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Abstract: Cyanobacterial blooms that release biologically active metabolites into the environment
are increasing in frequency as a result of the degradation of freshwater ecosystems globally. The
microcystins are one group of cyanopeptides that are extensively studied and included in water
quality risk management frameworks. Common bloom-forming cyanobacteria produce incredibly
diverse mixtures of other cyanopeptides; however, data on the abundance, distribution, and bio-
logical activities of non-microcystin cyanopeptides are limited. We used non-targeted LC-MS/MS
metabolomics to study the cyanopeptide profiles of five Microcystis strains: four M. aeruginosa and
one M. flos-aquae. Multivariate analysis and GNPS molecular networking demonstrated that each
Microcystis strain produced a unique mixture of cyanopeptides. In total, 82 cyanopeptides from
the cyanopeptolin (n = 23), microviridin (n = 18), microginin (n = 12), cyanobactin (n = 14), an-
abaenopeptin (n = 6), aeruginosin (n = 5), and microcystin (n = 4) classes were detected. Microcystin
diversity was low compared with the other detected cyanopeptide classes. Based on surveys of the
literature and spectral databases, most cyanopeptides represented new structures. To identify growth
conditions yielding high amounts of multiple cyanopeptide groups, we next examined strain-specific
cyanopeptide co-production dynamics for four of the studied Microcystis strains. When strains were
cultivated in two common Microcystis growth media (BG-11 and MA), the qualitative cyanopeptides
profiles remained unchanged throughout the growth cycle. For each of the cyanopeptide groups
considered, the highest relative cyanopeptide amounts were observed in the mid-exponential growth
phase. The outcomes of this study will guide the cultivation of strains producing common and
abundant cyanopeptides contaminating freshwater ecosystems. The synchronous production of
each cyanopeptide group by Microcystis highlights the need to make more cyanopeptide reference
materials available to investigate their distributions and biological functions.

Keywords: cyanobacteria; cyanopeptides; metabolomics; GNPS molecular networking

Key Contribution: The cyanopeptide profiles and their co-production dynamics from five Microcystis
strains were determined by mass-spectrometry-based metabolomic analysis.

1. Introduction

In spite of progress to better control eutrophication and cyanobacterial blooms, in
many regions their frequency and magnitude are increasing [1-3]. Cyanobacterial blooms
are primarily driven by anthropogenic nutrient inputs and a changing climate [4]. Bloom
events disrupt aquatic ecosystems, diminish local economies, and release phycotoxins into
waterways upon senescence [5]. Due to bloom pervasiveness, cyanobacteria and their
metabolites are a concern for public health and ecosystems [2,5]. Although the conditions
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that promote bloom formation are broadly understood, the risks and biological functions
for the majority of metabolites produced by blooms are not [6-9].

More than 2000 cyanobacterial natural products have been described to date [10].
Cyanopeptides from non-ribosomal peptide synthetase (NRPS), hybrid NRPS-polyketide,
and ribosomally synthesized and post-translationally modified peptide (RiPP) pathways
account for most of this reported chemical diversity [10-12]. Despite this immense struc-
tural diversity, most cyanopeptide studies have focused on microcystins [13]. In addition
to microcystins, common bloom-forming genera (Microcystis, Planktothrix, Dolichospermum,
Nodularia) have been shown to produce additional cyanopeptide classes that have received
minimal research attention, these include cyanopeptolins, aeruginosins, cyanobactins,
microginins, anabaenopeptins, and microviridins [6] (Figure 1). Mining cyanobacteria
genomes in public databases demonstrated that the biosynthetic gene clusters for these
cyanopeptide groups, and several uncharacterized clusters, are distributed among common
bloom-forming genera [14,15]. Genomic analysis of cyanopeptide biosynthetic clusters
revealed that recombination events, variable NRPS adenylation domains, and flexible
tailoring enzymes drastically increase the potential chemical diversity arising from these
pathways [16,17]. Further, phylogenetics suggests some biosynthetic pathways may have
evolved independently within each genus [15]. This indicates that our current notion of
cyanobacterial natural product diversity is likely grossly underestimated.
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Figure 1. Representative cyanopeptide structures where characteristic structural features for each
group appear in red.

Advancements in liquid chromatography—-tandem mass spectrometry (LC-MS/MS)
platforms and open-source bioinformatic tools provide opportunities to better describe
microbial natural product diversity [18-21]. From cyanobacteria cultures and bloom events,
metabolomic analysis has demonstrated variable co-production of multiple cyanopeptide
groups and distinct profiles, even within the same species [22-25]. Microbial natural
products, including cyanopeptides, are typically biosynthesized as mixtures of structurally
related compounds [26]. The tandem mass spectrometry (MS/MS) spectra of chemicals
are highly dependent on their molecular structure, meaning groups of structurally related
compounds often generate common product ions [27,28]. Post-acquisition data processing



Toxins 2023, 15, 254

30f18

approaches using MS/MS datasets acquired with modern high-resolution instruments,
such as quadrupole time-of-flight and Orbitrap mass analyzers, can exploit these features
of the natural products [28,29]. The global natural products social (GNPS) molecular
networking platform is one of the most commonly used open-source bioinformatic tools for
analyzing mass spectrometry datasets. Molecular networking is a non-targeted approach
that compares analyte MS/MS spectra and forms clusters of putative structurally similar
compounds based on shared product ions [18]. Although metabolomic tools aid natural
product discovery and dereplication efforts, they do not provide unambiguous chemical
characterizations nor pure compounds for further study.

In this study, we used post-acquisition non-targeted metabolomic approaches to eluci-
date the cyanopeptide diversity from five Microcystis strains: four M. aeruginosa and one M.
flos-aquae. Factor analysis—principal component analysis (PCA) and factor loadings—was
used on a LC-MS/MS dataset to identify cyanopeptide features that statistically contribute
to metabolome variation between Microcystis strains. The GNPS molecular networking
algorithm was subsequently used to mine MS/MS spectra to highlight cyanopeptide
diversity from non-microcystin cyanopeptide groups. This non-targeted metabolomics
study was performed to prioritize the cultivation of cyanobacteria strains producing target
cyanopeptides for future isolation and structural characterization. The generation of ana-
lytical standards for the scientific community will help address the paucity of knowledge
on the potential toxicity, biological activity, environmental concentrations, and distribution
of non-microcystin cyanopeptide groups produced by bloom-forming cyanobacteria.

2. Results and Discussion
2.1. Factor Analysis of LC-HRMS Data to Reveal Cyanopeptide Variation

Non-targeted metabolomics was used to determine the intracellular cyanopeptide
diversity from five Microcystis strains (Figures 2 and 3). Cells from triplicate cultures
of each Microcystis strain grown in BG-11 medium were extracted with 80% aqueous
methanol. The resulting extracts were analyzed by LC-MS/MS in positive electrospray
ionization (ESI) mode using a data-dependent acquisition (DDA) experiment. A total
of 262 features were detected with the xcms bioinformatics package in R after removing
features attributed to the media. Principal component analysis (PCA) was used to visualize
the variation between strains based on cyanopeptide m/z and their relative abundances
(Figure 2; top). The PCA plot displayed four distinct groups, with M. aeruginosa CPCC 299
and CPCC 300 and M. flos-aquae CPCC 461 generating unique cyanopeptide profiles. M.
aeruginosa CPCC 299 and CPCC 300 grouped closely together in the top left quadrant of the
PCA plot, suggesting similarity in their intracellular cyanopeptide profiles. M. aeruginosa
CPCC 632 and CPCC 633 overlapped in the PCA plot, indicating these two strains produce
similar cyanopeptides. The cyanopeptide profile of M. flos-aquae CPCC 461 was different
compared with the four M. aeruginosa strains, appearing alone in the bottom left quadrant
of the PCA plot.

Factor loading was used to determine which cyanopeptide features contributed to the
observed metabolome differences between the studied Microcystis strains (Figure 2). With
the 262 features, a Kruskal-Wallis test for non-parametric data with Benjamini-Hochberg cor-
rection was performed to identify metabolites that statistically contributed to the cyanopep-
tide variation observed in the PCA plot (p < 0.05). The test detected 140 statistically different
features that appear as red arrows (p < 0.05) in the factor loadings plot (Figure 2; bottom).
The coordinate location of red arrows specifies cyanopeptides produced by each strain
and aligns with the PCA plot. For example, the red arrows for MC-LR (m/z 995.5565
[M + H]*; feature 7) and [Asp3] MC-LR (m/z 981.5391 [M + HJ*; feature 8) appear in the
top left quadrant. These two microcystins were exclusively produced by M. aeruginosa
CPCC 299 and 300, which also appear in the top left quadrant of the PCA plot. Further, the
anabaenopeptins ferintoic acid A (m/z 867.4378 [M + H]*; feature 23) and ferintoic acid
B (m/z 881.4552 [M + H]+; feature 24) appear in the right quadrants of the loadings plot
and are exclusively produced by M. aeruginosa CPCC 632 and 633. Interpretation of the
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multivariate metabolomics data showed unique strain-specific cyanopeptide profiles from
the studied strains (Figures 2 and 3; Tables S3 and S4).
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Figure 2. PCA (top) of metabolites produced by triplicate cultures of M. aeruginosa CPCC 299, 300,
632, and 633 and M. flos-aquae CPCC 461 grown in BG-11 medium. The loading plot (bottom) contains
all factor loadings considered. A total of 262 variables are considered in the PCA and visualized in
the loading plot. Red arrows indicate statistical significance in contribution to the individual strains
in the PCA (p < 0.05 Kruskal-Wallis test with Benjamini-Hochberg correction).

