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Abstract: Cyanobacteria are an ancient lineage of slow-growing photosynthetic bacteria and a prolific 15 

source of natural products with diverse chemical structures and potent biological activities and 16 

toxicities. The chemical identification of these compounds remains a major bottleneck. Strategies that 17 

can prioritize the most prolific strains and novel compounds are of great interest. Here, we combine 18 

chemical analysis and genomics to investigate the chemodiversity of secondary metabolites based on 19 

their pattern of distribution within some cyanobacteria. Planktothrix being a cyanobacterial genus 20 

known to form blooms worldwide and to produce a broad spectrum of toxins and other bioactive 21 

compounds, we applied this combined approach on four closely related strains of Planktothrix. 22 

The chemical diversity of the metabolites produced by the four strains was evaluated using an 23 

untargeted metabolomics strategy with high-resolution LC-MS. Metabolite profiles were correlated 24 

with the potential of metabolite production identified by genomics for the different strains. Although, 25 

the Planktothrix strains present a global similarity in term biosynthetic cluster gene for microcystin, 26 

aeruginosin and prenylagaramide for example, we found remarkable strain-specific chemo-diversity. Only 27 

few of the chemical features were common to the four studied strains. Additionally, the MS/MS data 28 

were analyzed using Global Natural Products Social Molecular Networking (GNPS) to identify 29 

molecular families of the same biosynthetic origin. In conclusion, we present an efficient integrative 30 

strategy for elucidating the chemical diversity of a given genus and link the data obtained from 31 

analytical chemistry to biosynthetic genes of cyanobacteria. 32 
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1. Introduction 35 

Cyanobacteria are an ancient lineage of bacteria that colonize a broad range of habitats, from soil to 36 

oceans, and play important roles in the global nitrogen and carbon cycles 1. They are also well known 37 

for the production of toxins, and to form toxic blooms in fresh water bodies around the world, posing a 38 

threat to human health 2-4. However, it has become clear that both marine, terrestrial and freshwater 39 

cyanobacteria can produce a large set of natural products in addition to toxic compounds, many of 40 

which exhibit remarkable biological activities potentially involved in various ecological or physiological 41 

processes 5-6.  42 

The known chemical diversity of cyanobacterial natural products includes over 1,100 secondary 43 

metabolites 7. Isolated by means of traditional bioactivity-guided screening techniques 8, these 44 

compounds present also promising therapeutic potential, with anticancer, multidrug-reversing, 45 

antifungal, antibacterial, anti-inflammatory, antiviral, and potent enzyme-inhibiting bioactivities 9-10. 46 

These molecules can be respectively assigned to a diverse panel of structural classes, including peptides, 47 

polyketides, alkaloids, lipids, and terpenes 10-11. These complex metabolites are commonly 48 

synthesized through on enzymatic assembly lines of non-ribosomal and ribosomal biosynthetic 49 

pathways namely the non-ribosomal peptide synthetase (NRPS) and the polyketide synthase (PKS) 50 

enzyme systems 12, or the ribosomally synthesized peptides and post-translationally modified 51 

pathways (RiPP) 13. 52 

 53 

Genome-mining studies based upon the recent increase of genome sequences available in public 54 

databases have demonstrated unexpected diversity and greatly expanded the known distribution of 55 

these biosynthetic gene clusters across cyanobacteria 14. Indeed, genome mining demonstrates that 56 

these biosynthetic gene clusters typically encode a large range of auxiliary enzymes that tailor the 57 

structure of the secondary metabolites and greatly increase the chemical diversity of the products 15-58 

16. Hence, the huge variety in genetic organization and various associated tailoring enzymes signify 59 

that the currently established chemical diversity remains an underestimation of the achievable potential 60 

of PKS and NRPS pathways. 61 

 62 

Improvements of predictive bioinformatic tools combining established knowledge of secondary 63 

metabolism and hidden Markov model-based algorithms such as ClustScan 17, ClusterFinder 18  or 64 

AntiSMASH 19  have resulted in a more facile identification of core and tailoring enzymes of these 65 

pathways, as well as other secondary metabolite gene clusters. These approaches give us also the 66 

opportunity to detected gene clusters corresponding to orphan of known product. It now opens new 67 

windows for the description of biosynthetic pathways and their respective natural products. 68 

 69 

A great perspective for compound identification is expected by combining genome mining with high 70 

throughput global analytical methods. Metabolomics, that aim at providing a holistic investigation of 71 

the chemical diversity, bring new highlights on natural products research. The main bottleneck of this 72 

approach remains in the unambiguous identification of the detected compounds. Based on approaches 73 

combining high-resolution mass spectrometry (HRMS) coupled to ultra-high-performance liquid 74 

chromatography (UHPLC), up-to-date metabolite profiling platforms can rapidly generate accurate 75 

structural information for hundreds of metabolites in crude natural extracts. In addition, the 76 

development of the Global Natural Products Social molecular networking approach (such as GNPS) 77 

brought opportunities to integrate MS/MS data providing a very powerful tool for molecular annotation 78 

20. This process compares individual MS/MS fragmentation patterns of each analyte, then constitutes 79 
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molecular families of structural similarity features, potentially sharing the same biosynthetic origin. 80 

This enables the comparison of a high number of samples at once aiding dereplication and tentative 81 

structural characterization, and constitutes a promising tool especially when integrated with genome 82 

information 21-22. 83 

 84 

Here, we investigated the metabolite diversity of four monoclonal strains of Planktothrix, a prominent 85 

freshwater bloom-forming cyanobacteria in lakes and reservoirs producing a large set of various 86 

bioactive metabolites e.g. 23. To be the most exhaustive as possible, we develop an integrated global 87 

metabolomic and genomic approach, taking advances of genes and chemical feature analyses with 88 

publicly available databases and prediction tools.  89 

 90 

2. Results and discussion 91 

2.1 Biosynthetic gene cluster approach based on genome analysis 92 

The four strains of Planktothrix were selected on their green (PCC 10110, PCC 7805 and NIVA CYA 93 

