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ARTICLE INFO ABSTRACT

Research Paper Editor: Anusuya Willis, Ph.D Numerous products and techniques are used to combat harmful cyanobacterial blooms in lakes. In this study, we
tested nine products, the phosphate binders Phoslock® and Aqual-P™, the coagulant chitosan, the phosphorus
binder and coagulant aluminum salts (aluminum sulphate and sodium aluminate), the copper-based algicides
SeClear, Captain® XTR and CuSO4-5H,0, the antibiotic Streptomycin and the oxidant hydrogen peroxide (H203)
on their efficiency to manage the cyanobacterium Microcystis aeruginosa (M. aeruginosa). To this end, 7 days of
laboratory experiments were conducted and effects were determined on chlorophyll-a, photosystem II efficiency
(PSID), soluble reactive phosphorus (SRP) and intracellular and extracellular microcystin (MC) concentrations.
The algicides, chitosan and Hy0, were the most powerful in reducing cyanobacteria biomass. Biomass reductions
compared to the controls yielded: Chitosan (99.8%) > Hydrogen peroxide (99.6%) > Captain XTR (98.2%) >
SeClear (98.1%) > CuSO4-5H20 (97.8%) > Streptomycin (86.6%) > Phoslock® (42.6%) > Aqual-P™ (28.4%) >
alum (5.5%). Compounds that caused the largest reductions in biomass also strongly lowered photosystem II
efficiency, while the other compounds (Phoslock®, Aqual—PTM, aluminum salts) had no effect on PSII, but
strongly reduced SRP. Intracellular MC concentration followed the biomass patterns, extracellular MC was
generally lower at higher doses of algicides, chitosan and HyO; after one week. Recovery of PSII was observed in
most algicides and chitosan, but not at the highest doses of SeClear and in all streptomycin treatments. Our
results revealed that M. aeruginosa can be killed rapidly using several compounds, that in some treatments
already signs of recovery occurred within one week. P fixatives are efficient in reducing SRP, and thus acting via
resource suppression, which potentially may provide an addition to fast-acting algicides that kill most of the
cells, but allow rapid regrowth as sufficient nutrients remain.
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1. Introduction

Eutrophication is a major issue in lakes, rivers and reservoirs (Fang
et al., 2022; Wurtsbaugh et al., 2019). The most common symptom in
freshwaters of over-enrichment with nutrients is the formation of cya-
nobacteria blooms. The blooms can cause water quality problems, such
as nocturnal oxygen deficiency that may lead to the death of aquatic
organisms; turbid water; mal-odor and taste of the water; and due to
production of toxins blooms may pose a threat to wildlife, pets and
humans (Huisman et al., 2018; Natugonza et al., 2021).

Eutrophication and cyanobacterial blooms have an impact on
ecosystem services and come with economic consequences, as blooms
decrease commercial fisheries, aquaculture and property values, hamper
recreational activities, irrigation and drinking water usage (Hamilton
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et al., 2014). For instance, due to intense cyanobacteria bloom in Taihu
Lake (China) about 2 million residents were unable to drink water for
more than a week (Guo, 2007).

Evidently, there is a great need to control eutrophication and mini-
mize the negative impacts of nuisance blooms in which stopping
excessive external nutrient inputs is the most optimal mitigation mea-
sure (Hamilton et al., 2016; Paerl et al., 2016). However, external
nutrient load control may meet severe challenges; worldwide a low
share of wastewater is being treated properly (WWAP, 2017) and high
investments are required to improve treatment (van Loosdrecht and
Brdjanovic, 2014), yet even after point sources such as wastewater ef-
fluents have been tackled, eutrophication threats may continue due to
nutrient legacies in the lake bed and diffuse nutrient loads from agri-
culture (OECD, 2014, 2017; Ryding and Forsberg, 1976). Consequently,
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in a growing number of water bodies short-term within-system in-
terventions are applied to suppress cyanobacterial blooms directly by
targeting the biomass or indirectly by reducing available resources
(Jancula and Marsalek, 2011; Liirling et al., 2020; Liirling and Mucci,
2020).

The most common way to suppress cyanobacterial biomass is by
using algicides (Jancula and Marsdlek, 2011). They are viewed as a
relatively fast and cost-effectively way of eradicating cyanobacteria for
which an arsenal of compounds exists such as copper-based algicides,
oxidants (hydrogen peroxide), herbicides, and antibiotics (Buley et al.,
2021; Huang and Zimba, 2020; Iwinski et al., 2016; Jancula and
Marsalek, 2011; Kibuye et al., 2021; Matthijs et al., 2012; Matthijs et al.,
2016; Qian et al., 2012). Although algicides are generally highly effec-
tive and fast-acting, they may also increase dissolved nutrient concen-
trations (Coloma et al., 2017) and cause the release of intracellular
toxins (Jones and Orr, 1994; Kenefick et al., 1993; Li et al., 2022). An
alternative coagulant such as aluminium salts (aluminium sulphate and
poly-aluminium chloride-PAC) can be used that aggregate the biomass
and settle it to sediment, concomitantly adsorbing phosphate (P) (Cooke
et al., 2005; Kang et al., 2022a). Coagulants like the organic polymer
chitosan can also be combined with local soil or other ballast compounds
to facilitate settling of the cyanobacteria-coagulant flocs (Noyma et al.,
2016; Noyma et al., 2017; Pan et al., 2011; Pan et al., 2006). When
combined with a solid P sorbent as ballast, the water column can be
denuded from cyanobacteria while the P sorbent reduces the P release
from the lake bed once settled on the sediment. Solid P sorbents can also
be used on themselves to indirectly manage cyanobacterial biomass via
strong reduction in the availability of P (Liirling et al., 2020; Van Oos-
terhout and Liirling, 2013).