2.2. Molecular Networking with GNPS to Visualize Strain-Specific Cyanopeptide Diversity

GNPS molecular networking was also performed to better describe cyanopeptide
diversity from the studied Microcystis strains. Cytoscape was used to visualize clusters
of structurally related cyanopeptides with cosine scores above 0.6 and a minimum of five
matching product ions. Each node represents a precursor ion feature and edge thickness
signifies the magnitude of the cosine similarity score between respective nodes. To target
cyanopeptides and deconvolute the network, features from blanks, features from out-
side the retention time range 2.0-6.5 min, features below 400 m/z, and clusters containing
a single node were removed. The resulting molecular network for the five Microcystis
strains shows 27 clusters, 126 nodes, and 232 edges (Figure 3). Nodes are colour-coded
to show which strains produce each cyanopeptide. In agreement with the multivariate
analysis, GNPS molecular networking revealed that each strain biosynthesized unique
strain-specific cyanopeptide mixtures. Explicitly, the studied strains produced different mix-
tures of cyanopeptolins (clusters 1-2), microviridins (clusters 3-5), microcystins (cluster 6),
microginins (cluster 7), cyanobactins (clusters 8, 12-13), anabaenopeptins (cluster 9), aerug-
inosins (clusters 10-11), and groups of related metabolites that could not be identified
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(clusters 15-27). In accordance with the multivariate analysis, molecular networking
showed that M. aeruginosa CPCC 632 and 633 produced similar cyanopeptide profiles.
Annotation of the molecular network was achieved by comparisons to analytical stan-
dards, interpretation of product ion patterns including identifying cyanopeptide diagnostic
product ions generated from unique structural features, comparisons to the literature,
and database searching. LC-HRMS data for all cyanopeptides and unidentified nodes in
Figure 3 are tabulated in the Supplementary Information Table S4.

1. Phe-Ahp cyanopeptolins 2. Lxx-Ahp cyanopeptolins . M. aeruginosa CPCC 299

Cvp 9623 M. aeruginosa CPCC 300
@Q ©© @ . M. aeruginosa CPCC 632

eypc @ M. aeruginosa cpcc 633
@ @ ,,,, @ w. fios-aquae cPcC 461
@ @ Q Singly charged

o ®
LR O Doubly charged
@ @G cvp A O Triply charged

Nostopeptin BN920 4. microviridins
" cp ose 5. microviridins 6. microcystins

[Asp®]-MC-LR

o @ @ :
3. microviridins @ @ @
@ @ Asp?, Dha’]-MC-LR MC-LR
E @ Mv H

10. 11.
aeruginosins
AP 857

N = & oo
@ 8. aeruglnosamld::s t d @ @

7. microginins @ @ @ FerintoicQ @D

@ @ @ 13. cyanobactins @@Q ©©

@ AgB @ . AgcC @ @
" ® =y . P0e®

@ 12. cyanobactins 15.
4 e. © g o~ @
“eee® © & ©©
® © e ®
S Il AL
®ew © @

Figure 3. GNPS molecular network generated from cyanopeptide MS/MS spectra from the five
studied Microcystis strains. Nodes are colour-coded pie charts labelled with precursor ion m/z. The
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width of lines connecting nodes is proportional to the corresponding cosine score. Precursor and
product ion 1/ z tolerance were set to 0.02 and 0.03 Da, respectively. The minimum base peak intensity
was set at 5 x 10°. Clustering parameters required a minimum cosine similarity score of 0.6 and five
matching product ions. Abbreviations: Ac, aerucyclamide; Ag, aeruginosamide; AP, anabaenopeptin;
Cyp, cyanopeptolin; MC, microcystin; Md, microcyclamide; Mg, microginin; Mv, microviridin.
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2.2.1. Cyanopeptolins

Cyanopeptolins are non-ribosomal depsipeptides that possess a characteristic 3-amino-
6-hydroxy-2-piperidone (Ahp) within their hexacyclic moiety [30]. They are generally
known as protease inhibitors, and select congeners have shown toxicity towards Caenorhab-
ditis elegans, Danio rerio, Daphnia magna, and Thamnocephalus platyurus in the low micro-
molar range [31-33]. Partial cyanopeptolin sequences were determined from diagnostic
product ions. For example, Lxx-Ahp and Phe-Ahp cyanopeptolins are distinguished by
product ions at m/z 181.1331 [Lxx—Ahp+H-H,O-COJ* and m/z 215.1183 [Phe-Ahp+H-
H,0O-CO]J", respectively [28]. Additional sequence coverage can be determined by identi-
fying the NMe-aromatic amino acid immonium ion present in all cyanopeptolins. Com-
mon aromatic residues include NMe-Phe (m/z 134.0963), NMe-Tyr (m/z 150.0912), and
CI-NMe-Tyr (m/z 184.0523). Different cyanopeptolin mixtures were produced by each of
the four M. aeruginosa strains studied; however, none were detected from M. flos-aquae
CPCC 461 (Figures 3 and 4). Twenty-three cyanopeptolins were detected that comprise two
clusters and several putative new compounds (Figure 3; clusters 1 and 2). Cluster 1 shows
fifteen cyanopeptolins with the Phe—-Ahp partial sequence from M. aeruginosa CPCC 299,
632, and 633. Cluster 2 shows eight cyanopeptolins with the Lxx—Ahp partial sequence
exclusively from M. aeruginosa CPCC 300. Known cyanopeptolins from M. aeruginosa CPCC
300 include cyanopeptolins A-C and 9634, also known from M. aeruginosa PCC 7806 [30,34].
These two strains have similar cyanopeptide profiles, with overlapping production of
cyanopeptolins, microcystins, and cyanobactins [30,34,35]. Cyanopeptolins are produced
by several common bloom-forming species and some studies have documented their
freshwater concentrations approaching effect levels [36,37].
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Figure 4. GNPS cluster 1 (top left) shows that M. aeruginosa 299, 632, and 633 produce different
cyanopeptolin mixtures with the Phe-Ahp partial sequence. This partial sequence was identified
by product ions at m/z 215.1175 [Phe-~Ahp+H-H,O-CO]J* and m/z 243.1125 [Phe-Ahp+H-H,O]*
(top right). GNPS cluster 2 (bottom left) shows that M. aeruginosa CPCC 300 (yellow) was the only
strain studied that produced cyanopeptolins with the Lxx-Ahp partial sequence. This partial sequence
was determined by m/z 181.1331 [Lxx-Ahp+H-H,O-CO]J* and m/z 209.1278 [Lxx-Ahp+H-H,O]J*
(bottom right).



Toxins 2023, 15, 254

7 of 18

2.2.2. Microviridins

Microviridins are N-acyl trideca-(13 residues) and tetradeca-(14 residues) RiPP natural
products [38,39]. Their unusual tricyclic scaffold results from intramolecular w-ester and
w-amide bonds. Lactams are formed via the w-carboxy groups of glutamate or aspartate
with the e-amino group of lysine and lactones through the esterification of glutamate or
aspartate w-carboxy moieties with the hydroxyl groups of serine and threonine. Whereas
the microviridin central sequence motif where lactones and lactams are formed is gen-
erally conserved, their N- and C-termini are variable, resulting in most of the group’s
structural diversity [40]. Unlike the other cyanopeptide groups investigated, microviridins
are composed entirely of proteinaceous amino acids. Microviridins are also much larger
(1600-1900 Da) than most Microcystis cyanopeptides [11]. As such, microviridins are readily
detected by their doubly or triply charged ions and amino acid immonium ions in HRMS
and MS/MS spectra, respectively. Eighteen unique microviridins were produced by M.
aeruginosa CPCC 299, 632, and 633 (Figure 3; clusters 3-5). Microviridin H and ] were iden-
tified based on molecular formula and the presence of correct amino acid immonium ions
within their respective structures [38,41]. Immonium ions for exo-amino acids within the
microviridin scaffold are hypothesized to distinguish the three microviridin clusters within
the GNPS analysis. Microviridins are inhibitors of serine proteases and some variants are
toxic to Daphnia by interfering with its molting process [41]. Structural activity relationships
have connected potency with the identity of residue 5 [39]. For example, microviridins with
Leu at position 5 (microviridins B, C, G, H,) are potent elastase inhibitors (IC5y 0.01-58 uM),
whereas congeners with Met, Tyr, or Phe (microviridins D, E, F) at this position have little
or no activity [38,39,41].

