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• Sodium hypochlorite inactivated
M. aeruginosa at lower doses than chlo-
rine dioxide.

• The two oxidants acted differently on
intracellular toxins and metabolites
release.

• Untargeted LC-HRMS allowed the dis-
covery of two new cyanopeptolin-type
peptides.
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A B S T R A C T

Cyanobacteria in water supplies are considered an emerging threat, as some species produce toxic metabolites,
cyanotoxins, of which the most widespread and well-studied are microcystins. Consumption of contaminated
water is a common exposure route to cyanotoxins, making the study of cyanobacteria in drinking waters a
priority to protect public health. In drinking water treatment plants, pre-oxidation with chlorinated compounds
is widely employed to inhibit cyanobacterial growth, although concerns on its efficacy in reducing cyanotoxin
content exists. Additionally, the effects of chlorination on abundant but less-studied cyanometabolites (e.g.
cyanopeptolins whose toxicity is still unclear) remain poorly investigated. Here, two chlorinated oxidants, so-
dium hypochlorite (NaClO) and chlorine dioxide (ClO2), were tested on the toxic cyanobacterium Microcystis
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aeruginosa, evaluating their effect on cell viability, toxin profile and content. Intra- and extracellular microcystins
and other cyanometabolites, including their degradation products, were identified using an untargeted LC-HRMS
approach. Both oxidants were able to inactivate M. aeruginosa cells at a low dose (0.5 mg L− 1), and greatly
reduced intracellular toxins content (>90%), regardless of the treatment time (1–3 h). Conversely, a two-fold
increase of extracellular toxins after NaClO treatment emerged, suggesting a cellular damage. A novel metab-
olite named cyanopeptolin-type peptide-1029, was identified based on LC-HRMSn (n = 2, 3) evidence, and it was
differently affected by the two oxidants. NaClO led to increase its extracellular concentration from 2 to 80–100
μg L− 1, and ClO2 induced the formation of its oxidized derivative, cyanopeptolin-type peptide-1045. In
conclusion, pre-oxidation treatments of raw water contaminated by toxic cyanobacteria may lead to increased
cyanotoxin concentrations in drinking water and, depending on the chemical agent, its dose and treatment
duration, also of oxidized metabolites. Since the effects of such metabolites on human health remain unknown,
this issue should be handled with extreme caution by water security agencies involved in drinking water
management.

1. Introduction

Cyanobacteria represent major constituents of phytoplankton in
aquatic ecosystems, contributing to 20–30% of the global primary pro-
duction (de la Cruz et al., 2020). Under certain environmental condi-
tions (e.g., high nutrient levels, water temperature, and light intensity),
cyanobacteria can massively proliferate giving rise to harmful cyano-
bacterial blooms. Several studies highlight a close correlation between
climate changes and the increasing magnitude, frequency and duration
of cyanobacterial blooms (Huisman et al., 2018). Additionally, many
cyanobacteria genera such as Microcystis and Planktothrix produce toxic
metabolites (i.e., cyanotoxins) characterized by different chemical
structures and mechanisms of action (Buratti et al., 2017). Microcystins
(MCs) are one of the most studied cyanotoxins (Wang et al., 2022),
which exert hepatotoxic effects by targeting liver cells and inducing the
inhibition of protein phosphatases, and may also act as tumor promoters
(Fastner and Humpage, 2021). Among the more than 300 known MCs
variants (Jones et al., 2021), MC-LR - containing leucine and arginine in
positions 2 and 4 - is considered the most common and toxic one (LD50 i.
p. injection = 50 and 160–300 μg kg− 1 for MC-LR and other MCs vari-
ants, respectively Fastner and Humpage, 2021). Nonetheless, different
and less-studied bioactive metabolites are produced by cyanobacteria,
such as other peptides, e.g., cyanopeptolins and cyanopeptolin-type
peptides (CPtps), which comprise more than 230 cyclic hexapeptides
containing a β-lactone ring and featuring a characteristic 3-amino-6-hy-
droxy-2-piperidone (Ahp) moiety (Konkel et al., 2023; McDonald et al.,
2021). Despite cyanopeptides may occur in freshwater at concentrations
similar to those reported for the well-studied MCs (Beversdorf et al.,
2017), they have been poorly investigated from both a chemical and a
toxicological stand point. Cyanopeptides should not be neglected during
water surveillance as a potential ecotoxicity has recently emerged, due
to a general inhibition effect on enzymes (proteases, trypsin, chymo-
trypsin, aminopeptidase among others) in micro-to nanomolar range
and toxic effects in the same range of MCs when tested in biological
assays (Janssen, 2019). In routine analyses, liquid chromatography
coupled to mass spectrometry (LC-MS) is employed in targeted screening
of selected cyanotoxins, whose reference standards are available, while
no information can be easily obtained for other unknown cyanometa-
bolites. More recently, approaches based on the untargeted analysis
using LC-high-resolution mass spectrometry (LC-HRMS), together with
an ever-growing comprehensive database of cyanobacterial metabolites
(Janssen et al., 2023), have been successfully used for toxic profile
determination of bloom material and cultured strains (Kust et al., 2020;
Varriale et al., 2023).

In the perspective of the global safe management of drinking water
supplies, cyanobacteria monitoring in water bodies for human con-
sumption is a priority (Moreira et al., 2022), and national regulations are
in place to prevent the risks associated with cyanotoxins’ exposure. For
instance, in Europe, the EU 2020/2184 directive includes MC-LR among
the contaminants to be monitored (the maximum allowed concentration
of total MCs in drinking water is set at 1.0 μg L− 1).