In this study, we evaluated the efficacy of different compounds used
in lake restoration to reduce rapidly cyanobacteria biomass. The com-
pounds chosen vary in working mechanism: P binders (Phoslock®,
aluminum salts and Aqual-P™), coagulants (chitosan and aluminum
salts) and algicides (copper-based compounds, hydrogen peroxide and
antibiotic), to test the hypothesis that algicides are the most powerful in
reducing cyanobacteria biomass, while P sorbents evoke a milder
response. The hypothesis was tested by running one-week exposure as-
says with the common cyanobacterium Microcystis aeruginosa.

2. Material and Methods
2.1. Chemicals

Nine products or chemicals commonly used in lake restoration pro-
jects were selected, including three copper-based algicides (SeClear,

Captain XTR and CuSO4-5H20), two coagulants (Chitosan and

Table 1
The information of nine materials tested on M. aeruginosa.
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aluminum salts (Al-salts)), two phosphate fixatives (Phoslock® and
Aqual-P™), one antibiotic (Streptomycin), and one oxidant (Hydrogen
peroxide). Each compound was tested at six different concentrations and
each concentration was run in triplicate (Table 1).

2.2. Experimental design

Microcystis aeruginosa (strain PCC 7820) was obtained from the
Pasteur Culture Collection of Cyanobacteria (PCC) and cultured on a
modified WC-medium (Lurling and Beekman, 2006) in 500 mL Erlen-
meyer flasks placed at 22 °C, at a light intensity of 35 pmol quanta
m~!s7! provided in a 16:8 h light:dark cycle. Aliquots of M. aeruginosa,
harvested during their exponential growth phase, were transferred to
250 mL conical flasks containing 50 mL of WC medium yielding a final
concentration of 100 ug Lt chlorophyll-a (Chl a), which indicated
Microcystis biomass in this study. The inocula had a photosystem II ef-
ficiency (PSII efficiency) of 0.35. Six concentrations of each of the nine
compounds were used (Table 1). Each concentration had three repli-
cates. After the addition of the compounds, the flasks were closed with a
cellulose plug, mixed and placed in an incubator (Gallenkamp Orbital
shaker) with 50 rpm under the same conditions at which M. aeruginosa
had been cultured. After 2, 24, 72 and 168 hours, samples were taken
from the middle of the flasks to measure Chl a concentrations and PSII
efficiencies using a PHYTO-PAM analyzer (Heinz Walz GmbH, Effel-
trich, Germany). At the end of the experiment, the pH in each flask was
measured using a WTW Inolab pH 7110 meter and subsamples were
taken and filtered through 0.45 pm unit filters (GF/C, Whatman, Ger-
many) to analyze orthophosphate with a Skalar SAN™ segmented flow
analyzer. Also, both intracellular and extracellular MCs concentrations
were measured. Hereto, 7.5 mL samples were filtered through glass fiber
filters (GF/C, Whatman®, VWR International B.V., Amsterdam, The
Netherlands), the filters were frozen at -20°C and subsequently extrac-
ted with 75% v/v methanol/water (Liirling and Faassen, 2013). Filter
extracts were transferred to 8 mL glass tubes for intracellular micro-
cystin (MC) analysis. The GF/C filtrates were also transferred in 8 mL
glass tubes for dissolved extracellular MC analysis. The extracts and
filtrates were dried in a SpeedVac concentrator (Savant™ SPD121P,
Thermo Fisher Scientific, Asheville, NC, USA) and reconstituted using
900 pL methanol (J.T. Baker®, 97%, VWR International B.V., Amster-
dam, The Netherlands). Afterward, the samples were transferred to a
vial with a 0.22 pm cellulose-acetate spin centrifuge tube filters and
centrifuged for 5 minutes at 16,000 x g. The filtrates were then trans-
ferred to amber glass vials and analyzed using LC-MS/MS (Agilent
6410A QQQ, Waldbronn, Germany) for eight MC variants according to
Liirling and Faassen (2013). The MC concentrations in this study are
presented as extracellular MC concentrations (ug L™1), intracellular MC

Product Description Manufacturer Dosage Price (USD $) References dosage

Phoslock® Ballast; Clay; Lanthanum- Phoslock® Europe GmbH (Zug, 0, 50, 100, 300, 0.0025/g (Spears et al., 2013)
modified bentonite, LMB Switzerland) 600, 1000 mg Lt

Aqual-P™ Ballast; aluminum -modified Blue Pacific Minerals (Tokoroa, New 0, 50, 100, 300, 600 0.0027/g (Mucci et al., 2017)
zeolite, AMZ Zealand) 1000 mg L!