2.2.3. Microcystins

The microcystins constitute more than three hundred potent hepatotoxins and possible
human carcinogens (IARC Group 2B) [13]. Due to their toxic properties, microcystins
are monitored in drinking and recreational waters in many jurisdictions. For example,
the WHO has set provisional guideline values of 1 ug/L and 24 pg/L for microcystins
in drinking and recreational waters, respectively [42]. Despite generally occurring as
mixtures, these guidelines were derived using only microcystin-LR, one of the more potent
and common congeners. Microcystins were identified by product ions at m/z 135.0808 and
m/z163.1118 in their MS/MS spectra, resulting from their characteristic 3-amino acid Adda
that is present within ~80% of known congeners, and m/z 213.0865 for Glu-Mdha [13,29].
M. aeruginosa CPCC 299 and CPCC 300 produced the same four microcystins including
MC-LR and [Asp®]-MC-LR (Figure 3; cluster 6). These congeners are known from these
strains [43,44]. Two additional microcystins (m/z 967.5254 [M + H]* and 1011.5535 [M + H]*)
were also detected. No product ion at m/z 213.0865 was observed in the MS/MS spectrum
for m/z 967.5254 [M + HJ*, suggesting it as [Asp®, Dha’]-MC-LR, which is structurally
similar to the other confirmed congeners. The other microcystin could not be identified
from the literature. Microcystins represent a small number of the total cyanopeptides
detected in this study (Figure 3). This highlights the need to better understand the potential
toxicity and environmental concentrations of non-microcystin cyanopeptides.

2.2.4. Microginins

Microginins are linear cyanopeptides biosynthesized by hybrid NRPS—polyketide
pathways [25]. They possess a characteristic N-terminal 3-amino-o-hydroxy-decanoic or oc-
tanoic acid: 3-amino-2-hydroxydecanoic acid (Ahda) and 3-amino-2-hydroxyoctanoic acid
(Ahoa) [45,46]. These moieties are variably chlorinated at their termini or N-methylated,
which increases microginin structural diversity [10,47]. Most microginins possess four to six
residues and are known enzyme inhibitors, specifically angiotensin-converting enzyme and
aminopeptidases [45,48]. Microginins were identified by product ions resulting from their
characteristic N-terminal Ahda and Ahoa groups at m/z 128.1433 and m/z 100.1122. The
Ahoa product ion is isobaric with NMe-Lxx, which can confound their analysis. Increases
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in m/z 33.9606 from Ahda and Ahoa product ions were indicative of chlorination. For
example, m/z 162.1039 and m/z 196.0645 are characteristic of mono- and di-chlorinated
Ahda, respectively. Further, increases in m/z 14.0156 for these product ions were indicative
of N-Me Ahda and Ahoa moieties. For example, m/z 114.1278 (NMe-Ahoa), m/z 148.0883
(NMe-Cl-Ahoa), and m/z 182.0494 (NMe-Cl,-Ahoa). Twelve microginins comprised of
four residues were detected from M. aeruginosa CPCC 632 and 633 (Figure 3; cluster 7).
Eleven microginins were produced by M. aeruginosa CPCC 633, and six were produced
from M. aeruginosa CPCC 632. Interpretation of isotopic peak profiles, characteristic product
ions, and immonium ions revealed the known microginins 613, 646, and 680 from M. aerug-
inosa CPCC 633 [46]. The remaining nine microginins represent new compounds where
all structural changes between congeners arise from their N-terminal moiety given their
identical Pro, Tyr, NMeTyr immonium ions. Of which, seven were chlorinated, three were
Nme, two contained an Ahda scaffold, and, interestingly, two possess a putative unusual
3-amino-octanoic acid (Ao) moiety (Figure 5). Few studies have reported on microginin
toxicity and environmental concentrations [6].
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Figure 5. GNPS cluster 7 (top left) shows that M. aeruginosa CPCC 632 (grey) and 633 (blue) pro-
duce different microginin mixtures. LC-MS analysis (top right) of co-eluting of Mg 612 (Ahoa),
646 (Cl-Ahoa), and 680 (Cl,-Ahoa) with different N-termini residues. The structure of Mg 612
(bottom left) was determined by its MS/MS spectrum, which showed product ions at 7/z 100.1122
(Ahoa), m/z 70.0658 (Pro), m/z 136.0752 (Tyr), and m/z 150.0910 (NMeTyr). The structure of a related
new variant, Mg 660 (bottom right), with a rare CI-NMe-Ahoa moiety was identified by a product
ion at m/z 148.0833 (CI-NMe-Ahoa).

2.2.5. Cyanobactins

Cyanobactins are a large group of cyclic and linear RiPP peptides that are formed by
the proteolytic cleavage and cyclisation of precursor peptides [49-51]. Increased structural
diversity for this group arises from the heterocyclisation and oxidation of amino acids and
their posttranslational prenylation. Oxazoles and thiazoles resulting from the heterocycli-
sation and subsequent oxidation of Cys, Ser, and Thr residues are common cyanobactin
structural features [11]. Interpretation of cyanobactin HRMS and MS/MS data was aided
by the mass defect of sulfur atoms. Fourteen cyanobactins were detected from M. aeruginosa
CPCC 299, 300, and 633 and M. flos-aquae CPCC 461 that constitute three clusters (Figure 3;
clusters 8, 12, 13). M. aeruginosa CPCC 633 produced seven linear cyanobactins called
aeruginosamides (Figure 3; cluster 8). This cyanobactin subgroup contain a C-terminal
prenylated Phe residue, 1,1-dimethylallyl-Phe (Dma-Phe), and an N-terminal Tzl-OMe (Tzc).
These characteristic features generate product ions at m/z 188.1428 [Dma-Phe-CO+H]*
and m/z 144.0109 (Tzc). Aeruginosamides B and C from M. aeruginosa CPCC 633 are also
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reported from M. aeruginosa PCC 9432 [49]. Aeruginosamide C was also detected from M.
aeruginosa CPCC 300 and M. flos-aquae CPCC 461. The cyclic cyanobactin microcyclamide
A and two related reduced compounds that contain an unusual NMe-histidinyl were pro-
duced by M. flos-aquae CPCC 461 (Figure 3; cluster 12) [52]. Based on interpretation of
MS/MS patterns, structural differences are attributed to the reduction of thiazole to thia-
zoline moieties. The cyclic aerucyclamides A-C and a related compound were produced
by M. aeruginosa CPCC 299 and 300 and M. flos-aquae CPCC 461 (Figure 3; cluster 13).
Aerucyclamides were first reported from M. aeruginosa PCC 7806, which produces many
of the same cyanopeptides as M. aeruginosa CPCC 300 [35,53]. Cyanobactins are common
cyanopeptides, where between 10 to 30% of all cyanobacteria are estimated to possess a
cyanobactin biosynthetic pathway [49]. They have received attention for their desirable
properties including multidrug reversing, antiviral, antimalarial, and allelopathic activities
and have been the focus of anticancer screening programs due to their cytotoxicity towards
tumor cell lines [49]. Aerucyclamides have shown toxicity to fairy shrimp (T. platyurus;
LCs0 30.5-33.8 uM) and microcyclamide has to zebra fish (D. rerio; LCsy 42.98 ug mL~1) [53].
It is unclear if cyanobactin toxicity is ecologically relevant as limited data exist and their
environmental concentrations are largely unknown.

2.2.6. Anabaenopeptins

Anabaenopeptins are group of cyclic hexapeptides derived from NRPS pathways
produced by numerous cyanobacteria genera [54]. Their structures contain a characteristic
ureido linkage connecting a D-lysine residue within a five-residue ring to an exocyclic
amino acid [11,55]. The cyclic moiety is comprised of variable proteinogenic or non-
proteinogenic residues that are often NMe-residues [56]. Anabaenopeptins were identified
by an intense product ion at m/z 84.0812 and a complementary peak at m/z 129.1018,
which are indicative of lysine present within all congeners. M. aeruginosa CPCC 632
and 633 produced the same six anabaenopeptins (Figure 6), where ferintoic acid A was
confirmed with a reference material. All anabaenopeptins contained an NMe-Ala residue
and have been previously documented in the environment [22,57]. Anabaenopeptins are
serine protease and phosphatase inhibitors; chymotrypsin, carboxypeptidase A (CPA),
elastase, trypsin, and protein phosphatase 1 are inhibited in the low uM range [11]. Enzyme
inhibition likely explains their toxicity towards zooplankton, crustaceans, and the model
organism C. elegans [32]. Although their toxicity is lower than microcystins, synergistic
inhibitory effects have been observed between the cyanopeptide groups [58]. Further,
anabaenopeptins have been shown to dominate in surface waters with blooms [59].

2.2.7. Aeruginosins and Unknown Clusters

Aeruginosins are a group of linear NRPS tetrapeptides notably produced by Mi-
crocystis and Planktothrix [60]. Their structures are characterized by an N-terminal 4-
hydroxyphenyllactic acid (Hpla), a 2-carboxy-6-hydroxyoctahydroindole (Choi) moiety
and a C-terminal arginine derivative such as agmatine, argininol, or argininal [25]. Struc-
tural variability of these serine protease inhibitors is increased by chlorination and sulfation
of the Choi and Hpla functionalities [11,61]. Aeruginosins were confirmed by diagnostic
product ions at m/z 140.1064 and 122.0962 corresponding to Choi. M. aeruginosa CPCC 300
and CPCC 632 produced distinct sets of aeruginosins (Figure 3; clusters 10 and 11). Two
aeruginosins that contain a phenylalanine and sulfated Choi group were produced by
M. aeruginosa CPCC 632. From M. aeruginosa CPCC 300, three aeruginosins that contain a
tyrosine were detected. None of the congeners within the molecular network matched the
literature and three of five putative new structures contained a chlorinated Hpla residue.
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Figure 6. Tabulated HRMS data (top left) for GNPS cluster 9 (top right) shows M. aeruginosa
CPCC 632 (grey) and 633 (blue) produce the same anabaenopeptin mixtures. Representative MS/MS
spectra are shown for ferintoic acid A (middle top) and new structures AP 850 (middle bottom) and
AP 882 (bottom). The molecular formula of anabaenopeptin 850 suggests a loss of an oxygen atom
compared with ferintoic acid A. The MS/MS spectrum of anabaenopeptin 850 showed a product ion
at m/z 134.0964 (Hph) instead of a Hty immonium ion accounting for the structural change. The
molecular formula of anabaenopeptin 882 suggests the gain of an oxygen compared with ferintoic acid
A. The MS/MS spectrum of anabaenopeptin 882 showed a product ion at m/z 175.0863 (5-OH-Trp)
instead of Trp.