Cyanobacteria may negatively affect the efficiency of drinking water
treatment plants (DWTPs), in which several methods are employed,
typically including coagulation, flocculation, sedimentation, filtration,
and final disinfection (Jalili et al., 2022). Cyanobacteria biomass can
cause filtration-clogging action or the increasing coagulant and floccu-
lants demand, as well as the overloading of other downstream processes
such as absorption on activated carbons (Jalili et al., 2022; Zamyadi
et al., 2013), or lead to the presence of cells and toxins within DWTPs or
in finished water if cyanobacteria breakthrough occurs (Mohamed,
2016; Pazouki et al., 2016; Rose et al., 2018). Even overcoming the
difficulties arising from the presence of cyanobacterial biomass, the
dispersed cyanobacteria cells can negatively affect DWTPs. Evidence of
cyanobacterial cells’ accumulation, survival and even growth in the
settling sludges arising in the water treatment chain have been reported.
This phenomenon can cause cell damages, thus determining the increase
of dissolved toxins’ concentration in the water under treatment (Jalili
et al., 2022; Pestana et al., 2016). Another common step in water
treatment is the pre-oxidation of raw water using oxidant disinfectants,
specifically added to inactivate or kill waterborne pathogens (Betan-
court and Rose, 2004). Because of their relatively low costs,
ready-availability, and wide-spectrum applications, chlorinated oxi-
dants (chlorine dioxide, sodium hypochlorite, chloramines) are the most
used disinfectants in DWTPs. However, pre-oxidation of raw water poses
concerns about the chlorinated oxidants-driven formation of disinfec-
tion by-products (DBPs) such as carcinogenic trihalomethanes (Mazhar
et al., 2020). Furthermore, when toxic cyanobacteria are present,
pre-oxidation may cause cell lysis and consequently extracellular toxin
release (Li et al., 2020; Zamyadi et al., 2013; Zhang et al., 2017). Despite
that, data suggested that pre-oxidation prior to flocculation and sedi-
mentation may favor the removal of algal and cyanobacterial cells (Qi
et al., 2021). Accordingly, the use of low doses of oxidants during
pre-oxidation (<2.0 mg L− 1) of raw water has been suggested to achieve
the inactivation of cells without causing lyses resulting in toxin release
(Henderson et al., 2008; Jalili et al., 2022). In this complex scenario, is
noteworthy that a pre-oxidation step may be required by national laws
(i.e., in Italy; Italian Legislative Decree 152/2006, 2006) and conse-
quently, a careful evaluation of the related benefits and risks should be
done. The present study aims to investigate the effects of low-dosed
chlorinated oxidants commonly employed in DWTPs, i.e., sodium hy-
pochlorite and chlorine dioxide, on cultures of the toxic cyanobacterium
Microcystis aeruginosa. The effects of the oxidants in inhibiting cyano-
bacterial cell viability and on intra-cellular toxin content and their
extra-cellular release were assessed. In this frame, metabolites produced
by M. aeruginosa were explored by analyzing cultures before and after
the treatments by an untargeted LC-HRMS approach.

2. Materials and methods

2.1. Chemicals

All reagents, solvents, and chemical standards used were of
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analytical grade or higher. HPLC grade solvents (water, acetonitrile,
methanol) and formic acid (reagent grade, ≥99.5%) used for LC-HRMS
analyses were from Merck KGaA (Darmstadt, Germany). Chlorine di-
oxide stock solution of 146 mg L− 1 (ClO2) was prepared ready-to-use by
the water treatment Company (Romagna Acque – Società delle Fonti S.p.
A.), within a dedicated reactor by combining hydrochloric acid (33%)
and sodium chlorite (25%), and the concentration was determined
spectrophotometrically at λ = 445 nm. A commercial solution of sodium
hypochlorite 15% (NaClO) was purchased ready-made (Società Chimica
Bussi S.p.A.). Both oxidants were accordingly dosed for preliminary tests
and for oxidation experiments to obtain a final concentration in the
range 0.1–2.0 mg L− 1. Sodium thiosulfate 1% (w/v) was prepared by
dissolving 1 g of sodium thiosulphate in 100 mL of distilled water.
Certified Reference Material (CRM) of MC-LR (10.3 μg mL− 1), [Dha7]
MC-LR (9.4 μg mL− 1), and MC-RR (10.1 μg mL− 1) were purchased from
the National Research Council of Canada (Halifax, Canada).

2.2. Cyanobacterial strain and culture conditions

M. aeruginosa (CCAP 1450/10) was obtained from the Culture
Collection of Algae and Protists (Scottish Marine Institute, Oban, UK)
and grown in 0.2 L glass flasks in BG11 medium (Stanier et al., 1971), at
a temperature of 20 ± 1 ◦C, light intensity 90–120 μmol m− 2 s− 1, with a
photoperiod of 16:8 h light:dark. Cultures were scaled-up at the same
growing conditions for subsequent experiments using chlorinated oxi-
dants. Prior to oxidation experiments, pH was adjusted to 7.0 ± 0.5 with
hydrochloric acid (1.0 M).

2.3. Application of chlorinated oxidants on M. aeruginosa cultures for
EC50 evaluation

Cultures of M. aeruginosa at exponential growth phase were diluted
with demineralized water to reach a cell density of 300 × 106 cell L− 1.
The cell concentration of the cyanobacterial suspension was chosen to
clearly evaluate the maximum observed effect caused by chlorinated
oxidants on photosynthetic efficiency, a parameter widely used to assess
algae and cyanobacteria viability in toxicological studies involving
photosynthetic organisms. The two chlorinated oxidants, ClO2 and
NaClO, were preliminarily applied at increasing concentrations in the
range of 0.0–4.0 mg L− 1 (treatment time 1 h), then, a narrower range of
concentrations for each oxidant (0.0–2.0 mg L− 1 and 0.0–1.0 mg L− 1 for
ClO2 and NaClO, respectively), was chosen to treat cultures (n = 3).
After 1 h and 24 h of each treatment, aliquots of each sample (3 mL)
were dark-adapted for 15–20 min and subsequently analyzed by a pulse
amplitude-modulated fluorometer, model 101-PAM (H. Walz, Effeltrich,
Germany). The photosynthetic efficiency was measured in terms of
maximum and effective quantum yield of photosystem II (ΦPSII and
Φ’PSII, respectively), and the half maximal effective concentration
(EC50) of the two chlorinated oxidants upon both ΦPSII and Φ’PSII was
determined by fitting dose-response curves into a log-logistic model,
using fluorometer’s settings and calculations previously described
(Pichierri et al., 2016), as follows:

y=
top − bot

1 + (Ox/EC50)
c

Where:
y = endpoint value.
Ox = oxidant concentration
bot = expected endpoint value when the concentration of the oxidant

is infinite (bottom asymptote)
top = expected endpoint value when the concentration of the oxidant

is zero (topasymptote)
c = slope.