Chitosan Coagulant; CHI Sigma, USA 0,0.5,1, 2,4, 8mg 0.001-0.095 (Mucci et al., 2017)

! /8
Aluminium sulphate + Metal-based coagulant; Al-salts Kemira (Helsinki, Finland) + Sigma- 0,1, 3,10, 20, 30 0.0002+-0.04/ (Georgantas and
Sodium Aluminate Aldrich (Darmstadt, Germany) mg Al L g Grigoropoulou, 2007)

SeClear Metal-based algicides; Copper
sulphate pentahydrate
Metal-based algicides; Copper

ethanolamine complex

Captain® XTR

CuS04-5H,0 Metal-based algicides; analysed Sigma, USA
pure
Streptomycin Antibiotics; Str, inhibitor of Sigma, USA

protein synthesis

Hydrogen peroxide Oxidant; HyOo, liquid

SePRO Corporation, Carmel, IN, USA

SePRO Corporation, Carmel, IN, USA

Merck KGaA, Germany

0, 0.05, 0.1, 0.25, 0.005/mL Advised dose 0.15-1.0 mg Cu
0.5,1mg CuL™! L~! by SePro

0, 0.05, 0.1, 0.25, 0.014/mL Advised dose 0.15-1.0 mg Cu
0.5,1mg CuL™! L™! by SePRO

0, 0.05, 0.1, 0.25, 0.17/g (Viriyatum and Boyd, 2016)

0.5,1mg CuL™!

0, 0.1,0.2,0.4, 0.8, 1.3/g
1.6mgL!
0,0.1,03,1, 3,10
mg L~!

(Qian et al., 2012)

0.1/mL (Matthijs et al., 2012)
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concentrations (ug L’l), and the ratio between extracellular MC and Chl
a concentrations (ug extracellular MC per pg Chl a), the ratio between
intracellular MC and Chl a concentrations (ug intracellular MC per pg
Chl a).

2.3. Growth rates

Growth rates were estimated from initial and final Chl a concentra-
tions assuming exponential growth using the equation (Fawaz et al.,
2018; Gojkovic et al., 2019):

 INChl @yg — INCh ayr
N t—1

where: u is growth rates; t; is experimental start time (days); t; is
experimental end time (days). Only initial and final Chl a data were used
as cell leakage may temporarily increase Chl a concentrations deter-
mined by fluorescence (Mucci et al., 2017).

2.4. Statistical analysis

All graphs were created using Sigmaplot 14.0 version. The differ-
ences between growth rates, SRP concentrations, intracellular, extra-
cellular MCs, intra and extracellular MCs/Chl a calculated, were tested
using one-way ANOVA or a non-parameter test (Kruskal-Wallis One Way
analysis of variance on ranks) when normality tests (Shapiro-Wilk)
failed. ECs( values (material concentration that caused a 50% reduction
in PSII relative to the control) were calculated based on the PSII value by
a four-parameter logistic equation. The results section has been written
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following the suggestion of using evidence language (Muff et al., 2022).
3. Results
3.1. Chlorophyll-a concentrations

Chlorophyll-a (Chl a) concentrations of the M. aeruginosa cultures
were affected differently by the different compounds (Fig. 1). The Chl a
increased over time at all the LMB, AMZ and Al concentrations tested.
There was, however, a clear dependency of Chl a and LMB dose where
Chl a increased less with higher doses of LMB (Fig. 1a). In the highest
LMB, AMZ and Al concentrations used the Chl a concentrations were
42.6 %, 28.4 % and 5.5 % less than in the corresponding controls at the
end of the experiment, respectively (Fig. 1a,b,d). Chitosan (CHI) caused
a rapid increase in Chl a concentrations within 2 and 24 hours in all
concentrations tested, however after 72 and 168 hours Chl a concen-
trations in the highest dose (8 mg CHI L~1) were 23.6 % and 99.8 % less
compared to the controls (Fig. 1c). A typical response of rapid cell lysis
could be confirmed by analysis of 0.45 um filtered culture medium
(Table S1). The Chl a concentrations gradually declined in higher chi-
tosan dosages because of the breakdown of the pigments, whereas the
Chl a concentration increased in controls as a result of population
growth (Fig. 1c).

The copper-based materials (Captain XTR, SeClear and CuSO4-5H20)
showed similar trends, a strong reduction in Chl a concentration when
0.5 and 1 mg Cu L ™! was applied (Fig. 1e, f, g). SeClear caused a rapid
increase (after 2 h) in Chl a concentrations in the highest dose, which
was due to the release of cell constituents (Table S1). Shortly after the
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Fig. 1. Effect of nine compounds on the chlorophyll-a concentration of M. aeruginosa exposed for 2, 24, 72 and 168 h. a) LMB, b) AMZ, ¢) Chitosan, d) Al-salts, e)
SeClear, f) Captain XTR, g) CuSO4-5H,0, h) Streptomycin and i) Hy0,. The initial chlorophyll-a concentration was 100 ug L.
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Fig. 1. (continued).

addition of Streptomycin, Chl a concentrations increased in all the
concentrations tested, however by the end of the experiment Chl a
concentrations were strongly reduced (69-87 %) compared to the con-
trols (Fig. 1h). After the addition of HO2, Chl a concentrations rapidly
increased in the higher H,O5 doses as a result of cell lysis, which was
followed by a subsequent decline due to the breakdown of the pigment
(Fig. 1i). In the control and Hy05 treatments below 0.3 mg H20- L7!, Chl
a concentrations were similar and showed a continuous increase
reflecting M. aeruginosa growth. After one-week, Chl a concentrations in
the higher HyO, treatments were up to 99.5 % lower than in the controls
(Fig. 1i).

