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ABSTRACT: Intensiﬁed cyanobacterial bloom events are of increasing global
concern because of adverse eﬀects associated with the release of bioactive compounds,
including toxic cyanopeptides. Cyanobacteria can produce a variety of cyanopeptides,
yet our knowledge about their abundance and co-production remains limited. We
applied a suspect-screening approach, including 700 structurally known cyanopeptides, and identiﬁed 11 cyanopeptides in Microcystis aeruginosa and 17 in
Dolichospermum ﬂos-aquae. Total cyanopeptide concentrations ranged from high
nmol to μmol gdry−1 with slightly higher cell quotas in the mid-exponential growth
phase. Relative cyanopeptide proﬁles were unchanged throughout the growth cycle.
We demonstrate that quantiﬁcation based on microcystin-LR equivalents can
introduce an error of up to 6-fold and recommend a class-equivalent approach instead. In M. aeruginosa, rarely studied cyclamides
dominated (>80%) over cyanopeptolins and microcystins. While all nutrient reductions caused less growth, only lowering
phosphorous and micronutrients reduced cyanopeptide production by M. aeruginosa. Similar trends were observed for D. ﬂos-aquae
and only lowering nitrogen decreased cyanopeptide production while the relative abundance of individual cyanopeptides remained
stable. The synchronized production of other cyanopeptides along with microcystins emphasizes the need to make them available as
reference standards to encourage more studies on their occurrence in blooms, persistence, and potential toxicity.

■

INTRODUCTION
Cyanobacterial blooms are a global challenge for freshwater
ecosystems because they are detrimental to water quality.
Bloom events can compromise recreational activities and are
also considered a growing public health concern due to the
production of toxins.1,2 A global increase in frequency and
intensity of cyanobacterial blooms is in part related to
increasing nutrient input and changing climate conditions
(e.g., longer-lasting warm temperature periods, changes in
hydrological mixing, etc.).3 This increase has prompted the
interest of scientists and water managers to elucidate the
factors controlling not only proliferation of cyanobacteria but
also production of their bioactive metabolites that are
potentially toxic.
Numerous studies have been conducted in the past decade
regarding the occurrence of microcystins, one class of
cyanopeptides that has been classiﬁed as hepatotoxic and has
been linked to animal poisoning and even human fatalities.4−7
Consequently, water quality guidelines have been included in
risk management frameworks of the WHO focusing on
microcystin-LR, the most frequently reported variant of more
than 200 known microcystins.8 However, besides the wellknown class of microcystins, cyanobacteria produce a variety of
cyanopeptides, which can be classiﬁed by structural similarities,
including cyclamides, cyanopeptolins, aeruginosins, anabaenopeptins, and microginins. Over the past few decades, hundreds
of cyanopeptides have been identiﬁed in pure cultures and
biomass collected from cyanobacterial bloom events.9−11
© 2020 American Chemical Society