126/8) versus red (PPC 7821) morphotypes and their characteristics to produce (PCC 10110, PCC 7821 94 

and NIVA CYA 126/8) or not (PCC 7805) microcystins (Table S1). The global genome of PCC 10110 95 

compared to the ones of PCC 7805, PPC 7821, and NIVA CYA 126/8 24-25 shared a synteny value 96 

above 80%, testifying of the global genome conservation between those strains. The clustering of the 97 

four strains revealed a close relationship between the two strains PCC 7805 and NIVA 126/8, while the 98 

PCC 7821 and the more recently isolated strain from France PCC 10110 were more distantly related. No 99 

valuable distinction between the red/green (i.e. P. rubescens/agardhii) morphotypes was observed (Figure 100 

S1), but the clustering confirms the separation of the planktonic Planktothrix from the benthic 101 

Planktothrix species as previously observed 25. Overall, the genomic comparison between these four 102 

strains highlights their global gene content similarities (Figure S2). 103 

The four Planktothrix genomes contain distinct backgrounds in term of biosynthetic gene clusters (Figure 104 

1). These clusters represent 1-2% of the whole genome size. In total, three genes clusters coding for three 105 

RiPPs and eight genes cluster coding for NRPS and/or PKS were found in these four genomes (Figure 106 

1). Seven of these encode the synthesis of already described metabolite families, including 107 

prenyalagaramides (pag), microviridins (mdn), anabaenopeptins (apt), cyanopeptolins (oci/mcn), 108 

aeruginosins (aer), microcystins (mcy) and microginins (mic). The shared gene clusters of these known 109 

compounds were highly conserved (between 92.0 and 99.4% of amino-acid sequences identity – Figure 110 

1). In all four strains, the apt, mic, and oci genes appeared to be co-localised in a ~70 kb genomic island, 111 

as it had been previously showed in Planktothrix rubescens NIVA CYA 98 25,26. In addition to the seven 112 

gene clusters corresponding to already described metabolite families (i.e. pag, mdn, apt, oci, aer, mcy and 113 

mic), four other gene clusters encode enzymes for so-far unidentified products (arbitrarily called R1, 114 

PNL1, PNL2 and PNL3). Their respective sequences, although presenting the signature of RiPP, NRPS 115 

and/or PKS genes identified by AntiSMASH 27, do not exhibit significant similarity in the database.  116 

 117 

 118 
Figure 1. Distribution and diversity of the gene clusters involved in the biosynthesis of natural products 119 

of the studied Planktothrix. The gene clusters involved in the biosynthesis of natural products of the 120 

studied Planktothrix comprise ribosomally synthesized and post-translationally modified peptides 121 

Synthetic pathways RiPP NRPS and/or	PKS
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Prenylagaramide
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Unknown
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Microcystin
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Microginin
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PCC	7805 92.1 _ 92.0 Partial 96.6 97.0h _ _ Refm _ _

NIVA	CYA	126/8 91.7 Ref 94.7 92.2 97.1 96.3 99.4 _ _ _ Ref
PCC	10110 98.3 _ 96.4 98.2 98.7 98.3 99.0 _ _ _ _
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(RiPPs), non-ribosomal peptide synthetase (NRPS)/polyketide synthase (PKS). Similar genomic islands 122 

containing biosynthetic gene clusters of apt, oci and mdn were found in both strains. Genetic distances 123 

are calculated according to reference with PCC 7821 strain and are expressed as percentage of amino 124 

acid identity. h: halogenase-containing cluster; s: shorter mcyA sequence; m: sequence presents on 125 

megaplasmid; *: cluster from the same genetic island. 126 

 127 

Overall, this suggests that various secondary metabolites could be commonly produced by the four 128 

strains (as six out of the 11 gene clusters were found in more than one strain) but also that some 129 

secondary metabolites will be strain specific (since the five remaining clusters were found in only one 130 

strain). Note that the partially apt sequences of the PCC 7805 strain is very likely not functional. 131 

Interestingly, the aer cluster of the PCC 7805 strain contains a sequence encoding for a halogenase, 132 

suggesting the production of halogenated aeruginosin variants by this strain. 133 

 134 

The genus Planktothrix had been already known for the production of bioactive peptides, including the 135 

protein phosphatase inhibiting microcystins, the protease inhibiting cyanopeptolins, aeruginosins, and 136 

microviridins, among others 19,28. A better understanding of the production of these cyanobacterial 137 

secondary metabolites has been progressively supported by the elucidation of the synthesis pathways 138 

for all the main peptide families: microcystins 29, aeruginosins 30, anabaenopeptins 31, 139 

cyanopeptolins 15, microviridins 32, and prenylagaramides 16. Individual cyanobacterial clones 140 

generally produce a limited number of peptides families. The capacity of production of these peptides 141 

families depend of the presence/absence of the corresponding gene clusters 7,28  142 

In the last decade, studies have been focused on single peptide families e.g. 30 and since more recently 143 

global approaches have been undertaken in order to characterize in an exhaustive way the secondary 144 

metabolites production potential for a given cyanobacteria strain. Indeed, in last years, various 145 

cyanobacterial genome projects have been initiated in order to detect the occurrence of metabolite 146 

biosynthetic pathways. Such recent genomic analyses based on the identification of biosynthetic gene 147 

clusters using predictive software are now revealing the extent of the genetic diversity for natural 148 

product biosynthesis potential from cyanobacterial genomes, such as Planktothrix.  149 

 150 

2.2 Insights of the molecular networking for the characterization the chemical diversity of the Planktothrix 151 

secondary metabolite variants 152 

In order to identify Planktothrix secondary metabolites, we performed a molecular network based on 153 

the global fragmentation pattern profile generated by high resolution tandem mass spectrometry after 154 

UHPLC separation of metabolites in the four strains (Figure S3). Molecular networking utilizes MS/MS 155 

data to sort parent ions based on their structural similarity according to their respective fragmentation 156 

profiles. Indeed, the secondary ion mass fragmentation data relates directly to molecular structure 157 

because chemical bonds break on the basis of bond strength, that rely on respective residue structures. 158 