3.2. Growth rates

The difference between the initial (100 pg L’l) and final Chl a con-
centrations in controls and each treatment were used to calculate growth
rates. Growth rates of M. aeruginosa declined with increasing amounts of
LMB dosed (Fig. 2a). A one-way ANOVA provided very strong evidence
that growth rates were different (Fs, 12 = 61.2; p < 0.001) and Tukey’s
test showed that growth rates in the 1000 mg LMB L™! treatments were
lower (p < 0.001) than in the controls (0 mg LMB L™h. Although this
pattern was less clear in the AMZ treatments (Fig. 2b), the one-way
ANOVA provided very strong evidence of differences in growth rates
(F5, 12 =9.0; p < 0.001) and a Tukey’s test showed that growth rates in
the 1000 mg AMZ L~! treatments were lower (p = 0.004) than in the
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Fig. 2. Growth rate of M. aeruginosa at different chemical concentrations after 168 hours. a) LMB, b) AMZ, c¢) Chitosan, d) Al-salts, e) SeClear, f) Captain XTR, g)
CuS04-5H,0, h) Streptomycin and i) HpO». Similar letters (a, b, ¢, d) in each panel indicate homogenous groups, i.e. treatments for which no evidence was found that

they were different from each other (p > 0.05).

controls (0 mg AMZ L.

In the chitosan treatments, strong evidence was found (Hs = 16.11; p
= 0.007) that growth rates of M. aeruginosa decreased with increased
chitosan dosages (Fig. 2¢). Growth rates declined strongly at a dose of
0.5 mg CHI L™}, was almost zero at 1 mg CHI L™}, and became negative
at doses > 1 mg CHI L ! indicating a decline/death of the M. aeruginosa
populations (Fig. 2¢). There was no evidence that Al, at any dose tested,
had an effect on growth rates of M. aeruginosa (Fs, 12 = 2.883; p = 0.062)
(Fig. 2d).

Compared to controls, growth rate declined 201 %, 156 % and 139 %
in the highest dosages (1 mg Cu L™Y) of SeClear (Fs, 12 = 852.92; p <
0.001), Captain XTR (Fs, 12 = 338.86; p < 0.001) and CuSO4-5H20 (Fs,
12 = 252.19; p < 0.001), respectively. All three compounds resulted in
negative growth rates (between -0.094 and -0.075 d~!) when dosed at
0.5 mg Cu L™! or higher (Fig. 2e,f,g).

The experiment with streptomycin yielded strong evidence that
streptomycin affected M. aeruginosa growth rate (Hs = 16.58; p =
0.005). A Tukey’s test provided very strong evidence that growth rates
in the 0.2 mg STR L™! treatments were lower (p < 0.001) than in the
controls (0 mg STR L (Fig. 2h).

There was no evidence that hydrogen peroxide affected M. aeruginosa
growth rates when dosed in the range 0-0.3 mg L1, however, in doses >
1 mg Hy0, L7t very strong evidence was obtained that M. aeruginosa
growth rates were reduced (Fs 12 = 1208.78; p < 0.001). Tukey’s post
hoc test revealed two homogeneous groups among the six HyO5 treat-
ments: 1) positive, unaffected growth in controls and the 0.1 and 0.3 mg
H,0, L~ treatments, and 2) negative growth in the 1, 3 and 10 mg Hy0,
L~! treatments (Fig. 2i).

3.3. ECsg values

The ECso values were calculated based on the PSII efficiencies
(Fig. S1) of the M. aeruginosa cultures. Estimated ECsq values of the P
binders LMB and AMZ exceeded the highest dose used (1000 mg L™1).
Likewise, ECsq values of the Al coagulant were higher than the highest
dose used (30 mg Al L™1), indicating no or a weak effect of the com-
pound on the physiological health of the M. aeruginosa cells. It should be
noted, however, that after 7 days the PSII efficiencies in the highest dose
of Al were lower than in the other treatments (Fig. S1). For chitosan, the
other coagulant tested, ECsy values were initially < 1 mg L' and
increased over time (Table 2). ECsg values of the three copper-based
chemicals were similar and as low as 0.25-0.28 mg Cu L' after two
hours exposure; they remained low during the experiment (Table 2). The
antibiotic streptomycin was also effective in damaging M. aeruginosa and
ECs0 values at the end of the experiment (after 168 hours) were as low
(0.09 mg L1 at the lowest dose of STR tested (0.1 mg L. The ECso
values of the oxidizer hydrogen peroxide (H20O,) dropped from 2.6 mg
L~ after two hours to 0.84-0.99 mg L™! in the period 1-7 days (Table 2).

3.4. Phosphate concentrations

Phosphate (soluble reactive phosphorus, SRP) concentrations were
measured at the end of the experiment. The SRP concentrations revealed
strong evidence that higher doses of LMB resulted in less SRP (Hs =
16.31; p = 0.006) (Fig. 3a). Similarly, for AMZ there was very strong
evidence that higher doses of AMZ affected SRP negatively (F512 =
101.53; p < 0.001) (Fig. 3a), and also for Al strong evidence was found
of Al negatively affecting SRP concentrations (Hs = 16.88; p = 0.005)
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Fig. 2. (continued).