2.4. Oxidation experiment

M. aeruginosa cultures were scaled up to 10 L and collected at the
exponential growth phase. The high cell density culture was gently
mixed and divided into 0.5 L glass flasks for a total of 21 replicates (n =

3, for both control and each treatment). Before the oxidation experi-
ment, each flask was diluted with demineralized water to reach a final
cell density of 120 × 106 cell L− 1. This cell density was lower than the
one tested for the EC50 experiment, and it was chosen to simulate a
cyanobacterial density closer to natural conditions. Solutions of the
chlorinated oxidants NaClO or ClO2 were directly added to each flask to
obtain a final dose of 0.5 mg L− 1, which was chosen based on the pre-
viously calculated EC50 (section 2.3). For ClO₂, a higher dose of 2.0 mg
L− 1 was also tested. Each combination of oxidant and dose was tested
with a treatment time of 1 and 3 h versus controls. The oxidation ex-
periments were conducted at room temperature in semi-dark conditions,
to avoid direct exposure to light, and the flasks were gently mixed every
30 min. At the end of each exposure time, sodium thiosulfate solution
(1% w/v) was added to quench the chemical oxidation.

2.5. Effect of the oxidants on cyanobacterial cells

The potential of each oxidant to inactivate the cyanobacterial cells
was estimated by measuring photosynthetic efficiency and cell density.
Sample aliquots (5 mL) were taken from each replicate to determine the
maximum quantum yield of PSII as previously described (section 2.3).
Remaining samples were preserved with Lugol’s iodine solution for
subsequent cell enumeration (Utermöhl, 1931) using an inverted light
microscope at 320x magnification (ZEISS Axiovert 100). The total
number of cells following the oxidation treatments was compared to
those of the untreated controls and expressed as percentage (%)(von
Sperling et al., 2020).

2.6. Toxins extraction

Immediately after the addition of sodium thiosulfate, each replicate
(controls and treatments with NaClO (0.5 mg L− 1) 1h, NaClO (0.5 mg
L− 1) 3h, ClO2 (0.5 mg L− 1) 1h, ClO2 (0.5 mg L− 1) 3h, ClO2 (2.0 mg L− 1)
1h, ClO2 (2.0 mg L− 1) 3h) was centrifuged (6500×g, 10 min) to separate
water from cyanobacterial biomass, from now on referred to as extra-
cellular and intracellular fraction, respectively. Each extracellular frac-
tion (500 mL) was extracted by solid phase extraction (SPE) using Oasis
HLB cartridges (6 mL capacity, Waters, Milford, MA, USA) and eluting
the samples with 4 mL of methanol, according to the procedure
described in Kaloudis et al. (2013). The obtained eluates were evapo-
rated under a gentle nitrogen stream until dryness. Each intracellular
fraction was extracted according to an optimized protocol for fresh
material (Christophoridis et al., 2018). Briefly, 1.5 mL of 75% aqueous
methanol (v/v) was added to each test tube containing cyanobacterial
biomass, vortexed, and sonicated in an ultrasonic bath for 15 min. The
sonicated samples were then centrifuged (2550×g, 10 min at room
temperature) and the supernatants collected. The procedure was
repeated a second time using the same solvent mixture and volume, and
a third time using 1.5 mL of n-butanol. The resulting three supernatants
were combined and dried under a gentle nitrogen stream. Dried samples
were kept at − 20 ◦C until LC-HRMS analyses. Each extracellular and
intracellular dried fraction was reconstituted with 500 μL of 20%
aqueous methanol and analyzed by LC-HRMS.

2.7. Untargeted LC-HRMS analyses of cyanotoxins and other
cyanobacterial metabolites

LC–HRMS analyses were carried out using an Ultimate 3000 qua-
ternary system coupled to a hybrid linear ion trap LTQ–Orbitrap XL™
Fourier transform MS equipped with an ESI ION MAX source (SN
01719B, Thermo-Fisher, San José, USA) using LC-HRMS (method 1)
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conditions reported in Varriale et al. (2023). Extracted ion chromato-
grams (XICs) were obtained from HR full-scan MS spectra by selecting
the exact masses of [M+H]+ and/or [M+2H]2+ ions of all known MCs
(±5 ppm) reported in CyanoMetDB (Jones et al., 2021, the updated
versions of the database are available on the Zenodo and NORMAN
Suspect List Exchange (No S75)). For the suspected MC variants, pre-
cursor ions were selected for targeted HRMS2 experiments in collision
induced dissociation (CID) and higher energy collisional dissociation
(HCD) modes (isolation width 2.0 m/z, activation Q 0.250, and activa-
tion time 30 ms) using a normalized collision energy of 40% (HCD) or
30% (CID). Identification of unknown cyanometabolites was carried out
by DDA experiments, by setting up 9 scan events, with scan event 1
being a HR full-scan MS (range m/z 400–1200), and the other 8 scan
events being HRMS2 (CID or HCD) of the 8 most intense ions observed in
the full-scan MS spectrum. Threshold value of MS2 acquisition was set as
500 (intensity units). Elemental formulae were calculated based on the
mass of the mono-isotopic peak of each ion cluster using Xcalibur v2.2
SP1.48 (Thermo-Fisher) with a mass tolerance of 3–5 ppm.

2.7.1. Quantitation of MCs and cyanopeptolin-type peptides
Each reconstituted intracellular fraction (1:10 dilution in 20%

aqueous methanol) and extracellular fraction (1:100 dilution in 20%
aqueous methanol) was analyzed by LC–HRMS. Cyanotoxins detected in
the samples were MCs containing a single Arg residue and, based on
evidence reported by Varriale et al. (2023), quantitation was performed
using MC-LR CRM as a reference and assuming similar molar response
for all the other variants. Matrix interference on ionization of MC-LR
CRM was negligible (Varriale et al., 2023) so, a matrix-free external
standard calibration curve of MC-LR (15.6, 31.3, 62.5, 125, 250, 500,
1250 ng mL− 1) in methanol–water (1:4, v/v) was prepared from MC-LR
CRM stock solution and analyzed by LC–HRMS. Quantitation was
accomplished by comparing manually integrated XIC areas of each MC
(Table S1) to the MC-LR CRM injected under the same experimental
conditions. The instrumental limit of quantitation (LOQ) measured for
MC-LR was 5 ng mL− 1 and, based on extraction efficiency data reported
by Christophoridis et al. (2018); Kaloudis et al. (2013) (extraction re-
coveries from biomass and water in the ranges 91–154% and 70–120%,
respectively), the method LOQ for MCs in biomass and water were
0.042 fg cell− 1 and 0.01 μg L− 1, respectively. Quantitative estimation of
the two new cyanopeptolin-type peptides, CPtp-1029 at m/z 1030.5246
and CPtp-1045 at m/z 1046.5222, was accomplished following the same
approach. Finally, total toxin content was calculated as the sum of each
intracellular and relevant extracellular fraction.