Genotype analysis supports the presence of biosynthesis
genes for cyanopeptides beyond microcystins in common
cyanobacterial species, including Microcystis, Dolichospermum,
and Planktothrix.12,13 While the potential to produce
cyanopeptides beyond microcystins is widely accepted, our
knowledge about their abundance, persistence, and toxicity
remains largely limited.
One limiting factor regarding our knowledge about these
understudied cyanopeptides is the lack of commercially
available reference standard materials that are essential for
fate and toxicity studies and routine analytical measurements.
Alternatively, most studies thus far report only qualitative
information or semiquantitative concentrations based on
microcystin-LR equivalent units, as this reference material is
commercially available.14−17 Two recent studies used up to six
puriﬁed cyanopeptolins, microginins, and anabaenopeptins to
quantify them directly in lake water from cyanobacterial
blooms.10,18,19 These studies demonstrated that other
cyanopeptides can occur in high frequency and comparable
concentrations to microcystins and can even reach drinking
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water treatment plants.20 However, the availability of such
reference standards remains restricted and monitoring only
single cyanopeptides can still underestimate exposure to other
potentially toxic metabolites during cyanobacterial bloom
events. Most studies include only these few cyanopeptides
for which reference standards exist but without verifying that
these are the most abundant peptides present in the bloom of
species of interest. A better understanding of other
cyanopeptides would facilitate the prioritization of those
compounds for which reference standards need to be made
available.
The concentration of cyanopeptides in surface waters
deﬁnes the exposure side of the risk equation and is typically
correlated with the cell abundance of toxin-producing
cyanobacteria. Microcystin concentrations were observed to
peak in the mid-exponential growth period for Microcystis sp.
and Dolichospermum sp. (previously Anabaena).21,22 Single
studies observed similar production dynamics for anabaenopeptins, cyanopeptolins (i.e., anabaenopeptilides), and microginins.17,22,23 Cyanobacterial growth and microcystin production can be aﬀected by environmental variables, including light
intensities, temperature, pH, and in particular nutrient
availability, which we focus on herein.23,24 Nitrogen,
phosphorus, and micronutrients are essential elements for
cellular functioning and nitrogen itself is also a main molecular
component of (cyano)peptides.24 Cyanobacterial taxa cope
diﬀerently with limited nutrient availability. Microcystis and
Dolichospermum generally thrive well at high phosphate
concentrations, and the nitrogen-ﬁxing Dolichospermum are
also associated with lower nitrogen concentrations.25−28
Regarding production dynamics of toxins, most research thus
far focused on microcystins. Changes in nitrogen and
phosphorous availability aﬀected the regulation of mcy gene
expression, total microcystin production, microcystin cell
quota, ratios of toxin-producing versus nonproducing
cyanobacteria, and varied among diﬀerent strains of Microcystis.29−36 Our knowledge on the co-production dynamics of
these other cyanopeptides remains sparse, and only a few
studies inspected eﬀects on cyanopeptide production beyond
microcystins thus far.17,22,23 Understanding whether the
production dynamics are synchronized or independent
among diﬀerent cyanopeptides and how nutrient availability
inﬂuences their presence across growth stages is not only
essential for predicting exposure concentrations but may also
shed light on the underlying drivers for cyanobacteria to
produce such a complex and metabolically expensive peptides
in the ﬁrst place.
In the presented study, we applied a suspect-screening
approach to monitor the co-production dynamics of
cyanopeptides across diﬀerent growth stages and nutrient
conditions, including phosphorous, nitrogen, and micronutrient reduction for Microcystis aeruginosa and Dolichospermum ﬂos-aquae. Our results demonstrate that the production of
all cyanopeptides was synchronized in M. aeruginosa also for
the rarely studied but dominating cyclamides. Abundant
cyanopeptides likely co-occur at diﬀerent growth stages and
nutrient conditions and reference standards should be made
available in the future to include them in lake monitoring, fate
studies, and toxicity testing.
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Nodularin were obtained from Enzo Life Science (Lausen,
Switzerland). Cyanopeptolin A, cyanopeptolin D, anabaenopeptin A, anabaenopeptin NZ857, and oscillamide Y were
obtained as bioreagents from CyanoBiotech GmbH (Berlin,
Germany). Aerucyclamide A was obtained as a puriﬁed
bioreagent in dimethyl sulfoxide by Prof. Karl Gademann
(University Zurich, Switzerland).37 Additional materials are
listed in the Supporting Information.
Cyanobacterial Cultures. M. aeruginosa PCC7806 was
originally isolated from the Braakman reservoir in The
Netherlands (1972) and was obtained from the Pasteur
Culture Collection of Cyanobacteria (France). D. ﬂos-aquae
NIVA-CYA 269/6 was originally isolated from Lake
Frøylandsvatnet in Norway (1990) and was obtained from
the Norwegian Culture Collection of Algae (NORCCA). We
maintained cultures in 100 mL Erlenmeyer ﬂasks in modiﬁed
WC medium (Table S1) at 20 ± 2 °C and irradiance at 12
μmol photons m−2 s−1 on a 12:12 h light/dark cycle.38 Before
using in an experiment, cultures were maintained in the
respective medium over two inoculation cycles where 10−15%
inoculum was transferred to fresh medium every three weeks at
the later stage of the exponential growth phase. All
subculturing and sampling in the experiments described
below were performed under sterile conditions.
Eﬀects of Growth Stages and Nutrients. The eﬀects of
the growth stage and nutrient concentrations on cyanopeptide
production and cell density were evaluated for M. aeruginosa.
Cultures were prepared in duplicate in 1 L Schott bottles with
800 mL medium and an initial cell density of (1−3) × 105 cells
mL−1. The cultures were kept under continuous aeration. In
addition to the standard conditions of the WC medium with a
nitrogen to phosphorous ratio of N/P = 20 (1 mmol N L−1,
0.05 mmol P L−1), the eﬀect of increasing phosphorus 10-fold
(N/P = 2) and decreasing phosphorus by factor 2 (N/P = 40)
were investigated across the growth curve. For cyanopeptide
analysis, 15 mL of each bottle was sampled on days 0 and 3, 10
mL on day 6, and 5 mL for the remaining of the growth curve.
In addition, the cyanopeptide production in the late
exponential phase was analyzed for M. aeruginosa and D. ﬂosaquae to compare the cyanopeptide proﬁles between species
and under additional nutrient conditions. The experiments
were performed in triplicate in 250 mL Schott bottles
containing 150 mL of WC medium with an initial cell density
of (9.1−9.8) × 104 and (9.0−9.6) × 104 cells mL−1 for M.
aeruginosa and D. ﬂos-aquae, respectively. Besides the standard
conditions in WC medium at N/P = 20 (1 mmol N L−1, 0.05
mmol P L−1), 5 diﬀerent nutrient compositions were
investigated: 3-fold increase of phosphorus (+P, N/P =
6.66); decrease of phosphorus by factor 100 (−P, N/P =
2000); decrease of nitrogen by factor 100 (−N, N/P = 0.2);
decrease of both phosphorus and nitrogen by factor 100 (−N
and −P, N/P = 20); and decrease of micronutrients by factor
100 (−MN) (Table S1). The culture bottles were manually
shaken periodically and rearranged randomly to reduce the
eﬀects of minor diﬀerences in the light ﬁeld on the culturing
shelf. For cyanopeptide analysis, 10 mL of culture was sampled
when the cells reached the late exponential phase. In bottles
with reduced micronutrients, sampling took place after 40 days
as the culture only showed minimal growth during the
experiment.
For all experiments, 2 mL was removed every 72 h to
determine the number of cells by optical density at 750 nm
(Cary Series UV−Vis Spectrophotometer, Agilent Technolo-