(Fig. 3b). In the series with chitosan, there was a weak evidence of lower
SRP concentrations in the controls than in the CHI treatments (Hs =
16.75; p = 0.06).

There was a weak evidence that SRP concentrations were lower in
the controls and low doses of SeClear than at higher doses of this copper-
based algicide (Hs = 9.48; p = 0.091, Fig. 3c), while there was moderate
evidence that this was the case for the other two copper-based algicides
(Captain® XTR, Fs,12 = 5.02; p = 0.010; CuSO4-5H,0, H5 = 13.71; p =
0.018) due to uptake by M. aeruginosa (Fig. 3c). Similar, there was weak
evidence that SRP concentrations in the controls of the streptomycin
series were lower than in STR treatments (Hs = 15.25; p = 0.060)
(Fig. 3d). The data of the HyO5 series yielded weak evidence that the SRP
concentrations were lower in doses 0-0.3 mg H,Oo L ™! and higher in the
>1 mg Hy0, L7! treatments (Hs = 17.69; p = 0.070) (Fig. 3d).

3.5. MC concentrations

Microcystins (MC) present in the WC medium were quantified at the
end of the experiment (Fig. 4). Four variants (MC-LW, LY, LR and dmLR)
were detected of which the variant MC-LR was the most abundant one.

The total extracellular MC concentrations in the LMB series ranged
from 4.9 t05.9 pg L™} (Fig. 4a). There was strong evidence that MC
concentrations differed (Fs 12 = 4.65; p = 0.014), a Tukey’s test revealed
that extracellular MC concentrations in the 600 mg LMB L™! treatment
were higher than in the controls (Fig. 4a). There was strong evidence
that intracellular MC concentrations declined with LMB dose (F512 =
104.64; p < 0.001), the intracellular MC concentration in the control
group was 8 times higher than in the 1000 mg LMB L~! treatment
(Fig. 5a). The decline was most prominent in the more hydrophilic MC
variants dmMC-LR and MC-LR (Fig. 5a). Extracellular MC concentra-
tions/Chl a was lowest in the control group and it increased with
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Table 2
Mean ECsq values (values insides brackets represent the standard deviation (SD),
n = 3) of the compounds used at each time point.

Chemicals ECs0-2 hours ECs0-24 ECs0-72 ECs0-168
(mg LY, mg hours(mg hours(mg hours(mg L,
ALY, mg L7, mg Al L7, mg Al mg Al L™}, mg
Cul™ L7, mg Cu L7, mg Cu cul™)
LY LY
LMB >1000 >1000 >1000 >1000
AMZ >1000 >1000 >1000 >1000
Chitosan 0.86 (0.09) 0.59 (0.003) 2.41 (0.02) 4.3 (0.028)
Al-salts >30 >30 >30 >30
SeClear 0.28 (0.03) 0.45 (0.012) 0.32 (0.01) 0.39 (0.02)
Captain® 0.25 (0.09) 0.3 (0.02) 0.33 (0.005) 0.42 (0.005)
XTR
CuS04-5H,0 >1 0.4 (0.01) 0.28 (0.01) 0.5 (0.005)
Streptomycin >1.6 >1.6 0.13 (0.02) 0.09 (<0.001)
H50, 2.64 (0.008) 0.84 (0.005) 0.93 (0.007) 0.99 (0.02)

increasing LMB concentrations (Fig. S2a), while intracellular MC/Chl a
was the highest in the control group and decreased with increasing LMB
dosages (Fig. S3a).

In the AMZ series, there was very strong evidence that extracellular
MC concentrations in presence of AMZ were lower than in the control
(F5,12 =9.4; p < 0.001) (Fig. 4b). The MC data yielded no evidence that
intracellular MC concentrations were affected by AMZ (Fs5 12 =1.19;p =
0.371) (Fig. 5b). There was, however, a clear tendency of a higher share
of the more hydrophobic MC variants MC-LW and MC-LY and less of the
more hydrophilic dmMC-LR and MC-LR at higher doses of AMZ
(Fig. 5b).

Extracellular MC data yielded strong evidence (Fs512 = 28.75; p <
0.001) that extracellular MC concentrations in presence of chitosan were
higher than in absence of chitosan (Fig. 4c). The ratio of extracellular
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MC/Chl a increased with the chitosan dosages (Fig. S2c). There was very
strong evidence that intracellular MC concentrations in the chitosan
series declined with increased chitosan dose (F512 = 336; p < 0.001)
(Fig. 5¢).

In the Al series, there was very strong evidence that extracellular MC
concentrations increased with increasing dose of Al coagulants (Fig. 4d).
Also the extracellular MC/Chl a ratio showed a similar pattern
(Fig. S2d). One-Way ANOVA revealed very strong evidence that Al
concentrations affected intracellular MC concentrations (Fs 12 = 3.45; p
< 0.001) (Fig. 5d), a Tukey’s test showed that intracellular MC con-
centration in the 30 mg Al L~! was lower than in the control (Fig. 5d).
The intracellular MC/Chl a ratio in 30 mg Al L~ was much higher than
the ratios found in the other Al concentrations (Fig. S3d).