The spectral networking of the GNPS algorithm uses the normalize intensity of all fragment ions as 159 

independent axes in order to construct multidimensional vectors specific of each spectrum, and to 160 

finally compare their similarities using a cosine function and to visualize these relation-ships between 161 

different parent ion masses on a plot diagram representation 33-34. 162 

 163 

The resulting network of the four Planktothrix metabolomes were obtained from 2,360 analytes and 30 164 

reference compounds and contains 49 clusters of three or more analytes, regrouping 405 analytes and 165 

69 clusters of two analytes (Figure 2), whereas 429 analytes remain as singles. The molecular clusters 166 
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were further annotated using the reference compounds and matches with components from libraries 167 

publically available on GNPS platform, such as MassBank, GNPS/NIST14 or EMBL. The nodes grouped 168 

in the same molecular clusters (clouds of nodes, linked together according to cosine score >0.6) exhibit 169 

similar fragmentation patterns and are specific of the structure of single chemical families. We were 170 

thus able to annotate larger clusters according to the fragmentation pattern similarity of their analytes. 171 

Some clusters are constituted by ions of primary metabolites such as two clusters of carbohydrates and 172 

several single clusters representing for cyclic alkaloids, small alkaloids, phospholipids, and di- and/or 173 

tri-peptides. Several clusters were containing secondary metabolites such as seven clusters for 174 

cyanopeptolins, three clusters for microcystins, two clusters representing anabaenopeptins, 175 

aeruginosins, prenylagaramides and microginins, one for microviridins (Figure 2). The occurrences of 176 

these metabolites in the four Planktothrix strains is almost perfectly matching with the prediction of 177 

presence/absence of their respective gene clusters from genomes (Figure 1). This results shows that the 178 

large majority of secondary metabolites predicted based on the presence of gene clusters were detected 179 

by LC-MS/MS analysis (Figure 3).  180 

 181 
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 182 
Figure 2. Molecular network generated from MS/MS spectra of the four Planktothrix strains using GNPS tool (all data and results are freely available on the 183 
GNPS server at the address http://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=98e54f0fa2a84efeb82efa0d24e4d974). The GNPS algorithm compares all MS/MS 184 
spectra by aligning them one by one, grouping identical molecules (presenting identical mass and fragmentation pattern) and assigning cosine score ranking 185 
from 0 to 1 to each alignment, allowing network reconstruction of the link between each molecule according to the cosine score links between all molecules 186 
(cosine score significance threshold set to 0.6). Analytes whom individual masses match with known secondary metabolites from cyanobacteria are indicated 187 

with specific shapes. Correspondences with standard molecules from cyanobacterial similarly analysed or with components from the fragmentation pattern 188 
library available from the GNPS server are indicated by heavy red and black lines, respectively. Only molecular clusters of at least 2 nodes are represented. 189 
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 190 

 191 
Figure 3. Distribution and diversity of metabolite produced by the four Planktothrix strains according 192 

to metabolomic dataset investigated with GNPS (Figure 2). Green “v” and red cross indicate when the 193 

gene cluster or the metabolite are present, or not, respectively. “?” shows when metabolites were 194 

identified with no strong certainty, (because of the lack of standard and no detection of related gene 195 

cluster in the genome) and “N.D.” when no metabolite could have been detected, although its specific 196 

gene is observed in the respective genome.  197 

 198 

With contrast, prenylagaramides and microviridins (both being cyclic peptides produced by RiPP 199 

pathways) were detected in PCC 7805, PCC 7821 and PCC 10110, and in NIVA CYA 126/8 strains 200 

respectively (Figure 3), when the genome analysis predicted a potential synthesis of both families for 201 

all the four studied strains (Figure 1). We assume that the identification of such cyclic peptides derived 202 

from RiPP gene cluster machineries using MS/MS-based molecular network presents here the main 203 

limitation of such global investigation of the Planktothrix metabolite diversity. Indeed, this approach is 204 

established on molecular structural similarity of components, and for RiPP cyclic peptides especially, a 205 

single mutation in their pro-peptide sequence (e.g. INDELs) is susceptible to induce a complete 206 

structural modification of the synthetized peptide, making it not suitable for the identification of new 207 

variant by the GNPS clustering. 208 

 209 

However, mass spectrometry based-molecular networking represents a clearly valuable tool for the 210 

description of the whole molecular diversity of the cyanobacterial metabolites produced by different 211 

strains 35-37. It takes full advances of the capabilities of modern mass spectrometer based analytical 212 

solutions including the high sensitivity, the high resolution of the molecular mass, the accuracy of the 213 

isotopic pattern, the chromatographic retention time, and the fragmentation pattern, together with the 214 

use of reference compound libraries for automatic structural identity or analogy search 20,38-39. 215 

Although, no ionization technique is universal, the electrospray ionization (ESI) on the positive mode 216 

appears to effectively ionize a wide range of structural classes providing good coverage of the global 217 

cyanobacterial metabolome 40.  218 

 219 

Cyanobacteria, such as Planktothrix, typically produce multiple variants of the same metabolite family 220 

19,40,41. Much of the metabolite chemical variations can be attributed to a lack of specificity of the 221 

NRPS biosynthetic machinery. The production of different variants may indeed be attributed to gene 222 

mutations (as for example the gain and loss of genes coding for tailoring enzymes or a modification of 223 

the active site inducing a modification of the enzyme substrate affinity) or to change in the availability 224 

of the substrates within the cell e.g. 42. It has been proposed that the synthesis of multiple variants of 225 

a metabolite family could allow a larger bioactivity panel and confer some plasticity and adaptive 226 

advantages for the producing organism 43. For example, within monospecific blooms of Planktothrix, 227 

environmental factors drive the dynamics of microcystin and non-microcystin producing strains 44-228 

45. However, the evolutive and adaptive outcomes of this structural and functional diversification 229 

remains poorly investigated 28,46. 230 

Fig.	3

Synthetic	pathways RiPP NRPS	and/or	PKS Others ?
Planktothrix strains	/	Molecular	family Prenylagaramide microviridin Anabaenopeptin Cyanopeptolin Aeruginosin Microcystin microginin Phospholipid small	alkaloid Carbohydrate Unknown	 Unknown	 Unknown	 Unknown