2.7.2. Effect of the oxidants on toxin content
The toxin content after each treatment was compared to the toxin

content of the control and the observed changes between the two con-
ditions (treatments vs controls) were evaluated as percent toxin varia-
tion, i.e., ΔTox(%).

The ΔTox(%) was calculated as follows:

ΔTox(%)=

(
Chighest − Clowest

Chighest

)

× 100

Where Clowest and Chighest were the lowest and the highest toxin concen-
tration measured between control and treated samples for each repli-
cate, respectively. The ratio between the lowest and the highest
concentration was chosen to obtain positive and comparable values in
those case where the content of toxins in the treatments exceeded that of
the controls.

2.8. Data analysis

Data analysis was performed on PAST version 4.11 (Hammer et al.,
2001) for the comparison of the main evaluated parameters (i.e., cell or
toxin concentrations) among the different treatments. EC50

dose-response curves were generated on R version 4.2.0 (R Core Team,
2022). Data homogeneity was evaluated with Levene’s test for homo-
skedasticity and was transformed accordingly prior to further investi-
gation. The effect of the different treatments on the photosynthetic
activity, the number of cells, the toxin content and the percent variation
were examined by analysis of variance (ANOVA) and Tukey’s test for
post-hoc comparisons was used when differences were significant (p <

0.05).

3. Results

3.1. Photosynthetic efficiency of M. aeruginosa cells treated with oxidants

A preliminary assessment of the effect of the chlorinated oxidants
NaClO and ClO2 on the photosynthetic efficiency of M. aeruginosa is
reported in Fig. 1. Increasing doses of each oxidant led to a gradual
inhibition of the maximum and effective quantum yields of PSII,
resulting in values below 20% at the highest tested doses. For both ox-
idants, a significant reduction than control (ANOVA, p < 0.05) was
obtained for all concentrations above 0.4 mg L− 1, regardless of the
treatment time (1 h or 24 h).

The EC50 values (i.e., oxidant concentration needed to achieve a 50%
inhibition of the two photosynthetic parameters here studied, the
maximum and the effective quantum yields of PSII, respectively) ob-
tained were almost two-fold higher for ClO2-treated samples than for
NaClO-treated ones, i.e. 0.50–0.59 vs 0.28–0.34 mg L− 1, respectively
(Table S2, Fig. S1), indicating how the two oxidants affect differently the
cyanobacterial cells. EC50 values slightly increased after 24 h compared
to 1 h, likely as a result of the higher photosynthetic activity observed
after 24 h of treatment with both oxidants (Fig. 1). This evidence sug-
gests that the damages upon the photosynthetic apparatus of
M. aeruginosa caused by the chlorinated oxidants were reversible at the
tested doses.

3.2. Inhibition of photosynthetic efficiency and effects on M. aeruginosa
cells following the oxidation experiment

Based on preliminary investigations (section 3.1), M. aeruginosa
cultures were treated with each oxidant at specific doses and times (i.e.,
0.5 mg L− 1 for 1 and 3 h, and 2.0 mg L− 1 only for ClO2), and the effects
on the cell viability were evaluated in terms of cell density and photo-
synthetic activity, obtained from the maximum quantum yield of PSII
(Fig. 2). During the oxidation experiment, the number of cells (Fig. 2a)
remained unchanged after the NaClO treatment i.e., 121 × 106 vs 129-
131 × 106 cell L− 1 for control and NaClO treatment, respectively
(ANOVA, p> 0.05), as also indicated by the negative percentages of cells
compared to controls (– 6–8%), and by the calculated ratio among the
cell density in treated cultures and in controls that was near to 1
(Table S3). This corresponded to a non-significant increase of the cells in
NaClO-treated samples, likely due to sampling and to culture natural
variability. The cell density significantly decreased only for ClO2 treat-
ments (32–46%, ANOVA, p < 0.05, Table S3), with a major effect at the
highest tested dose (2.0 mg L− 1) without differences among treatment
times (cell density in the range 65-81 × 106 cell L− 1, Fig. 2a). The
photosynthetic efficiency of the cyanobacterium both in terms of
maximum (Fig. 2b) and effective quantum yield (Table S3) was inhibited
by both oxidants compared to controls, resulting in a residual activity
below 20% (ANOVA, p < 0.05). Treated cells were checked through
environmental scanning electron microscopy (ESEM) imaging,
observing a general roughness of cell membranes or their damage
compared to controls, especially with NaClO treatment (Fig. S2).

3.3. Relative abundances of toxins in control and treated samples by LC-
HRMS

The intracellular and extracellular fractions resulting from the
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centrifugation of each culture (controls and treated ones) were analyzed
by LC-HRMS to first evaluate the toxin profile of the tested strain
(Fig. 3). An array of microcystins, all featuring a single Arg at position-2,
were detected in both M. aeruginosa controls and treated cultures
(Table S1). The number of Arg residues is a key structural feature
influencing the ionization behavior of MCs, particularly MCs containing
1-Arg (e.g., MC-LR) form predominantly [M+H]+ ions and so

quantitation can be accomplished using MC-LR standard assuming a
similar molar responses for all the variants. MC-LR and its analogue
containing a dehydroalanine in position 7, [Dha7]-MC-LR, were found to
be the two dominant variants representing 18.0% and 5.7% of the
intracellular toxin fraction, respectively, followed by MC-LY (1.3%),
MC-LF (1.2%), [D-Asp3]MC-LY (0.4%) and [D-Asp3]MC-LF (0.1%).
Similarly, in the extracellular fraction the two main MCs were MC-LR