Most cyanopeptides detected from the five Microcystis strains could not be confirmed
with reference materials and represent new structures. Despite this, the interpretation
HRMS and MS/MS data for cyanopeptides from groups with characteristic structural
features was useful in deciphering chemical diversity for the five Microcystis strains investi-
gated. Clusters 14 to 27 in Figure 3 represent groups of cyanobacteria metabolites that could
not be identified. For example, cluster 14 shows ten metabolites produced by M. aeruginosa
CPCC 299 and CPCC 633 that generated double charged ions in the m/z 720-770 [M + 2H]**
range. These putative new cyanopeptides had amino acid immonium ions or related ions,
m/z 70.0657 (Pro), m/z 86.0968 (Lxx), m/z 102.0553 (Glu), m/z 136.0755 (Tyr), and a di-
agnostic product ion m/z 115.0865 (C5sH;1N,O") in their MS/MS spectra. This group of
compounds will be the focus of future investigations. Further, none of the studied strains
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produced the cytotoxic aeruginoguanidines, based on interpreting datasets acquired in
both positive and negative electrospray ionization modes.

2.3. Temporal Co-Production of Cyanopeptides

The co-production dynamics of the dominant cyanopeptides identified by factor and
GNPS analysis from M. aeruginosa CPCC 300, 632, and 633 and M. flos-aquae CPCC 461
were explored. Limited studies have examined the dynamics of non-microcystin cyanopep-
tide production, which is hindered by a lack of reference materials [62]. Sampled every
5 days for a 25-day period, cyanopeptides were included in this analysis if they main-
tained a peak area greater than 5 x 10* at every time point. Whereas both BG-11 and
MA medium are used for culturing Microcystis, MA has a higher pH (8.6), a bicine buffer,
and higher amounts of trace elements with the exceptions of copper, which it omits, and
iron. Orthophosphate, as K;HPO, for BG-11, is replaced with Nay -glycerophosphate
heptahydrate in MA [63]. The relative abundance of each cyanopeptide was normalized by
dividing its peak area by collected dry cell mass, and a Tukey’s LSD test (p < 0.05) was used
to distinguish statistically significant differences in the production of each cyanopeptide
over time (Figure 7). Each of the four strains reached the stationary phase faster in MA
than in BG-11 medium. For most cyanopeptides, an increase in relative abundance was
observed in the mid-exponential phase followed by a slight decrease (Figure 7). This
trend was harder to discern from the BG-11 data, where the strains grew slower, and
for compounds with large peak areas. For example, cyanobactins (aerucyclamides A-D)
produced by M. aeruginosa CPCC 300 appear to have higher intracellular amounts than
other cyanopeptide groups at all growth stages. Without a standard, we could not quantify
these cyanopeptides; however, this observation is in accordance with Natumi and Janssen,
2020 who examined cyanopeptide production for M. aeruginosa PCC7806 in WC medium.
Similarly, microcyclamide A and the linear cyanobactins, aeruginosamides appear to be the
dominant metabolites produced by M. flos-aquae CPCC 461 and M. aeruginosa CPCC 633,
respectively. The qualitative cyanopeptide profiles for each of the strains was unchanged
over the growth period in the two media. For microcystins, peak production during mid-
exponential growth accompanied by an unchanged profile of congeners over the growth
cycle have been reported in Microcystis [64,65]. Constitutive production of microcystins
and microginins, where amounts did not change over the growth cycle, have also been
observed in Microcystis [66]. Despite cyanopeptide groups being biosynthesized by in-
dependent pathways, similar relative amounts of cyanopeptide groups were maintained
over the growth period. These data are in accordance with Natumi and Janssen, 2020 who
hypothesized that synchronous cyanopeptide production is not related to requirements that
change during the growth cycle. Some cyanopeptides are toxic towards grazing zooplank-
ton, suggesting they have important ecological function [67]. However, the synchronous
constitutive production of cyanopeptides indicates the potential for other important bio-
logical functions that remain to be elucidated. Harvesting Microcystis cells in the mid to
late exponential phase will provide biomass with relatively high cyanopeptide amounts
for the preparation of reference materials enabling future studies of their environmental
distributions and biological activities.
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Figure 7. Heatmaps and growth curves (cells mL ') showing relative cyanopeptide amounts pro-
duced by M. aeruginosa CPCC 300 (top left), 632 (top right), and 633 (bottom left) and M. flos-aquae
CPCC 461 (bottom right) over a 25-day growth period in BG-11 and MA media. The heatmaps show
the average normalized (peak area/dry cell mass) peak area (logjg) for cyanopeptides identified
in the GNPS analysis that maintained an HRMS peak area above 5 x 10*. A Tukey’s LSD test
(p < 0.005) distinguished relative differences in cyanopeptide production at each interval (designated
with letters).

3. Conclusions

Common bloom-forming cyanobacteria, including Microcystis species, produce in-
credibly diverse mixtures of cyanopeptides. Little is known about the environmental
concentrations and biological functions of cyanopeptides released by blooms into freshwa-
ter ecosystems. In this study, we used mass-spectrometry-based metabolomics to determine
the cyanopeptide profiles of five Microcystis strains and investigate their production dy-
namics over their growth cycle. Factor analysis and GNPS molecular networking revealed
that each Microcystis strain produced a unique cyanopeptide profile. For each strain, peak
cyanopeptide production was observed during mid-exponential growth. Further, the iden-
tity of the cyanopeptides produced by each strain remained unchanged over their growth
cycle. The results of this study will guide the cultivation of Microcystis strains for analytical
standard preparation to facilitate exposure and bioactivity assessments for common and
abundant non-microcystin cyanopeptides detected from blooms. The synchronous consti-
tutive production of multiple cyanopeptide groups by Microcystis highlights the need to
better understand the environmental concentrations and biological functions for chemically
diverse cyanopeptides.
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4. Materials and Methods
4.1. Growth of Microcystis Strains

Four Microcystis aeruginosa strains (CPCC 299, CPCC 300, CPCC 632, CPCC 633) and
M. flos-aquae CPCC 461 were obtained from the Canadian Phycological Culture Centre
(CPCC) at the University of Waterloo, Waterloo, ON, Canada. Information on the origin
of each strain can be found in the Supplemental Data (Table S1). Triplicate cultures of
each strain were grown in 250 mL Erlenmeyer flasks (Pyrex; Stoke on Trent, UK) that
contained 50 mL of BG-11 or MA media. Cultures were maintained in a growth chamber
(Conviron E15; Winnipeg, MB, Canada) under cool white fluorescent light (30 thE m~2 s~ 1)
using a light/dark regime of 12 h at 25 °C. Flasks were swirled every 2 days and late-
exponential cells were harvested after 20 days for factor and GNPS molecular networking
analysis. To monitor culture growth, Microcystis cells were counted using a Hausser
Scientific Co. (Horsham, PA, USA) counting chamber (catalogue #3200) and glass micro
cover (22 x 22 mm; VWR; Radnor, PA, USA) under a VWR VistaVision Microscope.

4.2. Cyanopeptide Extraction from Microcystis Cells

To extract intracellular cyanopeptides, a 25 mL aliquot of Microcystis cells grown in
BG-11 medium were harvested on glass microfiber filters (pre-weighed and dried overnight
at 60 °C; Whatman, GF/ A, diameter 47 mm, ~1.6 pum, Maidstone, UK) using a Millipore
(Burlington, MA, USA) filtration apparatus. After drying in an oven at 60 °C overnight, the
glass microfiber filters with Microcystis cells were transferred to disposable glass culture
tubes (16 x 100 mm, VWR) and 14 mL of 80% aqueous methanol was added. The tubes
were vortexed and sonicated for 30 s each and stored at —20 °C for 1 h. Tubes were
subsequently thawed to room temperature and the freeze-thaw cycle, including vortexing
and sonication, was repeated two additional times. The resulting methanolic extracts
containing intracellular cyanopeptides were filtered through 0.22 pm PTFE syringe filters
(ChromSpec, Inc., Brockville, ON, Canada) into amber vials and dried under a gentle
stream of nitrogen gas. Extracts of Microcystis cells were then reconstituted in HPLC grade
methanol, transferred to 2 mL amber HPLC vials (Agilent, Santa Clara, CA, USA), dried
under a gentle stream of nitrogen gas, and stored at —20 °C prior to LC-MS/MS analysis.