PCC	7805 N.D. ❌
h

❌ ❌ ❌ ❌ ❌

PCC	7821 N.D. ❌ ❌ ❌

PCC	10110 N.D. ❌ ❌ ❌ ❌

NIVA	CYA	126-8 N.D. ❌ N.D. ❌ ❌ ❌
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Overall, our results demonstrate the efficiency of the GNPS based analysis of the global chemical 231 

diversity of Planktothrix metabolites. In the following sections, we choose to mainly focus our attention 232 

on the case of the variant diversity observed within microcystin, anabaenopeptin, and aeruginosin 233 

clusters. 234 

 235 

2.2.1 Microcystins 236 

Some of the cyanobacterial metabolites, such as microcystins, are subject to intensive monitoring due to 237 

their role in animal toxicoses 3. Microcystins are cyclic hepta-peptides that have been firstly described 238 

from Microcystis and Planktothrix (Review in 19,44,47). They are characterized by the presence of a non-239 

proteinaceous amino acid in position 5 (Adda), 2 amino acid derived from Asp and Glu in position 3 240 

and 6, respectively, and 2 very variable positions (2 and 4), that serve as reference to the name of the 241 

variant. Above 240 different variants have been described so far 48, 215 being references in the 242 

microcystin database Toxinmasslist_com_v15b (Miles 2018). Two main microcystin molecular clusters 243 

were highlighted in the GNPS network. Their identification as microcystin variants was confirmed by 244 

their direct identification of two of them according to microcystin standards (Asp3-Mcyst-LR and 245 

Mcyst-YR) (Figure 4). In these two microcystin clusters, other various ions presented a match between 246 

their respective mass and those of microcystin variants previously described 49, while the others, not 247 

presenting any match with known microcystin variants correspond to potential new microcystin 248 

variants (e.g. the m/z 1040.58 node). For these potentially new microcystin variants, the observation of 249 

their MS/MS spectra shows that they present similar fragmentation patterns with other known 250 

microcystins (Figure 4). Globally, the three microcystin-producing strains studied here (Planktothrix 251 

PCC 10110, PCC 7821 and NIVA CYA 126/8) exhibit only few common variants (in grey), comprising 252 

principally MC-YR, Asp3-Mcyst-YR, Asp3-Mcyst-LR, among others. 253 

 254 

 255 
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Figure 4. Two main microcystin clusters highlighted by the GNPS analysis based on the MS/MS CID 256 

fragmentation spectra obtained from the four Planktothrix strains. Analytes whom individual masses 257 

match with known microcystins are indicated by hexagons. Correspondences with standard 258 

microcystins similarly analysed or with components whom fragmentation pattern are available in 259 

library of the GNPS server are indicated by heavy red and black lines, respectively. The colour code is 260 

similar as those shown on figure 2 caption. Example of MS/MS spectra and chemical structures are 261 

shown for Asp3Mcyst-LR, Mcyst-YR and a potential new MC variant exhibiting a m/z of 1040.58 Da. 262 

Note that (M+H)+ and (M+2H)2+ ions are grouped in two distinct molecular clusters. 263 

 264 

2.2.2 Anabaenopeptins 265 

Anabaenopeptins constitutes a very diverse family of cyclic hexa-peptides that have been described 266 

from Microcystis, Planktothrix, Anabaena, Aphanizomenon and Nostoc (see review in 50, and above 75 267 

different variants have been described so far 40. Except for the D-Lys (position 2) that is linked to the 268 

carboxylic group of the amino acid placed in position 6, all other positions are variable allowing a large 269 

structural diversity of the family which molecules exhibit masses between 750 and 950 Da 51. Two 270 

main anabaenopeptin clusters (M+H+ and M+2H2+ clusters) were highlighted in the GNPS network 271 

according to the formal identification of six standard molecules (anabaenopeptin A, B, F, G, NZ857 and 272 

ferentoic acid A) analyses in parallel of the four Planktothrix extracts with the same protocol (Figure 5). 273 

Other components of these molecular clusters correspond to ions presenting a match with the mass of 274 

other anabaenopeptin variants previously described 40, or for above 1/3 of them to compounds that 275 

very likely correspond to potentially new anabaenopeptin variants. 276 

 277 

 278 
Figure 5. Two anabaenopeptin clusters highlighted by the GNPS analysis based on the MS/MS CID 279 

fragmentation spectra obtained from the four Planktothrix strains. Analytes whom individual masses 280 

match with known anabaenopeptins are indicated by squares with rounded corners. Correspondences 281 

with standard anbaenopeptins similarly analysed or with components whom fragmentation pattern are 282 

available in library of the GNPS server are indicated by heavy red and black lines, respectively. The 283 

colour code is similar as those shown on figure 2 caption. Example of MS/MS spectra and chemical 284 

structures are shown for anabaenopetin F, anabaenopetin A and a potential new anabaenopeptin 285 

variant exhibiting a m/z of 832.539 Da. Note that (M+H)+ and (M+2H)2+ ions are grouped in two distinct 286 

clusters. 287 
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 288 

2.2.3 Aeruginosins and halogenation 289 

Aeruginosins constitute a linear tetra-peptide family that represent above 94 different variants that have 290 

been described so far 40. Their MS/MS fragmentation patterns are often characterized by the presence 291 

of a Choi fragment (immonium with 140.109 m/z) and other recurrent fragments from Hpla or Pla 292 

residues 19. Their composition is rather variable and the component of this family exhibit masses 293 

comprised between 430 and 900 Da 51. The molecular network obtained from the four Planktothrix 294 

strains exhibits two aeruginosin clusters (Figure 6) that were highlighted by the presence of seven 295 

standard molecules. Other components of these molecular clusters correspond to ions presenting a mass 296 

match with other variants of aeruginosin previously described 40, or for 58% of all this compounds to 297 

potential new aeruginosin variants. Interestingly, we notice that several aeruginosin variants of the PCC 298 