Fig. 1. Photosynthetic activity (%) of M. aeruginosa cells treated with increasing doses of the chlorinated oxidants NaClO (a, red) and ClO2 (b, green), after 1 h and
24 h of treatment time. Values are expressed as percent inhibition of the maximum quantum yield (ΦPSII (%), upper graphs) and of the effective quantum yield
(Φ’PSII (%), bottom graphs) with respect to the control. Significant differences compared to control are indicated with asterisks (ANOVA, p < 0.05). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Effect of NaClO and ClO2 tested at 0.5 and 2.0 mg L− 1 on cells of M. aeruginosa during the oxidation experiment, a) number of cells (cell × 106 L− 1), and b)
photosynthetic activity calculated from maximum quantum yields (ΦPSII (%)). Significant differences compared to control are indicated with asterisks (ANOVA, p
< 0.05).
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Fig. 3. Relative abundances of MCs variants and metabolites in M. aeruginosa cultures treated with NaClO and ClO2 expressed as percentage on the total toxin
content (μg L− 1) and divided for intracellular and extracellular fractions. CPtp-1029 = cyanopeptolin-type peptide-1029, CPtp-1045 = cyanopeptolin-type pep-
tide-1045.

Fig. 4. HR full-scan MS spectra of the new compound, a) cyanopeptolin-type peptide-1029 (CPtp-1029) in the control sample, and b) its oxidized analogue (CPtp-
1045) in treated sample. Inset I: Extracted ion chromatogram (XIC) obtained by summing the [M+H]+, [M+H–H2O]+, [M+Na]+ and [M+K]+ ions for CPtp-1029.
Inset II: XIC obtained by summing the [M+H]+, [M +H–H2O]+, [M+Na]+ and [M+K]+ ions for CPtp-1045.
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and [Dha7]MC-LR (Fig. 3, Table S4), nevertheless they were three-
(54.6% vs 18.0%) and seven-fold (38.9% vs 5.7%) higher compared to
the intracellular fraction, respectively. In samples subjected to both
treatments, trace levels of MCs oxidized products (dihydroxy and
monochloro-hydroxy MCs, Table S1) have been also detected. This
suggested that chlorine treatments, at the low doses here tested (≤2 mg
L− 1), only slightly promote MCs decomposition into the oxidized prod-
ucts. In addition to MCs, the untargeted LC-HRMS approach highlighted
the presence in the analyzed samples of other cyanometabolites among
which a particularly abundant new compound at m/z 1030.5246 eluting
at 12.82 min was predominantly present in the biomass control sample
(71.4%). The HR full scan MS spectrum (Fig. 4a) associated to the
extracted ion chromatogram (XIC) of the ion at m/z 1030.5246 revealed
the presence of a very intense in-source fragment due to the loss of a
water molecule (at m/z 1012.5134), as well as [M+Na]+ and [M+K]+

adduct ions at m/z 1052.5052 and 1068.4785, respectively. The cross-
checked interpretation of elemental formulae of all the protonated, in-
source fragment, and adduct ions for the new compound, that we named
cyanopeptolin-type peptide-1029 (CPtp-1029), allowed to assign it the
elemental composition C52H71O13N9 (with the [M+H]+ ion at m/z
1030.5246, C52H72O13N9

+ RDB = 21.5, Δ = 0.185 ppm). An oxidized
derivative of CPtp-1029 at m/z 1046.5222 (Fig. 4b) was also identified
as a minor constituent of M. aeruginosa biomass (2%, Fig. 3), whereas in
the extracellular fraction it was present only in traces (0.1%). The
assigned molecular formula, C52H71O14N9 (with the [M+H]+ ion at m/z
1046.5222, C52H72O14N9

+ RDB = 21.5, Δ = 2.748 ppm), contained one O

atom more than CPtp-1029, likely a hydroxyl functionality, thus it was
named cyanopeptolin-type peptide-1045 (CPtp-1045).

3.4. Multiple stage MS in structural characterization of the new
cyanopeptolins

LC-HRMSn (n = 2, 3) experiments were performed by fragmenting the
main in-source [M+H–H2O]+ precursor ion at m/z 1012.5134 in both CID
(Fig. S3a) and HCD (Fig. S4a) modes generating different, and comple-
mentary, diagnostic product ions (Table 1). The analysis of the CID
HRMS2 fragmentation pattern revealed the presence of a fragment at m/z
420.1914 corresponding to one of the conserved structural motif of CPtps
([Ahp3+Phe4+NMeTyr5+H–H2O]+). An in-depth MS-based structural
investigation provided for the identification of each single residue con-
tained in the compound by observing diagnostic product ions (1–2 resi-
dues) in the HRMS2,3 spectra, including the neutral loss of individual
residues from the precursor ion (Table 1). Successively, the cross-
interpretation of oligopeptide product ions (3–5 residues) in the
HRMS2,3 spectra allowed to infer the position of each residue in the cyclic
structure (Figs. S3–S5). Particularly, the presence of NMeTyr, Choi, Phe
and hydroxyPro residues was indicated by their immonium ions at m/z
150.0913 (C9H12ON+, Δ = – 0.270 ppm), m/z 140.1069 (C8H14ON+, Δ =

− 0.647 ppm), m/z 120.0807 (C8H10N+, Δ = − 0.632 ppm), and m/z
70.0649 (C4H8N+, Δ = − 3.223 ppm), respectively. A Leu/Ile (indistin-
guishable based on MS evidence) was detected through the product ion at
m/z 899.4313 (C46H59O11N8

+, Δ = +1.689 ppm) due to the neutral loss of

Table 1
Assignment of product ions detected in CID and HCD spectra of cyanopeptolin-type peptide-1029 (CPtp-1029) precursor ion at m/z 1012.5 (see Figs. S3–S5).

m/z Formula Sequence Neutral loss

[M+H]+ 1030.5246 C52H72O13N9
+ [Choi1+Gln2+Ahp3+Phe4+NMeTyr5+Leu/Ile6+Hyp7+Ala8+H]+