No evidence was found that the copper-based algicide SeClear (Fs 12
=0.38; p = 0.85) had an influence on the extracellular MC concentration
(Fig. 4e). In contrast, very strong evidence was found that extracellular
MC contents were elevated at the highest doses at Captain® XTR (Fs 12
= 399.2; p < 0.001) and copper sulphate (CuSO4-5H20, Fs5 12 = 31.82; p
< 0.001) (Fig. 4f,g). The extracellular MC/Chl a ratio increased at higher
doses of all three copper-based algicides (Fig. S2e,f,g), while the intra-
cellular MC/Chl a ratios gradually declined with increasing dose of each
of the three copper-based algicides tested (Fig. S3e,f,g).

Evidence was obtained that streptomycin caused an increase in
extracellular MC concentrations at all doses tested (Fs5 12 = 25.83; p <
0.001) (Fig. 4h). This was mirrored by a strong decline in intracellular
MC concentrations (Fs5 12 = 374.96; p < 0.001) (Fig. 5h). The extracel-
lular MC/Chl a ratio at 0.2 mg L' were around 15 times than that at
control (Fig. S2h), while intracellular MC/Chl a ratio gradually
decreased as increasing Str concentration (Fig. S3h).

In the hydrogen peroxide series, despite relatively large variability
found in some of the treatments (Fig. 4i), moderate evidence was
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obtained that extracellular MC concentrations were affected by HyO4
(Fs,12 = 3.97; p = 0.025). There was very strong evidence that HO had
an effect on intracellular MC concentrations (Fs 12 = 123.6; p < 0.001),
and clearly two groups could be identified: 1) 0 — 0.3 mg Hy0, L ™! with
mean MC concentrations of 150 - 180 pg L™, and 2) 1 — 10 mg HyO, L™}
with MC concentrations close 0 pg L™ (Fig. 5i).

4. Discussion

This study determined the short-term (7 d) effects on M. aeruginosa of
nine different compounds commercially available and used to mitigate
cyanobacterial blooms. The compounds chosen have different modes of
action, and as such different short-term effects were expected on Chl a
concentrations, PSII efficiency, growth rates, SRP concentrations and
extra/intracellular MC concentrations. Rapid negative effects on
M. aeruginosa biomass indicators and physiological health were ex-
pected from those compounds compromising membrane integrity, such
as algicides, while slow or no effects were expected from compounds
that do not target cells directly, but act indirectly via reduction of
available phosphate.

In line with our expectations, the two solid-phase P fixatives (LMB
and AMZ) exerted a weak effect on M. aeruginosa biomass. Growth rates
were reduced with increasing LMB doses, and given the strong depletion
of SRP, this can be attributed to P limitation, but it by no means implies

that relatively high M. aeruginosa biomass was mitigated. Similar ob-
servations have been made in short-term laboratory experiments and
field mesocosms sealed at the bottom (Buley et al., 2021). PSII effi-
ciencies were only marginally reduced at the highest doses of P fixatives,
which might have been caused by higher turbidity, or indicated minor
effects on cell membrane integrity.

The extracellular MC/Chl a ratio in the LMB series increased with
increasing the LMB, which might indicate relatively more release of
MCs, but could also be a result of MCs not being broken down in the
artificial medium within the 7 day experimental period as in lake and
river water breakdown of MCs might already take this time (Edwards
et al., 2008). No evidence was found that extracellular MC concentra-
tions declined with LMB in our study. A recent study showed that LMB
dosed at 50, 100, and 150 ppm decreased extracellular MC concentra-
tions by 61 %, 86 %, and 75 % relative to the controls at a MC-LR
concentration of 500 ppb, respectively, while LMB had no effect on
the MC-LR concentration at lower concentrations of 100 ppb and 50 ppb
(Laughinghouse et al., 2020). Hence, our results - with extracellular MC
concentrations less than 20 ppb - are in line with those of Laughing-
house et al. (2020). The intracellular MC/Chl a ratio declined with
increasing LMB dose and this study is the first that reports such finding
as an effect of LMB. This might be related to less light available in higher
doses of LMB that might lead to lower MC cell quota in M. aeruginosa
(Wiedner et al., 2003). Evidently, M. aeruginosa became less toxic when
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Fig. 4. (continued).

reared in presence of LMB, because intracellular MC concentrations
declined 8 times at the highest LMB dose, while Chl a was only halved.

The variants dmMC-LR and MC-LR seemed to decline faster than MC-
LY and MC-LW. Interestingly, the latter contain aromatic amino acids
(Tyrosine, Y, and tryptophan, W), and particularly the higher amounts
of these MC variants in the higher AMZ doses could suggest stimulation
of the shikimate pathway, whilst reducing non-aromatic amino-acid
synthesis. This finding is, however, opposite to findings that under P
limitation more N-rich variants of MC are being produced (Kriiger et al.,

2012). The observed increase in more hydrophobic MC variants at a
higher dose of AMZ urges for care in the timing of adding such
solid-phase P binders, since a higher share of those MC variants also
implies higher toxicity (Fischer et al., 2010; Vesterkvist et al., 2012).
The results obtained also underpin that solid-phase P fixatives are
not meant as quick fix agents eradicating cyanobacterial blooms; they
are measures to reduce internal P load (Copetti et al., 2016; Douglas
et al., 2016; Gibbs and Hickey, 2018). Combined with a coagulant,
however, those solid phase P fixatives can be highly effective in settling
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cyanobacterial biomass on the sediment (Liirling et al., 2020; Noyma
et al., 2017), a combination that was not tested in this study.