■

EXPERIMENTAL SECTION
Materials. Microcystin reference standards for MC-LR,
MC-YR, MC-RR, MC-LF, MC-LA, MC-LW, MC-LY, and
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Cartridge, Waters) and inline ﬁlter (BGB). The mobile phases
consisted of nanopure water (eluent A) and methanol (eluent
B), both acidiﬁed with formic acid (0.1%). Binary gradient
elution was carried out at a ﬂow rate of 200 μL min−1 and
increasing eluent B from 10 to 100% between 0 and 27.5 min.
The injection volume was 25 μL. Detection of analytes was
achieved by HRMS/MS with electrospray ionization (ESI),
320 °C capillary temperature, 4 kV electrospray voltage, and 35
V capillary voltage in a positive ionization mode. Full scan
accurate mass spectra were acquired from 200 to 1500 m/z
with a nominal resolving power of 140 000 referenced at m/z
250, automated gain control (AGC) of 1 × 106, and maximal
injection time of 100 ms with 1 ppm mass accuracy. Datadependent high-resolution product ion spectra were obtained
by HCD at 35% collision energy, at a resolving power of
17 500 at 400 m/z, AGC of 1 × 105 and maximal injection
time of 80 ms. For triggering data-dependent MS/MS
acquisition, we included an in-house suspect list as detailed
in Table S4.
Data Processing. The suspect screening included 712
cyanopeptides in total with 297 microcystins, 149 cyanopeptolins, 38 anabaenopeptins, 18 cyclamides, 61 microginins, 55
cryptophycins, 50 aeruginosins, and 44 other compounds
(Table S4). The identiﬁcation of most cyanopeptides needed
to be carried out without available reference standard
materials. Thus, a comprehensive data analysis workﬂow
adopted from suspect screening applied to small molecules
was used.40 Spectral libraries do not exist for most suspects,
and in silico fragmentation predictions were used to facilitate
fragment identiﬁcation (Mass Frontier 7.0, mMass 5.5.0).
Herein, only those cyanopeptides were reported that could be
identiﬁed as one of the following criteria. A compound was
identiﬁed as a tentative candidate based on exact mass (<5
ppm mass error), accurate isotopic pattern (idotp > 0.9), and
evidence from the fragmentation data; cyanopeptides were
identiﬁed as conﬁrmed structures when these parameters were
in agreement with available reference standards or bioreagents.
The comparison of intensity over the m/z range for mass
spectrometry fragmentation spectra between conﬁrmed
structures (level 1) and cyanobacteria biomass extract was
done by plotting head to tail plots using the R packages
RMassBank41 and MSMSsim42 (Figures S2−S10). Data
analysis was performed in RStudio with R version 3.6.1.43
The HRMS measurement data ﬁles were converted to
open.mzXML data format using the msconvert tool from
ProteoWizard.44 The data evaluation and extraction of peak
areas was performed with Skyline (version 4.1).
The peak area of the selected ion chromatogram was
extracted for all identiﬁed cyanopeptides. Diﬀerent charge
states (z = 1, z = 2) and adducts (+H, +Na) were considered
and for all identiﬁed compounds, the M+H was identiﬁed as
the dominant ion with the exception of microcystins that
contain two arginine moieties, here the M+2H was selected for
area extraction. The identiﬁed cyanopeptides were quantiﬁed
by external calibration curves of the available reference
standard and bioreagent in the range of the analyte
concentration present in the samples. Matrix eﬀects on
ionization eﬃciency were considered by standard addition to
cyanobacterial extracts. Concentrations were only reported
when the peak area was above the limits of quantiﬁcation
(LOQs), deﬁned as 10 times the ratio of the standard
deviation of the response-to-slope of the calibration curve.
Parameters for matrix eﬀects, relative response factor, LOD,