[M+H–H2O]+ 1012.5134 C52H70O12N9
+ H2O

995.4904 C52H67O12N8
+ H2O+NH3

994.5020 C52H68O11N9
+ 2H2O

CID 899.4313 C46H59O11N8
+ [Hyp7+Ala8+Choi1+Gln2+Ahp3+Phe4+NMeTyr5+H–H2O]+ Leu/Ile6+H2O

881.4190 C46H57O10N8
+ [Hyp7+Ala8+Choi1+Gln2+Ahp3+Phe4+NMeTyr5+H–2H2O]+ Leu/Ile6+2H2O

770.4078 C38H56O10N7
+ [Gln2+ Choi1+Ala8+Hyp7+Leu/Ile6+NMeTyr5+H]+ Ahp3+Phe4

752.3974 C38H54O9N7
+ [Gln2+ Choi1+Ala8+Hyp7+Leu/Ile6+NMeTyr5+H–H2O]+ Ahp3+Phe4+H2O

717.3604 C38H49O8N6
+ [Choi1+Gln2+Ahp3+Phe4+NMeTyr5+H–H2O]+ Leu/Ile6+Hyp7+Ala8+H2O

699.3492b C38H47O7N6
+ [Choi1+Gln2+Ahp3+Phe4+NMeTyr5+H–2H2O]+ Leu/Ile6+Hyp7+Ala8+2H2O

593.3287
503.2283

C28H45O8N6
+

C28H31O5N4
+

[Gln2+ Choi1+Ala8+Hyp7+Leu/Ile6+H–H2O]+

[Gln2+Ahp3+Phe4+NMeTyr5+H–CO–NH2–H2O]+
Ahp3+Phe4+NMeTyr5+H2O
Leu/Ile6+Hyp7+Ala8+ Choi1+CO+NH2+H2O

462.2343a C22H32O6N5
+ [Gln2+ Choi1+Ala8+Hyp7+H]+ Ahp3+Phe4+NMeTyr5+Leu/Ile6

420.1914b C24H26O4N3
+ [Ahp3+Phe4+NMeTyr5+H–H2O]+ Choi1+Gln2+Leu/Ile6+Hyp7+Ala8+H2O

296.1600a,c C14H22O4N3
+ [Choi1+Gln2+H]+ Ahp3+Phe4+NMeTyr5+Leu/Ile6+Hyp7+Ala8

HCD 308.1281 C19H18O3N+ [Phe4+NMeTyr5+H–H2O]+ Choi1+Gln2+Ahp3+Leu/Ile6+Hyp7+Ala8+H2O
243.1129 C14H15O2N2

+ [Ahp3+Phe4+H–H2O]+ Choi1+Gln2+NMeTyr5+Leu/Ile6+Hyp7+Ala8+H2O
215.1179 C13H15ON2

+ [Ahp3+Phe4+H–CO–H2O]+ Choi1+Gln2+NMeTyr5+Leu/Ile6+Hyp7+Ala8+CO+H2O
187.1230 C12H15N2

+ [Ahp3+Phe4+H–2CO–H2O]+ Choi1+Gln2+NMeTyr5+Leu/Ile6+Hyp7+Ala8+2CO+H2O
168.1019c C9H14O2N+ [Choi1 (immonium ion)+CO+H]+ Gln2+Ahp3+Phe4+NMeTyr5+Leu/Ile6+Hyp7+Ala8

150.0913 C9H12ON+ [NMeTyr5+H]+ Choi1+Gln2+Ahp3+Leu/Ile6+Hyp7+Ala8

140.1069c C8H14ON+ [Choi1(immonium ion)+H]+ Gln2+Ahp3+Phe4+NMeTyr5+Leu/Ile6+Hyp7+Ala8

120.0807 C8H10N+ [Phe4(immonium ion)+H]+ Choi1+Gln2+Ahp3+NMeTyr5+Leu/Ile6+Hyp7+Ala8

70.0649 C4H8N+ [Hyp7(immonium ion)+H]+ Choi1+Gln2+Ahp3+Phe4+NMeTyr5+Leu/Ile6+Ala8

aFragment confirmed also in LC-HRMS3 experiment, precursor ion at m/z 770.4078; bFragment confirmed also in LC-HRMS3 experiment, precursor ion at m/z
717.3604; cFragment confirmed also in LC-HRMS3 experiment, precursor ion at m/z 462.2343.
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C6H11ON (113.0821 Da) from the precursor ion. Product ions at m/z
243.1129 (C14H15O2N2

+, Δ = +0.394) and 215.1179 (C13H15ON2
+, Δ =

+0.048 ppm) indicated the sequence Ahp+Phe as well as the fragment
ion at m/z 296.1600 (C14H22O4N3

+ Δ = − 1.630 ppm) revealed the
sequence Choi+Gln. The presence of the characteristic product ion at m/z
420.1914 pointing out the sequence Ahp3+Phe4+NMeTyr5 in combina-
tion with a fragment ion at m/z 717.3604, corresponding to the sequence
[Choi1+Gln2+Ahp3+Phe4+NMeTyr5+H–H2O]+ allowed to locate
Choi1+Gln2. A Leu/Ile at position-6, a HydroxyPro7 and Ala8 were sug-
gested by: i) a product ion at m/z 770.4078 corresponding to
[Gln2+Choi1+Ala8+Hyp7+Leu/Ile6+NMeTyr5+H]+ and ii) a product
ion at m/z 462.2343 corresponding to the neutral loss of Ahp3+-
Phe4+NMeTyr5+Leu/Ile6 from the precursor ion (Table 1). HRMS3 ex-
periments carried out by further fragmenting the main product ions at m/
z 770.4078, 462.2343, 717.3604 (Fig. S5, Table 1) provided additional
evidence of the amino acids sequence. As for CPtp-1045, HRMS2 spectrum
showed a fragment at m/z 166.0866 versus the fragment at m/z 150.0913
obtained for CPtp-1029 suggesting a N-methyl hydroxy Tyr (versus N-
methyl Tyr) at position-5 (Fig. S4b, Table S5).