The two coagulants tested had distinct effects on M. aeruginosa. Al-
salts did not affect M. aeruginosa growth and only weakly PSII effi-
ciencies in the highest dose, which is comparable to other studies that
found alum caused hardly cell damage (Lam et al., 1995), had no
growth-inhibiting effect, and did not cause M. aeruginosa cell lysis or
release of MCs in the water in short term experiments (Chow et al.,
1999). However, when Al-salts treated M. aeruginosa was incubated
longer, severe cell damage and subsequent leakage of MCs were
observed, especially in the high dose (i.e. 48 mg LY treatment (Han
et al., 2016). Hence, the elevated extracellular MC concentrations at the
highest dose tested in our study (30 mg L_l), the concomitant lower
intracellular MC and lower PSII efficiency strongly indicate cell damage
after 7 days at this Al dose. Alum also strongly reduced SRP concen-
trations as expected (Kang et al., 2022a). The SRP binding, particularly
intercepting SRP released from P-loaded sediments, is the prime mech-
anism through which aluminium based compounds may control eutro-
phication and the development of cyanobacterial blooms (Augustyniak
et al., 2019; Kibuye et al., 2021). In contrast, chitosan (CHI) did not
reduce SRP concentrations, but caused a strong decline in M. aeruginosa
growth and PSII efficiency, which was most probably a result of the
membrane damaging effect of CHI resulting in cell lysis (Mucci et al.,
2017).

There was very strong evidence for leakage of cell constituents. MCs
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and other cell constituents such as pigments remain inside the cell until
the membrane is damaged and the cell is lysed (Lam et al., 1995). The
high Chl a concentrations measured after two hours of exposure to CHI
appeared as a result of cell constituent leakage (Table S1), leading to a
significant fluorescence signal, which does not reflect an increase in
biomass (Bastien et al., 2011). The same strain of M. aeruginosa
(PCC7820) was sensitive to CHI in another study where after 24 hours
strongly elevated extracellular MC concentrations were measured
(Mucci et al., 2020). Our study is consistent with that after 7 days,
compared to control groups, extracellular MC concentrations were more
than doubled in the CHI treatments compared to the control. There was a
strong decline in intracellular MC concentrations which paralleled the
strong decrease in Chl a. No changes in the relative composition of the
MCs were observed, in all treatments MC-LR remained the dominant
MC-congener.

The three copper-based algicides used (SeClear, Captain XTR and
CuS04-5H20) had strong impacts on M. aeruginosa. Copper can directly
target the cells causing loss of cell membrane integrity, and destroying
the photosystems through the production of ROS (Iwinski et al., 2016;
Qian et al., 2010; Stevenson et al., 2013). Cationic forms of Cu (Cu2+,
CuOH™, Cuz(OH)%ﬂ are also toxic to non-target aquatic organisms
(Closson and Paul, 2014) and are formed rapidly when copper sulphate
dissociates in water (Mastin and Rodgers Jr, 2000). To lessen unwanted
side effects on non-target organisms and to increase effectiveness against
cyanobacteria and algae, chelated copper-based algicides have been
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developed in which the chelator facilitates passage through cell mem-
branes causing fast cell lysis (Closson and Paul, 2014; Kang et al., 2022b;
Wagner et al., 2017). As such, the chelated copper algicide Cutri-
ne®-Ultra was more toxic than copper sulphate to the cyanobacterium
Planktothrix agardhii and the green alga Pseudokirchneriella subcapitata
(Calomeni et al., 2014). In our study, the two chelated copper com-
pounds SeClear and Captain XTR also showed faster and stronger
toxicity than CuSO4-5H50 (see Table 2, ECsg.onrs). Copper-induced cell
lysis may also rapidly release cell constituents into the surrounding
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medium, as was evidenced by the high filterable Chl a concentrations
measured after two hours exposure to SeClear (Table S1). Likewise,
copper-induced cell lysis may increase extracellular MC concentrations
within 24 hours (Chow et al., 1999), but unexpectedly this was not
observed in the SeClear treatments. Inasmuch as elevated extracellular
MC concentrations were observed in the Captain XTR and CuSO4-5H50
treatments, potential complexation of MCs with copper (Humble et al.,
1997) can be excluded, as can MC breakdown (Lam et al., 1995). SeClear
consists of 4.2 % copper combined with a water quality enhancer that
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provides it the capacity not only to kill cyanobacteria and algae, but also
to remove phosphate (information from SePRO Corporation, Carmel, IN,
USA). However, in our study we did not detect a reduction in SRP
concentrations; evidently more studies are needed to evaluate the po-
tency of SeClear to lower SRP, but also to decipher if SeClear is capable
of adsorbing dissolved MCs.