4.3. Acquisition of Non-Targeted LC-MS/MS Data

Prior to analysis, the dried residues were reconstituted in 1 mL of 90% aqueous
methanol and vortexed for 15 s. Non-targeted LC-MS/MS datasets of Microcystis cyanopep-
tides were acquired using an Agilent 1290 HPLC (Agilent Technologies, Santa Clara, CA,
USA) coupled to a Q-Exactive Orbitrap (Thermo Fisher Scientific, Waltham, MA, USA)
mass spectrometer [28]. Chromatography conditions included an Eclipse Plus C18 RRHD
column (2.1 x 100 mm, 1.8 um; Agilent Technologies) maintained at 35 °C and a mobile
phase consisting of 0.1% formic acid (mobile phase A) and acetonitrile with 0.1% formic
acid in water (mobile phase B). The 10.5 min gradient program optimized for cyanopeptide
analysis increased from 0 to 35% B over 1.5 min, increased again to 45% B over the following
2.5 min, and finally increased to 100% B over 2 min, where it was held at 100% B for 3 min
prior to returning to 0% B over 0.5 min and maintained at 0% B for 1 min. Five uL of each
extract was injected and resolved at a flow rate of 0.3 mL/min.

Heated electrospray ionization in positive mode was used with the following settings:
capillary voltage, 3.9 kV; capillary temperature, 400 °C; sheath gas, 19 units; auxiliary gas,
8 units; probe heater temperature, 450 °C; S-Lens RF level, 45.00. MS data were acquired
using data-dependent acquisition (DDA) experiments that included a full MS scan at
70,000 resolution (a scan range of 106.7-1600 m/z), automatic gain control target 3 x 10°,
and a maximum injection time of 250 ms. The five highest intensity ions were selected from
each full scan for MS/MS analysis using a 1.0 Da isolation window and were analyzed
using the following conditions: resolution, 17,500; automatic gain control target, 1 x 106;
max IT, 64 ms; normalized collision energy, 37.5; intensity threshold, 1.5 x 10°; dynamic
exclusion, 5 s.
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4.4. Processing of Non-Targeted LC-MS/MS Datasets
4.4.1. PCA and Factor Loading in R

Raw MS data files acquired in positive electrospray ionization mode for the extracts of
triplicate cultures of each Microcystis strain were converted to centroid mzML files with
MSConvert v3.1.19 (http:/ /proteowizard.sourceforge.net/, accessed on 21 March 2023)
with peak picking set at MS level 1 [68]. The mzML files were subsequently processed in
this file format in R 4.1.3 (https:/ /www.r-project.org/, accessed on 21 March 2023). Feature
peak areas were extracted using the xcms package; the parameters are in Supplementary
Information Table S2. All zero values were imputed with two-thirds of the lowest peak area
value measured per metabolite [69]. Features corresponding to cyanopeptide isotopic peaks
and redundant ESI adducts were removed manually. Deconvolution of the extracted peak
list was achieved with the removal of features outside the retention time range of 2-6.5 min,
below m/z 400, and detected in the media blanks. Remaining feature peak areas were
logyo transformed and Pareto scaled. Within R, PCA and factor loadings were performed
using the packages MetabolAnalyze and FactoMineR [70,71]. All dimensions of the PCA
were analyzed; however, the first and fourth dimensions were plotted against each other
as they explained the most variation between the strains studied (Figure 2). The HRMS
data from triplicate Microcystis cultures were grouped and a Kruskal-Wallis test for non-
parametric data with a Benjamini-Hochberg correction was performed in R to determine
the statistical significance of the features and their contribution to the PCA [72]. Features
with a p-value < 0.05 were deemed significant between strains (groups) and labelled red
within the factor loadings plot (Figure 2). The factor loadings and PCA data were exported
to excel and the identified cyanopeptides were numbered. Cyanopeptides were identified
by comparison of m/z and RT with available analytical standards or putatively by the
interpretation of MS/MS spectra, literature surveys, and database searching: GNPS and
CyanoMetDB [10]. The reference materials used for confirmatory purposes were MC-LR
(NRC), [Dha’] MC-LR (NRC), and ferintoic acid A (Enzo Life Sciences). Cyanopeptides
identified by HRMS analysis are tabulated in Supplementary Information Tables S3 and 54.
Representative LC-HRMS spectra for studied stains are also found in the Supplementary
Information Figures S1-55.

4.4.2. GNPS Molecular Networking

For molecular networking in GNPS, the raw HRMS data files were converted to
mzML files with MSConvert with peak picking set at MS level 1-2. The mzML files for the
intracellular extracts of each Microcystis strain and a media blank were uploaded to the
GNPS network (https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp, accessed on
21 March 2023) with FileZilla (https:/ /filezilla-project.org/, accessed on 21 March 2023)
through the ccms host. Files were analyzed with the following parameters: precursor ion
mass tolerance, 0.02 m/z; fragment ion mass tolerance, 0.03 m/z; min pairs cosine score, 0.6;
Network TopK, 10; maximum connected component size, 100; minimum matched fragment
ions, 5; minimum cluster size, 2; and MSCluster, on. The graphML file format from the
GNPS website was uploaded into Cytoscape for visualization (https://cytoscape.org/,
accessed on 21 March 2023). The blank data file was used for data deconvolution with
all metabolites present in the blank deleted from the network. Further deconvolution
included the elimination of metabolites outside the retention time range 2—6.5 min, below
m/z 400, and any remaining single nodes. Nodes were coloured based on which data
file (Microcystis strain) they were present in and outlined to describe their charge state.
Normalized peak area data for dominant cyanopeptides included in the GNPS analysis are
visualized in Figure S6.

4.4.3. Heat Map Analysis to Illustrate Temporal Cyanopeptide Co-Production

Cyanopeptides identified from the molecular networking analysis were selected for
heat map analysis to examine temporal cyanopeptide co-production and the influence
of two defined media (BG-11 and MA [63]). M. aeruginosa CPCC 300, CPCC 632, and
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CPCC 633 and M. flos-aquae CPCC 461 were grown in triplicate batch cultures and sampled
every five days: days 5, 10, 15, 20, and 25. The growth of strains, generation of intracellular
extracts, and HRMS analysis were performed as described above (4.1-4.3). Peak areas for
selected cyanopeptides were normalized with dried cyanobacteria biomass. Cyanopeptides
were excluded if their peak areas did not exceed 5 x 10* at any time point. Heat maps were
generated with log;p normalized peak area per strain, per media in R using gplots for heat
map generation and ColorRamps for visualization. Peak area data and dry cyanobacteria
cell mass amounts can be found in the Supplementary Information.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxins15040254 /51, Table S1: Collection and specific growth rate
information for studied Microcystis strains in BG-11; Table S2: The peak picking parameters used
with the bioinformatics package xcms; Table S3: Cyanopeptide groups produced by M. aeruginosa
CPCC 299, 300, 632, and 633 and M. flos-aquae CPCC 461; Table S4: HRMS data for cyanopep-
tide produced by M. aeruginosa CPCC 299, 300, 632, and 633 and M. flos-aquae CPCC 461 identi-
fied in the GNPS analysis. Figures S1-S5: LC-HRMS spectra for Microcystis intracellular extracts;
Figure S6: Normalized relative abundance (peak area/dry cell mass) of dominant cyanopeptides
produced by the five studied Microcystis strains included in the GNPS analysis. Peak area and
dry cell mass data used to generate Figure 7 are found in: Supplementary Information_heatmap
data_tabulated.xls. Refs [73,74] are cited in Supplementary Materials.

Author Contributions: Conceptualization, D.R.M.; Methodology, KM., N.D. and ].B.R.; Data Cura-
tion, K.M.; Writing—Original Draft Preparation, K.M. and D.R.M.; Writing—Review and Editing, all
authors; Supervision, D.R.M. and M.W.S,; Funding Acquisition, D.R.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This project was funded by the Natural Sciences and Engineering Research Council of
Canada (NSERC; RGPIN-2021-03825) to DRM.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Additional data will be made available upon request.