3.5. Content variation of microcystins and of cyanopeptolin-type peptides

Toxin content in M. aeruginosa cultures after the addition of each
chlorinated oxidant and the resulting percent variation compared to
controls (ΔTox(%)) is reported in Fig. 5. Despite having similar relative
abundances (Fig. 3), it was observed that MCs levels were markedly
higher in the extracellular fraction than in the biomass following the
treatments regardless of the oxidant used, the dose and the treatment
time (Fig. 5a.; Table S4; ANOVA, p < 0.05). The percent variation of
intracellular toxins between controls and ClO2-treated cultures was
significantly higher compared to NaClO-treated cultures, being 99 vs
93%, respectively (Fig. 5b.; ANOVA, p < 0.05). Nonetheless, the
simultaneous increase of extracellular toxins released in water was

observed for treated cultures compared to controls. Specifically, a two-
fold increase for NaClO-treated cultures was observed (Fig. 5a;
ANOVA, p< 0.05), whereas for ClO2 no significant effects were reported
at the same low dose (0.5 mg L− 1, ANOVA, p > 0.05). Only the highest
dose of ClO2 led to a decrease in extracellular toxin contents, which
resulted in the actual effective treatment for the toxins removal (Fig. 5b;
ΔTox 18–21%, ANOVA, p < 0.05). As for total toxin content (intracel-
lular plus extracellular fractions), the concentration was significantly
reduced compared to the controls only for cultures treated with the
highest dose of ClO2, regardless of the treatment time (Table S4;
ANOVA, p < 0.05). When comparing the concentrations of toxins
expressed per liter to those per number of cells (Table S4), their relative
abundances were similar (Fig. 3 vs Fig. S6). Only minor differences were
reported and were due to the reduced cell density in ClO2-treated
samples (Fig. 2a).

Unlike the MCs, CPtp-1029 was retained inside the cells (81 vs 2 μg
L− 1, Table S4) being the main compound of the intracellular fraction
(71.4%, Fig. 3). The percent variation of each toxin and CPtps between
controls and each treatment for the intracellular and extracellular
fractions, i.e., ΔTox(%), is reported in Fig. 6. Regardless of the treatment
used, both MC variants and the new CPtp-1029 were removed from the
cells, although the extent of the removal was generally higher for ClO2-
than NaClO-treated cultures, especially for MC-LY and MC-LF and their
[Asp3]-analogues (Fig. 6). CPtp-1029 was particularly affected by all
treatments, both in intracellular and extracellular fractions, turning into
its oxidized derivative (Fig. 3). In NaClO-treated cultures, CPtp-1029
accounted for 72–76% of M. aeruginosa intracellular fraction profile,
whereas in ClO2-treated cultures its relative intracellular abundance
decreased to 33–41% (Fig. 3). In extracellular fractions, CPtp-1029
concentration increased following oxidant treatments compared to the
controls, especially when using NaClO (2 vs 80–100 μg L− 1, respectively,
Table S4). Thus, the percent variation of CPtp-1029 content resulted
negative and about − 100% for NaClO treatment compared to controls
(Fig. 6). The overall results suggest that CPtp-1029 was not degraded in
the biomass by NaClO but released in water likely as a consequence of
cell damage, hence accounting for 32–37% of the extracellular fraction
(Fig. 3). Conversely, in ClO2-treated cultures, the relative abundance of
CPtp-1029 in extracellular fraction decreased to 19% after 1 h of
treatment at the lowest dose (0.5 mg L− 1), whereas dropped to near 1%
in all the other conditions (Fig. 3). The actual removal of CPtp-1029
from water was only achieved at the highest ClO2 dose (ΔTox
85–93%, Fig. 6). A simultaneous increase in the abundance of the
oxidized derivative, CPtp-1045, was observed in the extracellular frac-
tion, especially after the addition of ClO2. This effect was particularly
evident when comparing the residual extracellular concentration of the
two CPtps following the treatment with ClO2 at the lowest dose (Fig. 3,
Table S4); after 1 h, CPtp-1029 was still present in relatively high
amounts and CPtp-1045 was less abundant (31 and 8 μg L− 1, respec-
tively). After 3 h an opposite trend emerged, as the concentration of the
CPtp-1029 drastically decreased while its oxidized derivative increased
(4 and 27 μg L− 1, respectively).

4. Discussion

The use of both oxidants, ClO2 and NaClO, led to the inhibition of the
photosynthetic activity of M. aeruginosa, in agreement with previous
observations (Li et al., 2020; Zhou et al., 2014). The results obtained
herein showed how NaClO affected cell viability at markedly lower
doses compared to ClO2 (0.5 vs 0.8 mg L− 1). While ClO2 remains as a
dissolved gas in the solution when added to water, NaClO dissociates
forming HClO, that can permeate the negatively charged cyanobacterial
cells, causing damage at the membrane and intracellular levels (Li et al.,
2018). Additionally, at the tested doses, chosen in the range of EC50
values (i.e., 0.4–0.6 mg L− 1 for ClO2 and 0.3–0.4 mg L− 1 for NaClO), the
photosynthetic activity of M. aeruginosa firstly decreased following
short-term treatment of 1 h, but slightly increased after 24 h. This