gies). For the growth curve experiment, the cells were also
counted using a Neubauer counting chamber under a light
microscope (Leitz Biomed, magniﬁcation ×400). At least 100
cells were counted for four subsamples and the average was
reported and used to normalize cyanopeptide concentration. A
calibration of cell count versus optical density at 750 nm for
each nutrient condition was used to convert optical densities to
cell numbers (Figure S1). The evolution of cell abundance
over time was ﬁt to the Richard model to evaluate the growth
curves39
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with y(t) being the cell density as log-normalized optical
density, log(ODt/OD0), at time t, μ being the growth rate, λ
being the time of the lag phase, A being the ﬁnal cell density as
maximum log(ODt/OD0), and ν being a shape parameter set
to 1.8. The parameters μ and λ were obtained from the ﬁt
resulting in the minimized sum of least square error (Solver
function in Microsoft Excel, version 2010).
Cyanopeptide Extraction. The cells were harvested by
centrifugation (rcf of 4660g at 10 °C, 10 min, Megafuge 1.0 R,
Heraeus Instruments), lyophilized (−40 °C, −3 mbar, 24 h,
Lyovac GT2, Leybold), and stored at −20 °C until further
analysis. For extraction, the weight of the dry material was
recorded and MeOH/H2O (70:30 v/v) was added at a ratio of
5 μL mgdry,wt−1. The suspension was homogenized by
vortexing, incubated under sonication (VWR, Ultrasonic
cleaner USC-THD, level 6, 10 min), and solids were separated
from the supernatant by centrifugation (rcf of 4660g, 10 min).
The supernatant was transferred to a new glass vial and the
extraction was repeated two more times. The solvent was
evaporated from the combined extract under a gentle stream of
nitrogen (40 °C, TurboVap LV, Biotage) to reduce the
methanol content to less than 5%. The extracts were diluted to
a total volume of 3 mL with nanopure water prior to clean-up
by solid-phase extraction (SPE) on a 12-fold vacuum
extraction box (Visiprep, 12 ports, Sigma Aldrich). The SPE
cartridges (Oasis HLB 3 cc, 60 mg) were consecutively
conditioned with methanol and water (9 mL each). The
extracts were loaded onto the cartridges, washed with 9 mL of
nanopure water followed by 9 mL of MeOH/H2O (20:80 v/v)
prior to elution with 9 mL MeOH/H2O (85:15 v/v) at a ﬂow
rate of 1 mL min−1. The eluted fraction was collected and
concentrated to 300 μL by vacuum-assisted evaporation
(Syncore Analyst R-12, BÜ CHI Labortechnik AG, 40 °C,
120 rpm, 20 mbar). Each volume was adjusted gravimetrically
to 1.0 mL MeOH/H2O (10:90 v/v) before analysis.
Additionally, empty glass vials were extracted and the extracts
were subjected to SPE clean up and concentration serving as
method blanks. Cyanopeptide standards and bioreagents were
spiked to nanopure water, and these samples were processed in
the same manner to evaluate relative recoveries of the sample
preparation steps (results in Tables S2 and S3).
Cyanopeptide Analysis. Peptide analysis was performed
by high-performance liquid chromatography (Dionex UltiMate3000 RS pump, Thermo Fischer Scientiﬁc) with an
autosampler (CTC Analytics) coupled to a high-resolution
tandem mass spectrometer (HRMS/MS, Q-Exactive-Plus
Orbitrap, ThermoFisher Scientiﬁc). Chromatographic separation was carried out on an XBridgeTM C18 column (3.5 μm,
2.1 mm × 50 mm, Waters) with precolumn (VanGuard
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Table 1. Main Cyanopeptides Tentatively Identiﬁed in Cell Extracts of M. aeruginosa and D. ﬂos-aquae
cyanopeptide
Microcystis aeruginosa
aerucyclamide A
aerucyclamide C
aerucyclamide B
aerucyclamide D
total aerucyclamides
MC-LR
MC-LR-demethyl groupc
total microcystins
cyanopeptolin D
cyanopeptolin A
cyanopeptolin C
cyanopeptolin B
total cyanopeptolins
Dolichospermum ﬂos-aquae
oscillamide Y
anabaenopeptin A
anabaenopeptin E groupc
anabaenopeptin B
total anabaenopeptins
MC-YR-groupc
MC-LR-demethyl groupc
MC-LR
MC-HtyR groupb
total microcystins

molecular formula

class equivalentsa (%)

MC-LR equivalentsb (%)

37
37
48
48

C24H34N6O4S2
C24H32N6O5S
C24H32N6O5S2
C26H30N6O4S3

49

C49H74N10O12
C48H72N10O12

45
45
45
45

C48H76N8O12
C46H71N10O12H
C47H73N8O12H
C46H71N8O12H

43 ± 10
25 ± 6
11 ± 3
3±1
82 ± 12
3±1
1 ± <1
4±1
5±1
4±1
3±1
1 ± <1
14 ± 2

33 ± 9
19 ± 5
9±2
2±1
63 ± 11
10 ± 3
6±2
16 ± 4
7±3
8±3
3±2
3±1
21 ± 5

50
51
52

C45H59N7O10
C44H57N7O10
C42H62N10O9
C41H60N10O9

49
53, 54

C52H72N10O13
C48H72N10O12
C49H74N10O12
C53H74N10O13

84 ± 23
7±2
2 ± <1
1 ± <1
94 ± 23
2 ± <1
2 ± <1
1 ± <1
1 ± <1
6 ± <1

33 ± 8
22 ± 5
10 ± 2
7±1
72 ± 10
8±1
7±1
3 ± <1
4 ± <1
22 ± 2

references

a

Quantitative analysis based on selected positive ion chromatograms of the protonated peptides. Relative amounts of variants smaller than two
percent of the total were not included. Quantiﬁcation was based on class equivalent (mol mg−1 dry weight of biomass). bQuantiﬁcation was based
on Microcystin-LR equivalents. cIsobaric compounds, see Table S7.