7805 (shown in dark green in Figure 6A) present characteristic isotopic pattern of mono- or di-299 

chlorination, as recently illustrated for this strain by Briand and co-workers 52. These observations are 300 

in perfect agreement with genomic analysis that detects a non-heme iron O2-dependent halogenase, 301 

potentially involved in the halogenation of biosynthetic products in the aer cluster of Planktothrix PCC 302 

7805 strain (Figure 1). 303 

 304 

 305 
Figure 6. Two aeruginosin clusters highlighted by the GNPS analysis based on the MS/MS CID 306 

fragmentation spectra obtained from the four Planktothrix strains. Analytes whom individual masses 307 

match with known aeruginosins are indicated as squares with sharped corners (A-B). Correspondences 308 

with standard anbaenopeptins similarly analysed or with components whom fragmentation pattern are 309 

available in library of the GNPS server are indicated by heavy red and black lines, respectively. The 310 

colour code is similar as those shown on figure 2. Selection of isotopic pattern of various aeruginosins 311 

observed in the strains PCC 7805 (C), PCC 7821 (D), and PCC 10110 (E), respectively. Note that these 312 

isotopic patterns indicate the presence of mono- or di- chlorinations, but exclusively for aeruginosins 313 

observed in the PCC 7805 strain. 314 

1040.34

1042.56

1024.56

1024.56

1040.58

967.5231049.53

1010.55

1040.55

916.48

923.535

822.513

709.428

902.465

911.315

457.169

1046.52

1032.5

1050.56
1084.48

457.169

875.501
875.505

892.528

897.484

632.354

643.3

803.477

895.505
832.391

803.477

837.461

823.471

837.463

821.467

817.493

846.383

990.493

1362.75

990.493

1010.44

1362.75

1362.75

844.425

867.441

851.477

817.495

858.441

809.455

845.271

793.461

1031.52

1045.53

1015.52

981.539

1017.5

1054.53

1054.53

1031.52

895.503

930.496

709.429

902.464

916.483

930.495

923.535

909.519

3407.44
3520.53

1060.58

1029.53

1029.53

1035.86

1060.58

1042.57

3191.37

513.156

736.256

378.133

246.091

491.173

489.159

487.216

473.2

506.21

459.184

492.194

501.231

457.168

481.166

475.179

459.184

520.157

1021.61

953.545

1021.61

953.547

1043.59

1077.53

1117.55

1638.78

1089.52

1524.74

1898.93

1077.53

1785.85

1074.52

821.314

869.291

851.326

949.248

949.248

873.289

821.315

883.307

855.276

903.252

869.291

835.331

1183.39

1463.62

862.424

840.447

1479.61

840.442

1479.61

856.438

1463.62

1183.39

1155.4

1516.71

1140.39

1802.91

1805.92

1516.94

1013.51

1142.39

1137.57

1802.91

629.33

565.359

599.32

649.276

615.314

595.358
438.237

712.43

742.44

756.45

728.42758.43

742.44

579.37

728.43

580.32

581.35

649.276

633.282

404.275

2072.971066.46 708.405 876.385876.4731135.421779.76 1084.431076.46 878.391 1270.57

569.1681034.45 4150.25 1122.421024.56
819.451

1282.53
928.417

1359.6
480.213

1165.46

890.375 1141.47
1380.76

1020.5552.217
1338.6

1281.581020.5890.375 1141.47
482.228

1103.43819.451
583.183

1122.42 1380.76931.423 437.973

590.077291.952

893.355 590.078

896.363 1076.46

1080.48
1359.64150.351024.561034.451169.47

1066.46 2072.97 1088.441073.42 878.3911135.41 862.369680.397875.4091779.76 1270.57

1985.91
911.355 1436.77958.4331037.25

1229.621436.77
2001.9 914.361 1029.471037.25

328.898

473.827

344.875

638.884

474.829

524.904

458.851

410.923

639.885

442.878
426.901

5420.14

5807.58

3753.06

2324.18

3752.87

5421.15

462.862

566.888

378.9

582.862

424.895

582.864

446.888

430.914

514.875

540.88

734.812

462.862

498.901

639.884

547.186

3422.94

3434.94

543.802

3450.94

3434.94

445.826

444.138

3450.93

3406.94

3456.92

1152.54

1017.45

1045.62

1031.52

1031.52

999.549

967.523

981.539 1102.56

1009.57

995.555

997.347

1009.57

1098.53

1024.52

1108.55

1134.531129.95

1094.54

1096.55

1130.51

1008.5

1096.55

1024.52

984.492

1126.56

1139.0

1112.55

847.455

911.45

1066.51

1038.51

1112.51

1024.5

1072.47

1106.46

1072.49

1042.46

1084.47

1066.46

1098.49

1098.49

1101.5
945.41

1032.5

1054.46

1034.52

1064.53

1050.51

1020.5

1036.5

1067.67

1070.46

1070.11

1076.97

814.38

586.27

628.28

757.321

642.296

757.323 901.412

814.381

763.348

534.691

261.145

551.197

247.129

295.096

279.101

836.459

489.158

613.161

808.427

822.443

5458.64646.64

1108.55 3808.575450.29

4746.66

1094.54

3639.81

1112.55

853.456

867.438

851.476

844.423

575.328

895.503

909.518

837.46

1069.635191.56

1049.1

3478.96

3899.11

6055.69

3434.93

3488.12

3503.85

3450.93

3488.1

3406.94

1049.53

4291.39

1047.51

997.533

4290.83

3755.1

823.471

858.438

637.37

651.386

809.455

1175.44877.2351913.94 3486.54908.189 929.512985.433
1786.7 1614.76 972.539 972.403 967.523

621.2923013.325410.58 922.2042253.97808.345
861.45 1170.44 3373.471910.93 874.227904.239 982.427

969.747972.5391530.71786.7 967.521 1839.61 1728.7
2355.19 400.1141285.64 962.431

3013.32 649.2872253.97 1002.165749.01576.821788.72 2445.1 1224.59 1103.54 1744.69667.339 1754.95