Acknowledgments: We would like to thank Sawsan Abusharkh, Noor El-Astal, Jaymie Labrie, Owen
Rowland, Myron Smith, and Tyler Avis (Carleton University) for technical support. J. David Miller
(Carleton University) is thanked for helpful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pick, FR. Blooming algae: A Canadian perspective on the rise of toxic cyanobacteria. Can. J. Fish. Aquat. Sci. 2016, 73, 1149-1158.
[CrossRef]

2. Paerl, HW,; Otten, T.G. Harmful Cyanobacterial Blooms: Causes, Consequences, and Controls. Microb. Ecol. 2013, 65, 995-1010.
[CrossRef] [PubMed]

3. Preece, E.P.; Hardy, E].; Moore, B.C.; Bryan, M. A review of microcystin detections in Estuarine and Marine waters: Environmental
implications and human health risk. Harmful Algae 2017, 61, 31-45. [CrossRef]

4. Reid, A.].; Carlson, A.K.; Creed, L.LE,; Eliason, E.J.; Gell, P.A.; Johnson, P.T.J.; Kidd, K.A.; MacCormack, T.J.; Olden, J.D.; Ormerod,
S.J.; et al. Emerging threats and persistent conservation challenges for freshwater biodiversity. Biol. Rev. 2019, 94, 849-873.
[CrossRef] [PubMed]

5. Carmichael, WW.,; Boyer, G.L. Health impacts from cyanobacteria harmful algae blooms: Implications for the North American
Great Lakes. Harmful Algae 2016, 54, 194-212. [CrossRef] [PubMed]

6. Janssen, EM.L. Cyanobacterial peptides beyond microcystins—A review on co-occurrence, toxicity, and challenges for risk
assessment. Water Res. 2019, 151, 488-499. [CrossRef]

7. Taranu, Z.E.; Gregory-Eaves, I; Leavitt, PR.; Bunting, L.; Buchaca, T.; Catalan, J.; Domaizon, I.; Guilizzoni, P.,; Lami, A.; McGowan,
S.; et al. Acceleration of cyanobacterial dominance in north temperate-subarctic lakes during the Anthropocene. Ecol. Lett. 2015,
18, 375-384. [CrossRef]

8.  Harke, M.J.; Steffen, M.M.; Gobler, C.J.; Otten, T.G.; Wilhelm, S.W.; Wood, S.A.; Paerl, HW. A review of the global ecology,

genomics, and biogeography of the toxic cyanobacterium, Microcystis spp. Harmful Algae 2016, 54, 4-20. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/toxins15040254/s1
https://www.mdpi.com/article/10.3390/toxins15040254/s1
http://doi.org/10.1139/cjfas-2015-0470
http://doi.org/10.1007/s00248-012-0159-y
http://www.ncbi.nlm.nih.gov/pubmed/23314096
http://doi.org/10.1016/j.hal.2016.11.006
http://doi.org/10.1111/brv.12480
http://www.ncbi.nlm.nih.gov/pubmed/30467930
http://doi.org/10.1016/j.hal.2016.02.002
http://www.ncbi.nlm.nih.gov/pubmed/28073476
http://doi.org/10.1016/j.watres.2018.12.048
http://doi.org/10.1111/ele.12420
http://doi.org/10.1016/j.hal.2015.12.007
http://www.ncbi.nlm.nih.gov/pubmed/28073480

Toxins 2023, 15, 254 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

Chen, L.; Giesy, ].P.; Adamovsky, O.; Svircev, Z.; Meriluoto, ].; Codd, G.A.; Mijovic, B.; Shi, T.; Tuo, X,; Li, S.-C.; et al. Challenges
of using blooms of Microcystis spp. in animal feeds: A comprehensive review of nutritional, toxicological and microbial health
evaluation. Sci. Total Environ. 2021, 764, 142319. [CrossRef]

Jones, M.R,; Pinto, E.; Torres, M.A_; Dort, F.; Mazur-Marzec, H.; Szubert, K.; Tartaglione, L.; Dell’Aversano, C.; Miles, C.O.; Beach,
D.G.; et al. CyanoMetDB, a comprehensive public database of secondary metabolites from cyanobacteria. Water Res. 2021, 196,
117017. [CrossRef]

Huang, 1.S.; Zimba, P.V. Cyanobacterial bioactive metabolites-A review of their chemistry and biology. Harmful algae 2019, 86,
139-209. [CrossRef]

Welker, M.; von Dohren, H. Cyanobacterial peptides—Nature’s own combinatorial biosynthesis. Ferms Microbiol. Rev. 2006, 30,
530-563. [CrossRef]

Bouaicha, N.; Miles, C.; Beach, D.; Labidi, Z.; Djabri, A.; Benayache, N.; Nguyen-Quang, T. Structural Diversity, Characterization
and Toxicology of Microcystins. Toxins 2019, 11, 714. [CrossRef]

Shih, PM.; Wu, D.; Latifi, A.; Axen, S.D.; Fewer, D.P; Talla, E.; Calteau, A.; Cai, F.; de Marsac, N.T,; Rippka, R.; et al. Improving
the coverage of the cyanobacterial phylum using diversity-driven genome sequencing. Proc. Natl. Acad. Sci. USA 2013, 110,
1053-1058. [CrossRef]

Pearson, L.A.; Crosbie, N.D.; Neilan, B.A. Distribution and conservation of known secondary metabolite biosynthesis gene
clusters in the genomes of geographically diverse Microcystis aeruginosa strains. Mar. Freshw. Res. 2020, 71, 701-716. [CrossRef]
Chen, M.; Xu, C.; Wang, X.; Wu, Y.; Li, L. Nonribosomal peptide synthetases and nonribosomal cyanopeptides synthesis in
Microcystis: A comparative genomics study. Algal Res.-Biomass Biofuels Bioprod. 2021, 59, 102432. [CrossRef]

Baunach, M.; Chowdhury, S.; Stallforth, P; Dittmann, E. The Landscape of Recombination Events That Create Nonribosomal
Peptide Diversity. Mol. Biol. Evol. 2021, 38, 2116-2130. [CrossRef] [PubMed]

Wang, M.; Carver, ].].; Phelan, V.V.; Sanchez, L.M.; Garg, N.; Peng, Y.; Don Duy, N.; Watrous, J.; Kapono, C.A.; Luzzatto-Knaan, T.;
et al. Sharing and community curation of mass spectrometry data with Global Natural Products Social Molecular Networking.
Nat. Biotechnol. 2016, 34, 828-837. [CrossRef]

Walsh, J.P.; Renaud, J.B.; Hoogstra, S.; McMullin, D.R.; Ibrahim, A.; Visagie, C.M.; Tanney, ].B.; Yeung, K.K.C.; Sumarah, M.W.
Diagnostic fragmentation filtering for the discovery of new chaetoglobosins and cytochalasins. Rapid Commun. Mass Spectrom.
2019, 33, 133-139. [CrossRef] [PubMed]

Taha, H.M.; Aalizadeh, R.; Alygizakis, N.; Antignac, J.-P.; Arp, HPH.; Bade, R; Baker, N.; Belova, L.; Bijlsma, L.; Bolton, E.E.; et al.
The NORMAN Suspect List Exchange (NORMAN-SLE): Facilitating European and worldwide collaboration on suspect screening
in high resolution mass spectrometry. Environ. Sci. Eur. 2022, 34, 104. [CrossRef] [PubMed]

van Der Hooft, ].].].; Mohimani, H.; Bauermeister, A.; Dorrestein, P.C.; Duncan, K.R.; Medema, M.H. Linking genomics and
metabolomics to chart specialized metabolic diversity. Chem. Soc. Rev. 2020, 49, 3297-3314. [CrossRef] [PubMed]

Teta, R.; Della Sala, G.; Glukhov, E.; Gerwick, L.; Gerwick, W.H.; Mangoni, A.; Costantino, V. Combined LC-MS/MS and
Molecular Networking Approach Reveals New Cyanotoxins from the 2014 Cyanobacterial Bloom in Green Lake, Seattle. Environ.
Sci. Technol. 2015, 49, 14301-14310. [CrossRef]

Tiam, S.K.; Gugger, M.; Demay, J.; Le Manach, S.; Duval, C.; Bernard, C.; Marie, B. Insights into the Diversity of Secondary
Metabolites of Planktothrix Using a Biphasic Approach Combining Global Genomics and Metabolomics. Toxins 2019, 11, 498.
[CrossRef] [PubMed]

Kust, A.; Rehakova, M.; Vrba, J.; Maicher, V.; Mares, ]J.; Hrouzek, P.; Chiriac, M.-C.; Benedova, Z.; Tesarova, B.; Saurav, K. Insight
into Unprecedented Diversity of Cyanopeptides in Eutrophic Ponds Using an MS/MS Networking Approach. Toxins 2020, 12,
561. [CrossRef] [PubMed]

Welker, M.; Marsalek, B.; Sejnohova, L.; von Dohren, H. Detection and identification of oligopeptides in Microcystis (cyanobacteria)
colonies: Toward an understanding of metabolic diversity. Peptides 2006, 27, 2090-2103. [CrossRef] [PubMed]

Fisch, K.M. Biosynthesis of natural products by microbial iterative hybrid PKS-NRPS. Rsc Adv. 2013, 3, 18228-18247. [CrossRef]
Renaud, J.B.; Kelman, M.]J.; McMullin, D.R.; Yeung, K.K.C.; Sumarah, M.W. Application of C8 liquid chromatography-tandem
mass spectrometry for the analysis of enniatins and bassianolides. J. Chromatogr. A 2017, 1508, 65-72. [CrossRef]

McDonald, K.; Renaud, J.B.; Pick, ER.; Miller, J.D.; Sumarah, M.W.; McMullin, D.R. Diagnostic Fragmentation Filtering for
Cyanopeptolin Detection. Environ. Toxicol. Chem. 2021, 40, 1087-1097. [CrossRef]

McMullin, D.R.; Hoogstra, S.; McDonald, K.P.; Sumarah, M.W.; Renaud, J.B. Natural Product Discovery with LC-MS/MS
Diagnostic Fragmentation Filtering: Application for Microcystin Analysis. Jove-]. Vis. Exp. 2019, 147, €59712. [CrossRef]

Martin, C.; Oberer, L.; Ino, T.; Konig, W.A.; Busch, M.; Weckesser, ]. Cyanopeptolins, new depsipeptides from the cyanobacterium
Microcystis sp. PCC 7806. ]. Antibiot. 1993, 46, 1550-1556. [CrossRef]