aeruginosa and 2.0 ± 0.4 μmol gdry‑wt−1 in D. ﬂos-aquae for
biomass harvested in the late exponential growth phase (WC
medium with N/P 20). Since standard reference materials
were not available for most cyanopeptides, we used a classequivalent approach for quantiﬁcation (Tables S5 and S6).
The response factors varied up to 2.5-fold across diﬀerent
microcystin variants and up to 6-fold across all cyanopeptides
tested. The class-equivalent approach critically aﬀected
quantiﬁcation compared to microcystin-LR equivalents. For
example, the class-equivalent concentrations for cyanopeptolin
A and aerucyclamide A were 2.3- and 6-fold higher,
respectively, compared to microcystin-LR equivalent units.
As long as no true reference materials are available for each
compound, we recommend quantiﬁcation by class equivalents
instead of microcystin-LR equivalents.
Based on class-equivalent quantiﬁcation, cyclamides contributed 82%, cyanopeptolins 14%, and microcystins 4% to the
total cyanopeptide pool of M. aeruginosa. The class of
cyclamides was dominated by aerucyclamide A, followed by
aerucyclamide C, B, and D, which are all cyclic hexapeptides
characterized by three azole or azoline rings. The sulfoxide of
aerucyclamide D was also detected, which can be formed upon
post-translational methionine oxidation. Aerucyclamide A was
with 43% most abundant cyanopeptide overall and has, to our
current knowledge, not been included in the studies of
production dynamics to date. The class of cyanopeptolins was
dominated by cyanopeptolin D followed by cyanopeptolin A,
C, and B. Cyanopeptolins are depsipeptides containing the
characteristic 3-amino-6-hydroxy-2-piperidone (Ahp) moiety
and the four variants diﬀer in one of the six building blocks,
where the N,N-dimethyl-lysine of cyanopeptolin D is replaced

LOQ, and recoveries from sample preparation can be found in
Table S2. For those cyanopeptides for which no reference
standard or bioreagent was available, we calculated microcystin-LR equivalent units and class-speciﬁc equivalents. The
microcystin-LR equivalent units were calculated from external
calibration with microcystin-LR standard. To calculate the
class-speciﬁc equivalent units, we calculated the response factor
of the calibration slope for all available bioreagents relative to
that of microcystin-LR. We multiplied the microcystin-LR
equivalent units for each compound by the relative response
factor of the structurally most similar bioreagent or standard.
All (equivalent) concentrations were normalized either to the
number of cells or the dry weight of extracted biomass. The
independent student t-test and one-way analysis of variance
(ANOVA) followed by Tukey was employed to detect any
statistically signiﬁcant diﬀerence in the total cyanopeptide
concentration, growth rate, and ﬁnal cell density by
comparison of the 95% conﬁdence intervals (α = 0.05) in
RStudio (version 3.6.1).