1492.761770.71 2358.06 1156.53 1103.54 1744.69667.339 1754.95

808.347966.4431728.7
400.1152355.191285.641839.62

814.361

782.291

258.127 924.327

229.085
605.228

1197.54

784.309

1110.51

1156.46

955.23

948.081

768.315

958.385

960.359

1576.81

230.096

924.327 829.311243.809
747.254

529.176

1461.61

1548.21

1632.74

1547.68

1629.73

1545.67

1545.67

1576.81
1408.7

1492.75
1492.76

1576.82

1408.7

1099.51

1089.52

1099.51
276.108

587.229
1103.53

1075.5

1071.51

294.119

1025.52

789.335689.271
775.319

755.373707.397

655.311

775.459

741.358

741.358

725.363

707.396

715.401

583.36

708.295

583.361

599.357

708.293

754.412

609.335

755.373

633.339

691.401

633.341

617.344

593.343

656.353

731.396

633.339

617.323

765.357

749.362

759.465
775.46

775.46

819.821

754.262

780.277

784.273

766.261

782.293

984.34

784.272

986.356

768.277

1040.34

1042.56

1024.56

1024.56

1040.58

967.5231049.53

1010.55

1040.55

916.48

923.535

822.513

709.428

902.465

911.315

457.169

1046.52

1032.5

1050.56
1084.48

457.169

875.501
875.505

892.528

897.484

632.354

643.3

803.477

895.505
832.391

803.477

837.461

823.471

837.463

821.467

817.493

846.383

990.493

1362.75

990.493

1010.44

1362.75

1362.75

844.425

867.441

851.477

817.495

858.441

809.455

845.271

793.461

1031.52

1045.53

1015.52

981.539

1017.5

1054.53

1054.53

1031.52

895.503

930.496

709.429

902.464

916.483

930.495

923.535

909.519

3407.44
3520.53

1060.58

1029.53

1029.53

1035.86

1060.58

1042.57

3191.37

513.156

736.256

378.133

246.091

491.173

489.159

487.216

473.2

506.21

459.184

492.194

501.231

457.168

481.166

475.179

459.184

520.157

1021.61

953.545

1021.61

953.547

1043.59

1077.53

1117.55

1638.78

1089.52

1524.74

1898.93

1077.53

1785.85

1074.52

821.314

869.291

851.326

949.248

949.248

873.289

821.315

883.307

855.276

903.252

869.291

835.331

1183.39

1463.62

862.424

840.447

1479.61

840.442

1479.61

856.438

1463.62

1183.39

1155.4

1516.71

1140.39

1802.91

1805.92

1516.94

1013.51

1142.39

1137.57

1802.91

629.33

565.359

599.32

649.276

615.314

595.358
438.237

712.43

742.44

756.45

728.42758.43

742.44

579.37

728.43

580.32

581.35

649.276

633.282

404.275

2072.971066.46 708.405 876.385876.4731135.421779.76 1084.431076.46 878.391 1270.57

569.1681034.45 4150.25 1122.421024.56
819.451

1282.53
928.417

1359.6
480.213

1165.46
890.375 1141.47

1380.76
1020.5552.217

1338.6

1281.581020.5890.375 1141.47
482.228

1103.43819.451
583.183

1122.42 1380.76931.423 437.973

590.077291.952

893.355 590.078

896.363 1076.46

1080.48
1359.64150.351024.561034.451169.47

1066.46 2072.97 1088.441073.42 878.3911135.41 862.369680.397875.4091779.76 1270.57

1985.91
911.355 1436.77958.4331037.25

1229.621436.77
2001.9 914.361 1029.471037.25

328.898

473.827

344.875

638.884

474.829

524.904

458.851

410.923

639.885

442.878
426.901

5420.14

5807.58

3753.06

2324.18

3752.87

5421.15

462.862

566.888

378.9

582.862

424.895

582.864

446.888

430.914

514.875

540.88

734.812

462.862

498.901

639.884

547.186

3422.94

3434.94

543.802

3450.94

3434.94

445.826

444.138

3450.93

3406.94

3456.92

1152.54

1017.45

1045.62

1031.52

1031.52

999.549

967.523

981.539 1102.56

1009.57

995.555

997.347

1009.57

1098.53

1024.52

1108.55

1134.531129.95

1094.54

1096.55

1130.51

1008.5

1096.55

1024.52

984.492

1126.56

1139.0

1112.55

847.455

911.45

1066.51

1038.51

1112.51

1024.5

1072.47

1106.46

1072.49

1042.46

1084.47

1066.46

1098.49

1098.49

1101.5
945.41

1032.5

1054.46

1034.52

1064.53

1050.51

1020.5

1036.5

1067.67

1070.46

1070.11

1076.97

814.38

586.27

628.28

757.321

642.296

757.323
901.412

814.381

763.348

534.691

261.145

551.197

247.129

295.096

279.101

836.459

489.158

613.161

808.427

822.443

5458.64646.64

1108.55 3808.575450.29

4746.66

1094.54

3639.81

1112.55

853.456

867.438

851.476

844.423

575.328

895.503

909.518

837.46

1069.635191.56

1049.1

3478.96

3899.11

6055.69

3434.93

3488.12

3503.85

3450.93

3488.1

3406.94

1049.53

4291.39

1047.51

997.533

4290.83

3755.1

823.471

858.438

637.37

651.386

809.455

1175.44877.2351913.94 3486.54908.189 929.512985.433
1786.7 1614.76 972.539 972.403 967.523

621.2923013.325410.58 922.2042253.97808.345
861.45 1170.44 3373.471910.93 874.227904.239 982.427

969.747972.5391530.71786.7 967.521 1839.61 1728.7
2355.19 400.1141285.64 962.431

3013.32 649.2872253.97 1002.165749.01576.821788.72 2445.1 1224.59 1103.54
1744.69