In the highest doses tested (0.5 and 1.0 mg Cu L™!) Chl a concen-
trations remained low until the end of the experiment, which is com-
parable to a mesocosm study that revealed strongly reduced Chl a
concentrations up to 7 days, but a regrowth after 14 or 21 days (Buley
et al., 2021). Here, a reduction in nutrient availability could be a
welcome addition to delaying regrowth.

The antibiotic streptomycin (STR) had a growth-inhibiting effect on
M. aeruginosa at all concentrations tested that had a tendency of
becoming more pronounced over time. SRP remained unaffected ruling
out P limitation as to the cause of growth inhibition. Streptomycin binds
to the 30 S ribosome subunit in prokaryotes causing inhibition of protein
synthesis (Harrass et al., 1985). Growth inhibiting concentrations of STR
to M. aeruginosa of 0.28 mg L~! (Harrass et al., 1985), and ECsq con-
centrations of 0.007 mg L™ (Halling-Sgrensen, 2000) and 0.034 mg L™}
(van der Grinten et al., 2010) have been found that are comparable to
the low ECsg determined in our study. The detrimental effect of STR is
also reflected in strongly reduced intracellular MC concentrations.
Exposure to antibiotics may, however, increase MC release (Zhang et al.,
2020), which was confirmed in our study where extracellular MC con-
centrations were clearly elevated in STR treatments.

After 7 days, Chl a concentrations and M. aeruginosa growth were
repressed in cultures exposed to H,O, concentrations of 1 mg L' and
higher (Fig. 1i and Fig. 2i). HoO enters cells rapidly causing intracel-
lular damage (Zhou et al., 2018), preventing PSII electron transmission
and causing detachment of phycobilisomes (PBS) from the thylakoid
membranes (Drabkova et al., 2007b). Leakages of pigments into the
medium cause a strong increase in Fy (Drabkova et al., 2007a) that is
used in the Phyto-PAM to estimate Chl a concentrations (Schreiber,
1998) and which can explain the initially elevated Chl a concentrations
in the higher Hy0; doses. The decline towards the end of the experiment
reflects the degradation of released pigments. The cell membrane
damage will also lead to the release of MCs (Liirling et al., 2014; San-
drini et al., 2020), but this was not confirmed in our study. The lower
extracellular MC concentration in the highest HoO2 dose might be
caused by breakdown of MCs by Hy02 (Kansole and Lin, 2017), which
was also observed in (Liirling et al., 2014). The use of a mostly unicel-
lular strain as in our study may lead to lower effective HyO» concen-
trations than when M. aeruginosa in its typical colonial form as in the
field is used. Huang and Zimba (2020) found lower effective HyOo
concentrations for their laboratory strain of M. aeruginosa than when
they treated a natural M. aeruginosa population in mesocosms and in a
pond. In controlling natural M. aeruginosa populations a higher dose
seems to be needed than when a bloom is comprised of filamentous
cyanobacteria (Matthijs et al., 2016), which may point to a protective
role of the mucous layer in M. aeruginosa colonies. Also other factors
determine efficiency and HyO» dose needed, such as cyanobacterial
biomass (Huang and Zimba, 2020), presence of green algae (Weenink
etal., 2021), light intensity (Piel et al., 2020), concentration of dissolved
organic matter and reduced compounds (Matthijs et al., 2012). Hence,
prior to an application tests with the natural phytoplankton community
are needed, for example using enclosures to determine the HyO, dose
needed (Huang and Zimba, 2020; Matthijs et al., 2012).

Our study provides insight into the effects nine chemicals/products
commonly used to mitigate cyanobacterial blooms may have on
M. aeruginosa and MCs. As expected, algicides were most powerful in
eliminating cyanobacteria biomass, while P sorbents evoked a milder
response. A downside of the algicides is that MCs are liberated, the
longevity of the positive effect might be short, and the cause root of the
problem, over-enrichment with nutrients, remains untouched. Clearly,
reducing nutrient inputs to lakes that suffer from cyanobacterial blooms
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is key, yet not always feasible. Hence, combining selected algicides such
as HyO» or coagulants such as chitosan with a solid phase P binder might
be considered to delay cyanobacteria regrowth and stretch the period of
low cyanobacteria abundance (Drummond et al., 2022). A proper
diagnosis of the cyanobacterial issue is recommended at each problem
site followed by testing the intervention of choice on the natural
cyanobacteria.

5. Conclusion

e The reduction of cyanobacteria biomass differed among the nine
chemicals tested and could be ranked according to the percentage
reduction compared to the controls on the 7 day as: Chitosan
(99.8%) > Hydrogen peroxide (99.6%) > Captain XTR (98.2%) >
SeClear (98.1%) > CuSO4-5H20 (97.8%) > Streptomycin (86.6%) >
LMB (42.6%) > AMZ (28.4%) > Al-salts (5.5%).

e Algicides were the most powerful in reducing cyanobacteria
biomass, while ballasts evoked a milder response.

e Growth rates were reduced as the chemicals’ dosages increased,

except for Al-salts.

MCs are liberated under algicides treatments and the intracellular

MC declined with increasing LMB dose.

Combination of selected algicides such as HoO that is for lowing the

cyanobacteria abundance, with a solid phase P binder that is for

reducing nutrients and delaying cyanobacteria regrowth might be
considered in the future.
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