■

RESULTS AND DISCUSSION
Co-Production of Cyanopeptides. We investigated the
co-production of cyanopeptides in M. aeruginosa and D. ﬂosaquae by suspect screening of 712 structurally known
cyanobacterial peptides, including cyclamides, cyanopeptolins,
aeruginosins, microcystins, anabaenopeptins, and microginins.
Of these, we tentatively identiﬁed 11 cyanopeptides in M.
aeruginosa and 17 in D. ﬂos-aquae, and the most abundant
metabolites are listed in Table 1 (for compounds with <2%
abundance, see Tables S5 and S6). We observed a total
cyanopeptide concentration of 0.4 ± 0.1 μmol gdry‑wt−1 in M.
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by arginine, N-methyl-lysine, or lysine, respectively.45−47 The
class of microcystins was dominated by microcystin-LR,
followed by the demethyl-microcystin-LR-group. Note that
the demethyl-microcystin-LR-group represents isobaric compounds with C48H72N10O12. Details of all isobaric groups
reported herein can be found in Table S7. Overall, the
abundant cyanopeptides observed here are comparable to a
recent report on the global metabolome of bloom-forming
Microcystis spp.14
In D. ﬂos-aquae, anabaenopeptins contributed 94% and
microcystins 6% to the total cyanopeptide pool based on class
equivalents. The class of anabaenopeptins was dominated by
oscillamide Y (83%) and a smaller contribution of
anabaenopeptin A (7%), the isobaric group of anabaenopeptin
E (2%, C42H62N10O9 see Table S6) and anabaenopeptin B
(1%). We conﬁrmed the presence of oscillamide Y and not its
isobaric analogue anabaenopeptin NZ857 by analysis of the
secondary fragmentation (see Figures S6 and S7). Anabaenopeptins are ﬁve-membered cyclic peptides with the ureido
bond connecting the primary amine of lysine with the primary
amine of the neighboring amino acid and lysine’s epsilonamine with the carboxyl group of the C terminal amino acid to
form a urea moiety. Oscillamide Y and anabaenopeptin A
contain, respectively, an L-Phe and L-Tyr, which is replaced for
L-Arg in the anabaenopeptin B and E group. Additional
variation is mostly attributed to changes in the aliphatic parts.
The class of microcystins was dominated by microcystin-YR
(2%), followed by the demethyl-microcystin-LR-group (2%)
and microcystin-LR (1%). We further evaluated the cyanopeptide production dynamics along the growth curve and then
compared cyanopeptide proﬁles under diﬀerent nutrient
conditions.
Production Dynamics along the Growth Curve. We
investigated the change of peptide production relative to cell
abundance and across the growth phases of M. aeruginosa in
batch cultures. We used three diﬀerent initial phosphorous
concentrations of 0.5, 0.05, and 0.025 mmol L−1 while the
initial nitrogen content was kept constant at 1 mmol L−1
resulting in N/P ratios of 2, 20, and 40, respectively. Previous
studies reported that extracellular concentrations typically
account for a small fraction of the total cyanopeptide pool,
even in the stationary phase when the release of intracellular
peptides into the medium can be higher due to cell lysis;
hence, we focused on intracellular cyanopeptide concentrations
herein.55,56
Data in Figure 1A show the growth curve of M. aeruginosa as
normalized cell abundance and the growth behavior was
comparable under the three N/P conditions with slightly lower
total ﬁnal cell abundance in the 0.5 mmol L−1 conditions (nonnormalized data Figure S11). Microcystis have been shown to
grow equally well with comparable growth rates across a wide
range of phosphorus concentrations (1.75 μmol L−1 to 2 mmol
L−1).57,58 Data in Figure 1B show that the concentration of
total cyanopeptides (nmol mL−1) directly correlated with cell
abundance and the cyanopeptide production per cell remained
stable between 0.025 and 0.5 mmol P L−1. The correlation of
cyanobacteria biovolume and microcystin production has been
regularly reported.25,59,60 These observations were supported
by the fact that the mcyD gene, one of the genes involved in
microcystin biosynthesis, was upregulated in M. aeruginosa
when phosphorus concentration was decreased in batch
cultures.58 Here, we demonstrate that the correlation also
holds for the production dynamics of other cyanopeptides,
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Figure 1. (A) Growth curves of M. aeruginosa as log-normalized cell
abundance (log Ct/C0) for batch experiments in a medium with 1
mmol L−1 nitrogen and at three total phosphorous concentrations
being 0.50 mmol L−1 (N/P = 2), 0.05 mmol L−1 (N/P = 20), and
0.025 mmol L−1 (N/P = 40). The growth parameters μ being the
exponential growth rate per day and λ being the lag time before
exponential growth in days were obtained by ﬁtting to the Richard
model and are listed in the insert. (B) Total cyanopeptide
concentrations in nmol mL−1 cyanopeptide class equivalence relative
to total cell abundance. The slope represents the cyanopeptide
production rate in fmol per cell and parameters of the linear
regression are listed in the insert.

including cyclamides and cyanopeptolins, that were coproduced (Figure S12). Even though the other cyanopeptide
classes are synthetized by diﬀerent gene clusters, these ﬁndings
raise the question of whether the production dynamics of less
studied cyanopeptides are regulated in a similar manner to
microcystins.
We further investigated cyanopeptide production dynamics
across the growth phases. Data in Figure 2 show the
cyanopeptide concentrations per cell across the growth phases
at an initial phosphorous concentration of 0.05 mmol L−1 (N/
P 20). We observed a slight increase of cellular quotas in the
mid-exponential phase of the growth curve for the total
cyanopeptide concentration, total microcystins, and total
cyclamides. The production of no particular cyanopeptide
was favored depending on the growth stages and suggested
synchronic production along with microcystins. Comparable
results were obtained for the other growth conditions (N/P 2
and 40, Figure S13). Peak production in the mid-exponential
phase was previously reported for microcystins,21,23,61 but only
two studies considered the production of other cyanopeptides
over the growth stages thus far and none of them have
considered cyclamides.17,22 Carneiro et al. also observed
synchronized production for microcystins and microginins
but without signiﬁcant change across the growth cycle of a
Microcystis ﬁeld isolate.17 On the other hand, Repka et al.
observed peak production for microcystins in the midexponential phase while anabaenopeptin production peak
later in the late stationary phase using Anabaena 90.22 Our
data suggest that diﬀerences in production dynamics across the
growth phases vary not only between genera but also between
species. An improved understanding when cyanopeptides are
produced and how they may covary will also facilitate
hypotheses about the biological function of these complex
molecules.
Nutrient Eﬀects on Cyanopeptide Production Dynamics. We further investigated the eﬀect of diﬀerent nutrient
concentrations on the cyanopeptide production dynamics for
M. aeruginosa and D. ﬂos-aquae. Across all experiments, we
tested nutrient ranges from 0.5 μM to 0.5 mM phosphorous
(0.02−16 mgP L−1) and 10 μM to 1 mM nitrogen (0.7−71
6067
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Figure 2. Cyanopeptide concentration per cell in class equivalents over the growth curve for M. aeruginosa for the total production of
cyanopeptides (A) and by cyanopeptide class of cyclamides (B), microcystins (C), and cyanopeptolins (D). The shown chemical structures are
representative compounds for each cyanopeptide class: aerucyclamide A, microcystin-LR, and cyanopeptolin A, but the shown concentration values
represent the sum of all identiﬁed members for each class.