Faltermann, S.; Zucchi, S.; Kohler, E.; Blom, ].E,; Pernthaler, J.; Fent, K. Molecular effects of the cyanobacterial toxin cyanopeptolin
(CPI 020) occurring in algal blooms: Global transcriptome analysis in zebrafish embryos. Aquat. Toxicol. 2014, 149, 33-39.
[CrossRef]

Lenz, K.A.; Miller, T.R.; Ma, H. Anabaenopeptins and cyanopeptolins induce systemic toxicity effects in a model organism the
nematode Caenorhabditis elegans. Chemosphere 2019, 214, 60—-69. [CrossRef] [PubMed]

Bojadzija Savic, G.; Bormans, M.; Edwards, C.; Lawton, L.; Briand, E.; Wiegand, C. Cross talk: Two way allelopathic interactions
between toxic Microcystis and Daphnia. Harmful Algae 2020, 94, 101803. [CrossRef] [PubMed]


http://doi.org/10.1016/j.scitotenv.2020.142319
http://doi.org/10.1016/j.watres.2021.117017
http://doi.org/10.1016/j.hal.2019.05.001
http://doi.org/10.1111/j.1574-6976.2006.00022.x
http://doi.org/10.3390/toxins11120714
http://doi.org/10.1073/pnas.1217107110
http://doi.org/10.1071/MF18406
http://doi.org/10.1016/j.algal.2021.102432
http://doi.org/10.1093/molbev/msab015
http://www.ncbi.nlm.nih.gov/pubmed/33480992
http://doi.org/10.1038/nbt.3597
http://doi.org/10.1002/rcm.8306
http://www.ncbi.nlm.nih.gov/pubmed/30325552
http://doi.org/10.1186/s12302-022-00680-6
http://www.ncbi.nlm.nih.gov/pubmed/36284750
http://doi.org/10.1039/D0CS00162G
http://www.ncbi.nlm.nih.gov/pubmed/32393943
http://doi.org/10.1021/acs.est.5b04415
http://doi.org/10.3390/toxins11090498
http://www.ncbi.nlm.nih.gov/pubmed/31461939
http://doi.org/10.3390/toxins12090561
http://www.ncbi.nlm.nih.gov/pubmed/32878042
http://doi.org/10.1016/j.peptides.2006.03.014
http://www.ncbi.nlm.nih.gov/pubmed/16678305
http://doi.org/10.1039/c3ra42661k
http://doi.org/10.1016/j.chroma.2017.05.070
http://doi.org/10.1002/etc.4941
http://doi.org/10.3791/59712
http://doi.org/10.7164/antibiotics.46.1550
http://doi.org/10.1016/j.aquatox.2014.01.018
http://doi.org/10.1016/j.chemosphere.2018.09.076
http://www.ncbi.nlm.nih.gov/pubmed/30253257
http://doi.org/10.1016/j.hal.2020.101803
http://www.ncbi.nlm.nih.gov/pubmed/32414501

Toxins 2023, 15, 254 17 of 18

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Bister, B.; Keller, S.; Baumann, H.L; Nicholson, G.; Weist, S.; Jung, G.; Sussmuth, R.D.; Juttner, F. Cyanopeptolin 963A, a
chymotrypsin inhibitor of Microcystis PCC 7806. J. Nat. Prod. 2004, 67, 1755-1757. [CrossRef] [PubMed]

Portmann, C.; Blom, J.E; Kaiser, M.; Brun, R.; Juettner, F.; Gademann, K. Isolation of Aerucyclamides C and D and Structure Revi-
sion of Microcyclamide 7806A: Heterocyclic Ribosomal Peptides from Microcystis aeruginosa PCC 7806 and Their Antiparasite
Evaluation. J. Nat. Prod. 2008, 71, 1891-1896. [CrossRef]

Beversdorf, L.J.; Rude, K.; Weirich, C.A.; Bartlett, S.L.; Seaman, M.; Kozik, C.; Biese, P.; Gosz, T.; Suha, M.; Stempa, C.; et al.
Analysis of cyanobacterial metabolites in surface and raw drinking waters reveals more than microcystin. Water Res. 2018, 140,
280-290. [CrossRef] [PubMed]

Miller, T.R.; Bartlett, S.L.; Weirich, C.A.; Hernandez, J. Automated Subdaily Sampling of Cyanobacterial Toxins on a Buoy Reveals
New Temporal Patterns in Toxin Dynamics. Environ. Sci. Technol. 2019, 53, 5661-5670. [CrossRef]

Ziemert, N.; Ishida, K.; Weiz, A.; Hertweck, C.; Dittmann, E. Exploiting the Natural Diversity of Microviridin Gene Clusters for
Discovery of Novel Tricyclic Depsipeptides. Appl. Environ. Microbiol. 2010, 76, 3568-3574. [CrossRef]

do Amaral, S.C.; Monteiro, P.R.; Pinto Neto, J.d.S.; Serra, G.M.; Goncalves, E.C.; Xavier, L.P.; Santos, A.V. Current Knowledge on
Microviridin from Cyanobacteria. Marine Drugs 2021, 19, 17. [CrossRef]

Arnison, P.G.; Bibb, M.]; Bierbaum, G.; Bowers, A.A.; Bugni, T.S.; Bulaj, G.; Camarero, ].A.; Campopiano, D.J.; Challis, G.L.; Clardy,
J.; et al. Ribosomally synthesized and post-translationally modified peptide natural products: Overview and recommendations
for a universal nomenclature. Nat. Prod. Rep. 2013, 30, 108-160. [CrossRef]

Rohrlack, T.; Christoffersen, K.; Hansen, P.E.; Zhang, W.; Czarnecki, O.; Henning, M.; Fastner, J.; Erhard, M.; Neilan, B.A;
Kaebernick, M. Isolation, characterization, and quantitative analysis of microviridin ], a new Microcystis metabolite toxic to
Daphnia. J. Chem. Ecol. 2003, 29, 1757-1770. [CrossRef]

WHO. Toxic Cyanobacteria in Water, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2021. [CrossRef]

Hollingdale, C.; Thomas, K.; Lewis, N.; Bekri, K.; McCarron, P.; Quilliam, M.A. Feasibility study on production of a matrix
reference material for cyanobacterial toxins. Anal. Bioanal. Chem. 2015, 407, 5353-5363. [CrossRef]

Racine, M.; Saleem, A.; Pick, ER. Metabolome Variation between Strains of Microcystis aeruginosa by Untargeted Mass Spectrom-
etry. Toxins 2019, 11, 723. [CrossRef]

Neumann, U.; Forchert, A.; Flury, T.; Weckesser, ]. Microginin FR1, a linear peptide from a water bloom of Microcystis species.
Fems Microbiol. Lett. 1997, 153, 475-478. [CrossRef]

Strangman, W.K.; Wright, ].L.C. Microginins 680, 646, and 612-new chlorinated Ahoa-containing peptides from a strain of cultured
Microcystis aeruginosa. Tetrahedron Lett. 2016, 57, 1801-1803. [CrossRef]

Zervou, S.-K.; Gkelis, S.; Kaloudis, T.; Hiskia, A.; Mazur-Marzec, H. New microginins from cyanobacteria of Greek freshwaters.
Chemosphere 2020, 248, 125961. [CrossRef]

Kraft, M.; Schleberger, C.; Weckesser, J.; Schulz, G.E. Binding structure of the leucine aminopeptidase inhibitor microginin FR1.
Febs Lett. 2006, 580, 6943—-6947. [CrossRef]

Leikoski, N.; Liu, L.; Jokela, J.; Wahlsten, M.; Gugger, M.; Calteau, A.; Permi, P.; Kerfeld, C.A.; Sivonen, K.; Fewer, D.P. Genome
Mining Expands the Chemical Diversity of the Cyanobactin Family to Include Highly Modified Linear Peptides. Chem. Biol. 2013,
20, 1033-1043. [CrossRef] [PubMed]

Sivonen, K.; Leikoski, N.; Fewer, D.P; Jokela, J. Cyanobactins-ribosomal cyclic peptides produced by cyanobacteria. Appl.
Microbiol. Biotechnol. 2010, 86, 1213-1225. [CrossRef] [PubMed]

Ziemert, N.; Ishida, K.; Quillardet, P.; Bouchier, C.; Hertweck, C.; de Marsac, N.T.; Dittmann, E. Microcyclamide biosynthesis
in two strains of Microcystis aeruginosa: From structure to genes and vice versa. Appl. Environ. Microbiol. 2008, 74, 1791-1797.
[CrossRef]

Ishida, K.; Nakagawa, H.; Murakami, M. Microcyclamide, a cytotoxic cyclic hexapeptide from the cyanobacterium Microcystis
aeruginosa. J. Nat. Prod. 2000, 63, 1315-1317. [CrossRef] [PubMed]

Portmann, C.; Blom, J.E; Gademann, K.; Juttner, F. Aerucyclamides A and B: Isolation and synthesis of toxic ribosomal heterocyclic
peptides from the cyanobacterium Microcystis aeruginosa PCC 7806. . Nat. Prod. 2008, 71, 1193-1196. [CrossRef] [PubMed]
Monteiro, P.R.; do Amaral, S.C.; Siqueira, A.S.; Xavier, L.P; Santos, A.V. Anabaenopeptins: What We Know So Far. Toxins 2021, 13,
522. [CrossRef] [PubMed]