Fig. 5. Toxins’ content in M. aeruginosa cultures (n = 3) treated with ClO2 and
NaClO and percent variation of their content compared to controls in each
fraction, measured by LC-HRMS, i.e., intracellular (filled columns) and extra-
cellular (striped columns); a) toxin content per volume (μg L− 1) and b) relative
percent variation ΔTox(%). Significant differences compared to a) control and
b) among treatments are indicated with asterisks (ANOVA, p < 0.05).
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evidence may indicate that the cultures treated with low doses of both
oxidants were likely experiencing a temporary stress, rather than
structural damages, since treated cells were able to partially recover
their photosynthetic capacity after 1 day. In cyanobacteria, low values of
both maximum and effective quantum yield in the range 0.00–0.05
(corresponding to 0–20% photosynthetic activity compared to controls)
are usually reported for moderately-to-severely damaged cyanobacteria
cells (Mikula et al., 2012; Singh et al., 2024). While overdosing with
oxidants (>2 mg L− 1) may lead to various issues, including the forma-
tion of DBPs, increase of turbidity and dissolved organic carbon, toxin
and taste-and-odour compounds release (Henderson et al., 2008; Jalili
et al., 2022; Qi et al., 2021), soft-chlorination could shift the community
composition in natural assemblages leading to the persistence of some
species less-susceptible to the oxidation (Moradinejad et al., 2020).
Other studies have investigated how chlorinated oxidants differently
affect cyanobacteria (i.e., cellular integrity, cells density, viability, toxin
content), both in cultures (Ding et al., 2010; Fan et al., 2013; Li et al.,
2020; Moradinejad et al., 2019; Wert et al., 2014; Zamyadi et al., 2013;
Zhou et al., 2014) and natural-occurring blooms (Greenstein et al., 2020;
He and Wert, 2016; Ye et al., 2019), emphasizing how different test
conditions and organisms can be differently affected by the treatments.
It is noteworthy that the present study was conducted on a cultured
strain of M. aeruginosa, consisting of single cells not aggregated in a
colonial form, a common outcome observed under culture conditions
(Le et al., 2022). In natural environment, however,Microcystis spp. tends
to form spherical-to-irregular colonies associated with extracellular
polysaccharides and microbiota, which could influence the effects here
reported. The release of intracellular toxins into water and the simul-
taneous increase of their extracellular concentration were previously
observed (He and Wert, 2016; Li et al., 2020; Wert et al., 2014; Zhang
et al., 2017), suggesting that the rate of toxin degradation into nontoxic
dihydroxy or monochloro-hydroxy derivatives (Kull et al., 2004), could
be slower than its release due to oxidation-driven cellular damage (Ding
et al., 2010; Fan et al., 2013). Although noxious DBPs - collectively
known as trihalomethanes and haloacetic acids - are outside the scope of
this study, evidence exists that water chlorination using NaClO may lead
to their formation because of reaction with natural organic matter
(Mazhar et al., 2020). Using ClO2 is generally considered safer than
other chlorinated oxidants because it does not form trihalomethanes,
but in alkaline conditions it may react with OH− in solution to form ClO2

−

and ClO3
− , or other DBPs of health concerns whose formation depletes

ClO2 for oxidation of cyanotoxins (Sorlini et al., 2014). Therefore,

although better results in toxin removal were here obtained when using
the highest dose of ClO2 (2.0 mg L− 1), overdosing should be further
discouraged. Additionally, the low concentrations of MCs oxidized
products found in the present study agreed with the results by Kull et al.
(2004) describing the effective oxidation of MCs occurring only at high
ClO2 concentrations (107 mg L− 1).

Oxidation may act differently on each MC variant depending both on
the amino acid residues and operational conditions (He et al., 2017). The
reactivity of free chlorine is expected to be lower for MCs containing
relatively unreactive aliphatic amino acids (e.g., MC-LA containing both
leucine and alanine), and higher for those variants having amino acids
with aromatic rings (e.g., MC-YR). Similarly, during the here-set
oxidation experiment, the major removal effect was observed for
MC-LY and MC-LF variants, each containing amino acids with an aro-
matic ring (Y = tyrosine, F = phenylalanine). Most of the studies
regarding MCs are focused on MC-LR, which is well characterized for its
toxicity, whereas little is known about other minority variants. Among
them, MC-LF has been proven to be more toxic compared to MC-LR
towards different cell lines, likely due to its greater hydrophobicity
characteristics. Additionally, synergic effects of MCs mixture are still not
well understood, but should not be neglected considering that
MCs-producing cyanobacteria usually synthetize a plethora of them in
natural environment (Díez-Quijada et al., 2019). To the best of our
knowledge, no studies on the effects of chlorinated oxidants on
cyanopeptolin-type peptides have been conducted so far, whose pres-
ence as major components have emerged thanks to the untargeted
LC-HRMS approach here used. While the potential ecotoxicity of CPtps
has still not been investigated, toxic effects of purified extracts of similar
metabolites (i.e., cyanopeptolins) have emerged when tested on model
organisms; for instance reduced reproduction and lifespan, together
with affected valvular integrity was observed in the nematode Caeno-
rhabditis elegans (Lenz et al., 2019), whereas neurotoxic effects have
emerged in zebrafish embryos (Faltermann et al., 2014). Noteworthy,
cyanopeptolins and MCs concentrations found in freshwaters are often
comparable (Beversdorf et al., 2017). Most of the epidemiological
studies on cyanotoxins focused on the potential exposure to well-known
MCs, while the inclusion of less studied cyanobacterial peptides, such as
CPtps, could give new insights especially when observing symptoms not
ascribable to the presence of other known toxins (Janssen, 2019).
Furthermore, potential risks associated with the co-occurrence of mul-
tiple cyanometabolite classes may boost a synergistic toxic effect that
has not been investigated so far. Thus, the implementation of untargeted

Fig. 6. Percent variation of each toxin variants (ΔTox(%)) after oxidation treatments with NaClO and ClO2 in intracellular (filled columns) and extracellular (striped
columns) fractions based on toxin concentrations per volume (μg L− 1).
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LC-HRMS methods able to investigate the whole cyanometabolite profile
appears desirable to guarantee human and animal safety.

5. Conclusions

The chlorinated oxidants NaClO and ClO2 were able to inactivate
M. aeruginosa cells at a low dose of 0.5 mg L− 1. High toxin removal from
cyanobacterial cells and simultaneous increase in water was observed
for both oxidants, suggesting possible cell damage, while a longer
treatment time resulted not effective. While ClO2 degraded cyano-
bacterial cells and total toxins, NaClO possibly stimulated the extracel-
lular toxin release, without an effective removal. Untargeted LC-HRMS
led to identify two new cyanopeptolin-type peptides, CPtp-1029 and its
oxidation derivative, CPtp-1045, with the latter increasing in extracel-
lular fraction after oxidation treatment, especially when using ClO2.
These findings suggest that the toxicological risks associated with the
presence of CPtps in the pre-oxidized drinking water should not be
neglected. The choice of the oxidant to be used during raw water pre-
treatment for potabilization purposes, as well as its dose and treat-
ment time, should be taken into consideration. Since the success of a
specific treatment highly depends on several environmental conditions
(e.g., pH, temperature, organic matter), it is difficult to establish what
the best pre-oxidation practice might be. The use of lower (<2 mg L− 1)
oxidant doses may limit treatment costs, while maintaining the benefits
of using pre-oxidation before subsequent downstream potabilization
processes. Finally, major efforts should be put into understanding the
fate of such compounds at downstream processes in DWTPs and their
potential presence in finished water.
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