 20 cultured strains seeded with 60 pure natural products (NPs) and NP analogs. 

Nodes are quantitatively color coded using the process illustrated in Figure 4. Nodes that 

formed consensus with pure compound seeds are circled with the color corresponding to that 

seed in the color key, and also contain a seed sector in the interior portion of the node to 

facilitate visual estimates of compound concentration in various extracts. Structures are 

shown for molecules in selected clusters, with probable stereochemistry depicted for seed-

matching compounds. Dov, Dolavaline; Dil, Dolaisoleucine; Dap, Dolaproine; Doe, 

Dolaphenine.
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Figure 3. 
A section of the seeded molecular network in Figure 2 containing malyngamides and 

malyngamide-like compounds, shown with qualitative (a) and quantitative color coding (b) 

as implemented with the Tandem-MS Origin Tracing Engine. Different color-coding modes 

do not alter network topology. Qualitative color coding is less computationally intensive 

than its quantitative counterpart, and creates pie charts with equal-sized sectors. This 

visualization can be useful because it identifies all of the extracts (and thus producer strains) 

yielding a given MS signal irrespective of signal amplitude.
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Figure 4. 
Flowchart illustrating quantitation algorithm used by the Tandem-MS Origin Tracing Engine 

(TOrTE). The TOrTE uses the cluster information file generated by the Spectral Networks 

scripts to identify the MS/MS data files giving rise to each node. When running in 

qualitative mode, these data are entered directly into a large Boolean matrix, which 

Cytoscape uses to generate pie charts. When running in quantitative mode, the TOrTE loads 

the MS/MS data files referenced in the cluster information file, extracts the chromatogram 

peaks giving rise to each node with ProteoWizard, and then calculates the areas for each 

peak. These area values are entered into a matrix and mapped to pie chart sectors (and in the 

case of pure seeds, to colored borders) in Cytoscape.
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Table 1
Source organisms for crude extracts processed in the quantitative network shown in 
Figure 2

SIO collection codea Taxonomic/field ID Collection site

3L Moorea producens (GU727199)b Curaçao

ISB03NOV94-08 Phormidium (KC207938)b Indonesia

KWN18NOV95-01 Moorea sp. Key West, FL

NAK05MAY96-01 Schizothrix sp. Curaçao

NBT05MAY96-02 ‘Green mossy filamentous’ cyanobacterium Curaçao

NBP10MAY96-01 Moorea producens (NYS)b Curaçao

JPR21AUG96-02 Moorea producens Jamaica

PNFP08SEP98-05 ‘Dark green tuft’ cyanobacterium Papua New Guinea

PNG22APR06-01 Moorea producens (FJ356669-70)b Papua New Guinea

PAL15AUG08-01 black Moorea sp. (NYS)b Palmyra Atoll

PAL17AUG08-11 Moorea, Hormothamnion, Red Macroalga mixture Palmyra Atoll

PAL17AUG08-13 Chrysophyte/cryptophyte Palmyra Atoll

PAL18AUG08-03 Green/brown Schizothrix sp. Palmyra Atoll

NAC20DEC08-01 Moorea sp. Curaçao

PAL02AUG09-01 Brown, thin Moorea sp. Palmyra Atoll

PAL02AUG09-04 Brown Schizothrix sp. Palmyra Atoll

PAL05AUG09-01 Symploca sp. and Moorea sp. Palmyra Atoll

PAB10FEB10-01 Okeania hirsuta (NYS)b Panama

PAP09SEP10-02 Symploca sp. Panama

PAB18MAY11-09 ‘Pink mat’ cyanobacterium Panama

Abbreviations: NYS, not yet submitted; SIO, Scripps Institution of Oceanography.

a
See Supplementary Information for guide to collection codes.

b
Confirmed by 16S phylogeny (GenBank accession code in parenthesis). Other IDs are morphological.
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