Harada, K.; Fujii, K.; Shimada, T.; Suzuki, M.; Sano, H.; Adachi, K.; Carmichael, W.W. 2 Cyclic-Peptides, anabaenopeptins, A 3rd
group of bioactive compounds from the cyanobacterium Anabaena-flos-aquae NRC-525-17. Tetrahedron Letters 1995, 36, 1511-1514.
[CrossRef]

Williams, D.E.; Craig, M.; Holmes, C.E.B.; Andersen, R.J. Ferintoic acids A and B, new cyclic hexapeptides from the freshwater
cyanobacterium Microcystis aeruginosa. J. Nat. Prod. 1996, 59, 570-575. [CrossRef]

Spoof, L.; Blaszczyk, A.; Meriluoto, J.; Ceglowska, M.; Mazur-Marzec, H. Structures and Activity of New Anabaenopeptins
Produced by Baltic Sea Cyanobacteria. Mar. Drugs 2016, 14, 8. [CrossRef]

Pawlik-Skowronska, B.; Bownik, A. Synergistic toxicity of some cyanobacterial oligopeptides to physiological activities of Daphnia
magna (Crustacea). Toxicon 2022, 206, 74-84. [CrossRef]

Beversdorf, L.J.; Weirich, C.A.; Bartlett, S.L.; Miller, T.R. Variable Cyanobacterial Toxin and Metabolite Profiles across Six Eutrophic
Lakes of Differing Physiochemical Characteristics. Toxins 2017, 9, 62. [CrossRef]


http://doi.org/10.1021/np049828f
http://www.ncbi.nlm.nih.gov/pubmed/15497957
http://doi.org/10.1021/np800409z
http://doi.org/10.1016/j.watres.2018.04.032
http://www.ncbi.nlm.nih.gov/pubmed/29729580
http://doi.org/10.1021/acs.est.9b00257
http://doi.org/10.1128/AEM.02858-09
http://doi.org/10.3390/md19010017
http://doi.org/10.1039/C2NP20085F
http://doi.org/10.1023/A:1024889925732
http://doi.org/10.1201/9781003081449
http://doi.org/10.1007/s00216-015-8695-1
http://doi.org/10.3390/toxins11120723
http://doi.org/10.1111/j.1574-6968.1997.tb12612.x
http://doi.org/10.1016/j.tetlet.2016.03.039
http://doi.org/10.1016/j.chemosphere.2020.125961
http://doi.org/10.1016/j.febslet.2006.11.060
http://doi.org/10.1016/j.chembiol.2013.06.015
http://www.ncbi.nlm.nih.gov/pubmed/23911585
http://doi.org/10.1007/s00253-010-2482-x
http://www.ncbi.nlm.nih.gov/pubmed/20195859
http://doi.org/10.1128/AEM.02392-07
http://doi.org/10.1021/np000159p
http://www.ncbi.nlm.nih.gov/pubmed/11000050
http://doi.org/10.1021/np800118g
http://www.ncbi.nlm.nih.gov/pubmed/18558743
http://doi.org/10.3390/toxins13080522
http://www.ncbi.nlm.nih.gov/pubmed/34437393
http://doi.org/10.1016/0040-4039(95)00073-L
http://doi.org/10.1021/np960108l
http://doi.org/10.3390/md14010008
http://doi.org/10.1016/j.toxicon.2021.12.013
http://doi.org/10.3390/toxins9020062

Toxins 2023, 15, 254 18 of 18

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Ersmark, K.; Del Valle, ].R.; Hanessian, S. Chemistry and biology of the aeruginosin family of serine protease inhibitors. Angew.
Chem.-Int. Ed. 2008, 47, 1202-1223. [CrossRef]

Ishida, K.; Okita, Y.; Matsuda, H.; Okino, T.; Murakami, M. Aeruginosins, protease inhibitors from the cyanobacterium Microcystis
aeruginosa. Tetrahedron 1999, 55, 10971-10988. [CrossRef]

Natumi, R.; Janssen, E.M.L. Cyanopeptide Co-Production Dynamics beyond Mirocystins and Effects of Growth Stages and
Nutrient Availability. Environ. Sci. Technol. 2020, 54, 6063—6072. [CrossRef]

Andersen, R. (Ed.) Algal Culturing Techniques, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2005.

Watanabe, M.E; Harada, K.I.; Matsuura, K.; Watanabe, M.; Suzuki, M. Heptapeptide toxin production during the batch culture of
two Microcystis species (Cyanobacteria). . Appl. Phycol. 1989, 1, 161-165. [CrossRef]

Watanabe, M.E,; Oishi, S. Effects of environmental-factors on toxicity of A cyanobacterium (Microcystis, Aeruginosa) under
culture conditions. Appl. Environ. Microbiol. 1985, 49, 1342-1344. [CrossRef]

Carneiro, R.L.; Dorr, EA.; Dorr, E,; Bortoli, S.; Delherbe, N.; Vasquez, M.; Pinto, E. Co-occurrence of microcystin and microginin
congeners in Brazilian strains of Microcystis sp. FEMS Microbiol. Ecol. 2012, 82, 692-702. [CrossRef]

Moustaka-Gouni, M.; Sommer, U. Effects of Harmful Blooms of Large-Sized and Colonial Cyanobacteria on Aquatic Food Webs.
Water 2020, 12, 1587. [CrossRef]

Chambers, M.C.; Maclean, B.; Burke, R.; Amodei, D.; Ruderman, D.L.; Neumann, S.; Gatto, L.; Fischer, B.; Pratt, B.; Egertson, J.;
etal. A cross-platform toolkit for mass spectrometry and proteomics. Nat. Biotechnol. 2012, 30, 918-920. [CrossRef] [PubMed]
McMillan, A.; Rulisa, S.; Sumarah, M.; Macklaim, ].M.; Renaud, J.; Bisanz, ].E.; Gloor, G.B.; Reid, G. A multi-platform metabolomics
approach identifies highly specific biomarkers of bacterial diversity in the vagina of pregnant and non-pregnant women. Sci. Rep.
2015, 5, 14174. [CrossRef]

Scrucca, L.; Fop, M.; Murphy, T.B.; Raftery, A.E. mclust 5: Clustering, Classification and Density Estimation Using Gaussian Finite
Mixture Models. R J. 2016, 8, 289-317. [CrossRef]

Nyamundanda, G.; Brennan, L.; Gormley, I.C. Probabilistic principal component analysis for metabolomic data. BMC Bioinform.
2010, 11, 571. [CrossRef] [PubMed]

Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate—A practical and powerful approach to multiple testing. J. R. Stat.
Soc. Ser. B-Stat. Methodol. 1995, 57, 289-300. [CrossRef]

von Elert, E.; Oberer, L.; Merkel, P.; Huhn, T.; Blom, J.F. Cyanopeptolin 954, a Chlo-rine-Containing Chymotrypsin Inhibitor of
Microcystis aeruginosa NIVA Cya 43. J. Nat. Prod. 2005, 68, 1324-1327. [CrossRef] [PubMed]

Murakami, M.; Sun, Q.; Ishida, K.; Matsuda, H.; Okino, T.; Yamaguchi, K. Microviridins, elastase inhibitors from the cyanobacte-
rium Nostoc minutum (NIES-26). Phytochemistry 1997, 45, 1197-1202. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1002/anie.200605219
http://doi.org/10.1016/S0040-4020(99)00621-3
http://doi.org/10.1021/acs.est.9b07334
http://doi.org/10.1007/BF00003879
http://doi.org/10.1128/aem.49.5.1342-1344.1985
http://doi.org/10.1111/j.1574-6941.2012.01439.x
http://doi.org/10.3390/w12061587
http://doi.org/10.1038/nbt.2377
http://www.ncbi.nlm.nih.gov/pubmed/23051804
http://doi.org/10.1038/srep14174
http://doi.org/10.32614/RJ-2016-021
http://doi.org/10.1186/1471-2105-11-571
http://www.ncbi.nlm.nih.gov/pubmed/21092268
http://doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://doi.org/10.1021/np050079r
http://www.ncbi.nlm.nih.gov/pubmed/16180807
http://doi.org/10.1016/S0031-9422(97)00131-3

	Introduction 
	Results and Discussion 
	Factor Analysis of LC-HRMS Data to Reveal Cyanopeptide Variation 
	Molecular Networking with GNPS to Visualize Strain-Specific Cyanopeptide Diversity 
	Cyanopeptolins 
	Microviridins 
	Microcystins 
	Microginins 
	Cyanobactins 
	Anabaenopeptins 
	Aeruginosins and Unknown Clusters 

	Temporal Co-Production of Cyanopeptides 

	Conclusions 
	Materials and Methods 
	Growth of Microcystis Strains 
	Cyanopeptide Extraction from Microcystis Cells 
	Acquisition of Non-Targeted LC-MS/MS Data 
	Processing of Non-Targeted LC-MS/MS Datasets 
	PCA and Factor Loading in R 
	GNPS Molecular Networking 
	Heat Map Analysis to Illustrate Temporal Cyanopeptide Co-Production 


	References