667.339 1754.95

1492.761770.71 2358.06 1156.53 1103.54 1744.69667.339 1754.95

808.347966.4431728.7400.1152355.191285.641839.62

814.361

782.291

258.127 924.327

229.085
605.228

1197.54

784.309

1110.51

1156.46

955.23

948.081

768.315

958.385

960.359

1576.81

230.096

924.327 829.311243.809
747.254

529.176

1461.61

1548.21

1632.74

1547.68

1629.73

1545.67

1545.67

1576.81
1408.7

1492.75
1492.76

1576.82

1408.7

1099.51

1089.52

1099.51
276.108

587.229
1103.53

1075.5

1071.51

294.119

1025.52

789.335689.271
775.319

755.373707.397

655.311

775.459

741.358

741.358

725.363

707.396

715.401

583.36

708.295

583.361

599.357

708.293

754.412

609.335

755.373

633.339

691.401

633.341

617.344

593.343

656.353

731.396

633.339

617.323

765.357

749.362

759.465
775.46

775.46

819.821

754.262

780.277

784.273

766.261

782.293

984.34

784.272

986.356

768.277

A B C

D E

Fig.	6

C35H55Cl2N6O10

C34H53Cl2N6O10

C39H48ClN10O9

C31H45Cl2N16O7S

C39H47Cl2N10O9

C38H46ClN10O9

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 June 2019                   doi:10.20944/preprints201906.0310.v1

Peer-reviewed version available at Toxins 2019, 11, 498; doi:10.3390/toxins11090498

https://doi.org/10.20944/preprints201906.0310.v1
https://doi.org/10.3390/toxins11090498


 315 

2.3 Global capability to annotate cyanobacteria metabolites 316 

On the first hand, the potential of secondary metabolite production of the four Planktothrix strains was 317 

investigated by genome mining approach using RiPP, NRPS and/or PKS gene cluster search software 318 

AntiSmash 4.0 (Figure 1). This investigation suggests that various metabolite families (i.e. microcystins, 319 

anabaenopeptins, aeruginosins, cyanopeptolins, microviridins, microviridins, prenylagaramides and 320 

cyanobactins) could be synthetized by these different strains. On the other hand, the molecular diversity 321 

of the produced metabolites was investigated by high resolution mass spectrometry based analyses. In 322 

this approach, molecules could be identified according to their molecular formula (estimated according 323 

to their accurate mass and isotopic pattern), their retention time, and the presence of qualifying ions in 324 

their MS/MS fragmentation spectra. Such direct identifications (referred here as “gold” annotations) are 325 

supported by a specific database of analytical standard molecules. The whole analysis of MS/MS spectra 326 

by GNPS molecular networking gave the opportunity to propose even more annotations for the 327 

molecules whom analytical standards are lacking (that is the case of most of the cyanobacterial 328 

metabolites). Indeed, the analytes that belong to a molecular cluster that present a match with a standard 329 

can be annotated by extension, as “silver” annotation, when the molecule presents a mass that 330 

corresponds to an already known cyanobacterial metabolite 40 or as “bronze” annotation when no 331 

known metabolite corresponds, suggesting this analyte concerns a potentially new variant. Following 332 

these different criteria of identification, the 40-60 most intensive ions analysed by mass spectrometry 333 

have been manually annotated (Figure 7; Supplementary data S1-4). Taking together, these two 334 

complementary approaches lead to the annotation of most of the main metabolites of the four 335 

investigated Planktothrix strains. Indeed, with a good level of certainty (gold, silver or bronze 336 

annotations), up to 77% of the above 40-60 most intense metabolite could have been annotated, when 337 

only less than 10% could be directly annotated thanks to analytical standards only (gold annotation).  338 

 339 

 340 
Figure 7. Main secondary metabolites detected by mass spectrometry in the four Planktothrix strains and 341 

their respective annotations (supplementary data S1-4) according to their direct identification thanks to 342 
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analytical standards or their belonging to GNPS molecular clusters that could have been annotated 343 

(Figure 2). 344 

 345 

By leading to the global annotation of most of the secondary metabolites (i.e. RiPP, NRPS/PKS), the 346 

present work illustrates the strength and the promising perspective that are offered by such joint 347 

genomic and metabolomic investigation of the chemical richness supported by clonal cultures of micro-348 

organisms, such as cyanobacteria 53, heterotrophic bacteria 54 or fungi 55. 349 

 350 

3. Conclusions 351 

Combining novative global approaches, such as mass spectrometric based molecular networking and 352 

bioinformatics investigation of genomes, can help to identify interesting targets for chemical isolation. 353 

This constitutes powerful and orthogonal means for the novel natural product discovery and the in-354 

depth strain characterization 21,53,56-57. Such approaches can now be used in order to shed light on 355 

both hot spots strains presenting specific chemical diversity and specific molecular family that aim at 356 

being further structurally and biologically characterized. 357 

When genome mining investigation through biosynthetic gene cluster search provides basic 358 

information on the metabolite molecular families that might be produced by an organism 58, the mass 359 

spectrometric molecular networking constitutes a remarkable tool for the direct identification of 360 

structural analogs within a set of chemical extracts 40. We thus recommend to perform a first screening 361 

with genome mining in order to select the cyanobacteria strains of interest based on their secondary 362 

metabolites production potential. In a second step, the effective production of secondary metabolites 363 

can be characterized in order to verify the prediction based on genome mining. For that commercial 364 

standards, databases on fragmentation mass spectra and molecular networking analyses can be used 365 

together in order to obtain a precise description of the secondary metabolite diversity. 366 

In the near future, we expect an even deeper global metabolome characterization thanks to chemo- and 367 

bio-informatic tools that are currently in development and aim at better predicting the structure of novel 368 

analogs by in silico MS/MS fragmentation 59, the de-novo sequencing of circularized and modified 369 

peptides 60 or the structure prediction of biosynthetic products based on cluster gene sequences 27. 370 

 371 

4. Material & methods 372 

Planktothrix strains and culture. Planktothrix agardhii PCC 10110 isolated from a 2001 bloom sample in 373 

Paris suburban area is a green pigmented strain producing microcystins. P. agardhii NIVA-CYA126/8, 374 

green pigmented, and Planktothrix rubescens PCC 7821, red pigmented, were both microcystins-375 

producer and originated from Nordic lakes. Planktothrix agardhii PCC 7805 isolated from a temperate 376 

lake in the Netherlands does not produce microcystins. The four strains were grown in BG11 media at 377 