mgN L−1). Data in Figure 3 show that the reduction of
nutrients always reduced the growth rate (μ) and ﬁnal cell

these conditions. It has previously been shown that nitrogen
limitation has a more severe eﬀect on cyanobacterial growth,
especially for non-nitrogen-ﬁxing cyanobacteria such as M.
aeruginosa.62 Also, cyanobacteria can adapt to reduced
phosphorous availability in surface waters by upregulating
speciﬁc pathways. Upregulation of transporters responsible for
phosphorous storage has been reported to facilitate phosphate
storage.63,64 It was also reported that phosphate limitations can
upregulate sulfate-binding protein and permease protein
synthesis, suggesting that cyanobacteria can switch to
sulfolipids in place of phospholipids to reduce cellular
phosphorus quotas.32 When micronutrients were reduced, we
observed a drastic reduction of growth, an increased lag phase
to 33 days, and color change to yellow as a sign of cell
apoptosis for M. aeruginosa. While the eﬀects on D. ﬂos-aquae
were less severe, micronutrient reduction also reduced the ﬁnal
cell density by 52% and the growth rate by 23%. Trace metals
are essential to living organisms as cofactors and phototrophic
organisms such as cyanobacteria have relatively high trace
metal requirements for optimal growth since metal cofactors
are part of the photosynthetic apparatus.65
Nutrient reduction is not only expected to aﬀect cell
proliferation but also the production of secondary metabolites.
Here, we investigated the eﬀect of nutrient limitation on
cyanopeptide production by analyzing biomass in the late
exponential phase (or at day 40 for M. aeruginosa under
reduced micronutrient conditions where the stationary phase
was not reached). Data in Figure 4 show the total
cyanopeptide concentrations in nmol class equivalents
normalized to the dry weight of analyzed biomass. The total
production of cyanopeptides ranged in the hundreds of nmol
mgdry‑wt−1 for M. aeruginosa and in the thousands of nmol

Figure 3. Fitted growth curves of (A) M. aeruginosa and (B) D. ﬂosaquae as log-normalized cell abundance (log Ct/C0) for batch
experiments in modiﬁed WC medium at six diﬀerent nutrient
concentrations, including the reference conditions with 1 mmol N L−1
and 0.05 mmol P L−1 (control, black), 3-fold increase of P (+P,
purple), 100-fold decrease of P (−P, blue), 100-fold decrease of N
(−N, green), 100-fold decrease of P and N (−N and −P, orange), and
100-fold decrease of micronutrients (−MN, red). The growth
parameters obtained by ﬁtting the Richard model are indicated with
μ being the exponential growth rate per day and λ being the lag time
before exponential growth in days.

density (A) for both species. For M. aeruginosa, the decrease of
nitrogen alone and together with phosphorous signiﬁcantly
decrease the ﬁnal cell density by 86% (p < 0.0001) and the
speciﬁc growth rate by 84% (p = 0.025). The decrease of only
phosphorous reduced these growth parameters to a lesser
extent (by 33 and 22%, respectively), suggesting that nitrogen
was the most limiting growth factor for M. aeruginosa under
6068
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Figure 4. Total cyanopeptide concentration in nmol class equivalent per dry weight for (A) M. aeruginosa PCC7806 and (B) D. ﬂos-aquae under six
diﬀerent nutrient conditions, including the reference conditions with 1 mmol N L−1 and 0.05 mmol P L−1 and enhanced total phosphorous (+P, by
factor 3), reduced total phosphorous (−P, by factor 100), reduced total nitrogen (−N, by factor 100), reduced total phosphorous and nitrogen
(both −N and −P by factor 100), and reduced micronutrient concentration (−MN by factor 100) relative to the control conditions (WC
medium). The pie charts represent the cyanopeptide proﬁle with relative contribution of cyclamides (blue), cyanopeptolins (green), microcystins
(yellow), and anabaenopeptins (purple). p-Values of t-test from comparison to the control conditions are listed. *p-Value < 0.1 and **p-value <
0.05.