18 °C for PCC 7821, and at 22 °C for the three others. The cultures were maintained in 2-L Erlenmeyer 378 

flasks with a photon flux density of 6 µmol. m-2. s-1 and a 13:11 h light:dark cycle. Fresh cultures were 379 

inoculated every four weeks to promote optimal growth. 380 

 381 

Description of the DNA isolation, sequencing and assembling methods. The genome of Planktothrix 382 

agardhii PCC 10110 was obtained from a 40-mL culture. Nucleic acid extraction of cyanobacterial cells 383 

to obtain DNA were carried out as previously described 61. Genome sequencing was performed by 384 

the Mutualized Platform for Microbiology at Institut Pasteur. The whole genome sequencing was 385 

carried out using the Nextera XT DNA sample preparation kit (Illumina) for 2x150 bps paired-ends 386 
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reads (insert size ~300 bps). All sequenced paired-ends reads were clipped and trimmed with 387 

AlienTrimmer2 (v. 0.4.0), and subjected to a sequencing error correction with Musket3 (v. 1.1) as well 388 

as a digital normalization procedure with khmer4 (v. 1.3). For each sample, remaining processed reads 389 

were assembled with SPAdes5 (v. 3.7.0). The genome was further integrated in the MicroScope platform 390 

v3.12.2 (http://www.genoscope.cns.fr/agc/microscope) similarly as the genomes of PCC 7805, PCC 7821 391 

and NIES 126/8 24,25,62.  392 

In-silico analyses in MicroScope. The clustering of the strain PCC 10110 was performed with the three 393 

other published genomes to display the genomic similarity between these strains. This clustering was 394 

computed from all-pairs distances ≤ 0.06 (≈94% ANI) that correspond to the ANI standard to define a 395 

species group. In addition, natural product gene clusters, including NRPS, PKS and RiPP genes, were 396 

identified using the antiSMASH 4.0 software 27 available through Microscope platform. 397 

 398 

Metabolome biomass extraction and analysis by mass spectrometry. The biomass (20 mL) of the four 399 

Planktothrix strains cultured in triplicats were centrifuged at 4,000 rpm for 10 min. The supernatants 400 

discarded, the pellets were freeze-dried and lyophilized. The lyophilized cells were weighted then 401 

sonicated 2 min in 80% methanol with a constant ratio of 100 L of solvent for 1 mg of dried biomass 402 

and centrifuged at 4°C (12,000 g; 5 min). Two L of the supernatant representing the metabolite extracts 403 

were then analysed in triplicats on an Ultra high performance liquid chromatography (UHPLC Ultimate 404 

3000, ThermoFisher Scientific) using a Polar Advances II 2.5 pore C18 column (Thermo) at a 300 405 

µL.min-1 flow rate with a linear gradient of acetonitrile in 0.1% formic acid (5 to 90% in 21 min) coupled 406 

with a high-resolution mass spectrometer. The eluted metabolite contents were analysed using an 407 

electrospray ionization hybrid quadrupole time-of-flight (ESI-QqTOF) high resolution mass 408 

spectrometer (Maxis II ETD, Bruker) on positive simple MS or on positive autoMSMS mode with 409 

information dependent acquisition (IDA), on the 50-1500 m/z rang at 2 Hz or between 2-8 Hz speed, for 410 

MS and MS/MS respectively, according to relative intensity of parent ions, in consecutive cycle times of 411 

2.5 s, with an active exclusion of previously analysed parents. The data were analysed with the 412 

DataAnalysis 4.4 software for internal recalibration (<0.5 ppm) and MGF export were generated from 413 

MS/MS spectra between 1 and 15 min. Metabolite annotation was attempted according to the precise 414 

mass of the molecules and their respective MS/MS fragmentation patterns with regards to an in-house 415 

database of above 700 cyanobacteria metabolites and confirmed with 36 commercially available 416 

standard molecules from the various cyanobacterial specific metabolite families (e.g. cyanopeptolins, 417 

aeruginosins, microginins, anabaenopeptins, aerucyclamides, microcystins, saxitoxins, anatoxins, 418 

cylindrospermopsins, …) analysed similarly in our MS platform. 419 

 420 

Data treatment and molecular networking. Using the whole MS/MS data (converted in mgf format) 421 

obtained for the four strains taken together, a molecular network was created using the online workflow 422 

at Global Natural Products Social molecular networking (GNPS) (http://gnps.ucsd.edu) 20. The data 423 

were then clustered with MS-Cluster with a parent mass tolerance of 1.0 Da and an MS/MS fragment 424 

ion tolerance of 0.5 Da to create consensus spectra. Consensus spectra that contained less than two 425 

spectra were discarded. A network was then created where edges were filtered to have a cosine score 426 

above 0.6 and more than five matched peaks. Further edges between two nodes were kept in the 427 

network only if each of the nodes appeared in each other’s respective top 10 most similar nodes. The 428 

spectra in the network were then searched against the GNPS spectral libraries. All matches kept 429 

between network spectra and library spectra were required to have a score above 0.6 and at least five 430 
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matched peaks. All results are freely available on GNPS server 431 

(http://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=98e54f0fa2a84efeb82efa0d24e4d974). The clustered 432 

spectra of the network were annotated by comparing monoisotopic mass to our in-house cyanobacteria 433 

metabolite databases according to MS and MS/MS fragmentation pattern matches. Molecular networks 434 

were visualized using Cytoscape 3.2.1. 435 

 436 

Supplementary Materials: Table S1: main characteristics of the 4 Planktothrix strains, Figure S1: 437 

Clustering of the of Planktothrix visualized on the MicroScope platform, Figure S2: Venn diagram of the 438 

pan-genomes of the 4 Planktothrix strains, Figure S2: A) Principal component analysis and B) Rarefaction 439 

curve of the whole MS/MS dataset presented in this study, Data S1-S4 : List of annotated metabolites 440 

for the NIVA CYA 126/8, PCC 10110, PCC 7805 and PCC 7821 strains, respectively. 441 
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