mgdry‑wt−1 for D. ﬂos-aquae. While reduction of nutrients always
reduced growth signiﬁcantly, only reduction of phosphorus
and micronutrients from 50 to 0.5 μM signiﬁcantly reduced
cyanopeptide production by M. aeruginosa (t-test, p = 0.0008
and 0.0001, respectively). Tonk et al. also observed that the
production rate by M. aeruginosa of microcystin-LR and three
cyanopeptolins decreased when lowering phosphate availability
from 3 to 0.03 μM.23 Our data demonstrates that this eﬀects
also holds for the production of the highly abundant
cyclamides and is not apparent at higher P-availability (from
25 to 50 μM, Figure 1B). Under severe phosphorous
limitation, upregulation of phosphorous transport by Microcystis may be carried out to the expense of cyanopeptide
production as both processes are considered to be metabolically expensive.63,64
While all conditions with reduced nutrient availability
signiﬁcantly reduced growth also for D. ﬂos-aquae, only
reduction of nitrogen signiﬁcantly reduced cyanopeptide
production. Previously, a negative eﬀect of nitrogen reduction
had only been reported for microcystin production.21,63,66,67
Here, we demonstrate that the same relationship holds true
also for anabaenopeptins. These ﬁndings are consistent with
the nitrogen requirements for cyanopeptide synthesis, as
nitrogen is not only an essential nutrient needed by the
enzymes involved in cyanopeptide production but is also a key
building block of these N-rich compounds (C/N ratio of 4−
7).68 Furthermore, previous work demonstrated that reduced
nitrogen availability resulted in a lower transcript abundance of
the microcystin synthetase genes (mcyA−mcyE) for M.
aeruginosa spp.32 We hypothesize that anabaenopeptin
synthetase genes may be similarly regulated when nitrogen is
limited. Reducing phosphorous availability to 0.5 μM had no
observable eﬀect on the cyanopeptide production for D. ﬂosaquae, which is in agreement with a previous study that
reported an eﬀect on anabaenopeptin production only at
strong limitation at 0.1−1 μM for Anabaena 90.22 We observed
that the cyanopeptide proﬁle for D. ﬂos-aquae remained rather
constant across diﬀerent nutrient conditions, with anabaenopeptins being the dominant peptide family (94%), followed by
microcystins (6%) and a minor contribution of cyanopeptolins
(<1%) (pie chart insert in Figure 4B). The cyanopeptide
proﬁle of M. aeruginosa changed under nutrient limiting
conditions and we observed a consistent increase of

cyanopeptolins (from 16 to 29%) and a decrease of cyclamides
(from 80 to 65%) while the contribution of microcystins
remained comparable (4−6%, pie chart inserts in Figure 4A).

■

IMPLICATIONS
Thus far, the knowledge on production dynamics of
cyanopeptide beyond microcystins remains limited. Here, we
demonstrate that cellular quotas of M. aeruginosa (PCC7806)
were dominated by cyclamides, a class of cyanopeptide that has
not been included in studies of production dynamics before.
The production of no particular cyanopeptide was favored
depending on the growth stages and suggested synchronic
production along with microcystins. The results demonstrate
that M. aeruginosa maintained similar relative concentrations of
all cyanopeptides across diﬀerent peptide classes. We can
hypothesize the reason why cyanobacteria producing diﬀerent
cyanopeptides is not related to requirements that change
during the growth cycle. Our observations further suggest that
M. aeruginosa and D. ﬂos-aquae respond diﬀerently to reduced
phosphorous, nitrogen, and micronutrient availability, not only
regarding their growth behavior but also regarding their
cyanopeptide production. Finding the cause of the diﬀerent
eﬀects of nutrient conditions on cyanopeptide production
dynamics between species remains challenging because the
underlying motivation why cyanobacteria produce these
metabolites in the ﬁrst place remains poorly understood. Our
data suggest that the production dynamics of less studied
cyanopeptides are in part comparable to those of the wellknown microcystins, and one can hypothesize that distinct
cyanopeptides serve diﬀerent functions for D. ﬂos-aquae, rich in
anabaenopeptins, and M. aeruginosa, rich in cyclamides and
cyanopeptolins.
While the quantiﬁcation of many cyanopeptides is not
possible due to the lack of reference standard materials, the
class-equivalent approach presented here determined concentrations more accurately than the more common microcystinLR equivalent approach. While the microcystin-LR equivalent
approach is more widely available, the response in mass
spectrometry analysis can vary up to 6-fold for other
cyanopeptides, which translates into false quantiﬁcation of
the same magnitude. The class-equivalent approach provides a
more accurate representation of the absolute and relative
contribution of individual cyanopeptides and peptide classes.
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From the large target list of more than 700 structurally known
cyanopeptides, we herein identiﬁed 24 diﬀerent cyanopeptides
produced by these two common bloom-forming strains; M.
aeruginosa and D. ﬂos-aquae. These less studied cyanopeptides
should be prioritized and commercially reference standards
should be made available to encourage more studies on their
occurrence in blooms, persistence, and potential toxicity.
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