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Blooms of the cyanobacterium Microcystis aeruginosa are common in many eutrophic freshwater bodies
and pose a serious threat to water quality, potentially giving rise to high turbidity, food web alterations,
increased production of toxic microcystin (MC-LR) and odorous compounds. The comparative effectiveness
of oxidant treatment of M. aeruginosa cells in culture media was evaluated by applying a mathematical model
of chlorophyll-a (Chl-a), cells and MC removal. The oxidants were chlorine (1-5 mg:-L"), hydrogen peroxide
(HP: 50-150 mg-L"), percitric acid (PCA: 10-50 mg-L"), and peracetic acid (PAA: 1.5-7.5 mg-L"). The Weibull
distribution model was applied to assess the degree of inactivation of M. aeruginosa viability under different
oxidant treatments. First-order kinetics was successfully applied to the experimental data for Chl-a decay.
Using the Weibull model, it was possible to predict the required exposure time (T, for oxidants to achieve
a 99.9% reduction in viable M. aeruginosa cells with respect to the initial value. 5 mg:L" chlorine produced a
81% degradation of [D-Leu'] MC-LR after 72 h, with an exposure time (T) of 141 h. Among the peroxide
treatments (HP, PCA and PAA), PCA (10-50 mg:-L") produced the highest level of [D-Leu'] MC-LR degradation
(39-79%), with low exposure times (T, = 119-125 h). Chl-a concentration and M. aeruginosa counts for each
oxidant treatment were highly correlated and successfully linked by a cubic polynomial. This is the first
modelling report of M. aeruginosa decay by oxidant treatments.

INTRODUCTION

The appearance of cyanobacterial blooms in freshwater bodies is a growing phenomenon throughout
the world (Paer]l and Huisman, 2008, 2009; Johnk et al., 2008; Kosten et al., 2012). Cyanobacterial
blooms develop mainly during summer in eutrophic freshwater ecosystems with stagnant water
(Harke et al., 2016). This is a fallout of the impact of human activities (such as nutrient downloads) on
freshwater bodies as well as the effect of climate change on the ecosystem. Cyanobacteria can produce
cyanotoxins and thus impact strongly on important ecosystem services such as recreation and
fishing, aquaculture, irrigation and drinking water treatment. The control of cyanobacterial blooms
is an important challenge that requires an early solution, considering the fact that the cyanobacterial
phenomenon is likely to increase in climate change scenarios (Paerl and Huisman, 2008; Johnk et al.,
2008; Matthijs et al., 2016). Additionally, a significant increase in the costs of treating water intended
for human consumption should be considered (Aguilera and Echenique, 2017).

Paerl and Otten (2013) reported that about 50-75% of cyanobacterial blooms are toxic and have caused
a serious threat to human and animal health because of the potent hepatotoxins, neurotoxins and
dermatotoxins that they release into water bodies (WHO, 1999). Microcystin-LR (MC-LR) generated
by M. aeruginosa is the most abundant and common hepatotoxin found in cyanobacterial blooms in
fresh and brackish waters (Paerl and Otten, 2013; Westrick et al., 2010; Zamyadi et al., 2013). Chronic
exposure to sub-lethal concentrations of microcystins is the most common form of intoxication in
wild and domestic animals and humans. A correlation has been reported between high levels of
primary liver cancer in the regions of Southeast Asia and China and the consumption of surface water
where blooms of toxic cyanobacteria are very frequent (Ueno et al., 1996; Zhao et al., 2009).

MC-LR has been identified as one of the highest priority toxins to be studied based on four criteria
(USEPA, 2015):

o Its effect on human health

o Its frequency of occurrence in bodies of water

o Its susceptibility to the treatments used in water treatment plants
o The stability of the toxin

The preferred method of preventing these blooms is to reduce the nutrient load of surface waters,
although this is not always feasible. Various chemical methods have also been widely adopted,
such as addition of algicide (copper sulfate), oxidants (chlorine, potassium permanganate) and
flocculants (FeCl,, AICl,, polyaluminum chloride) etc., all of which have proven to be efficient
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in removing cyanobacteria cells. However, the persistence of
some chemical compounds can potentially induce secondary
pollution, harming aquatic organisms and even humans.
Some oxidants used as part of drinking water treatment or as
pre-treatment of surface water destined for the production of
drinking water, can cause the release of toxins, and the subsequent
rapid oxidation of the toxins must therefore be assured
(Zamyadi et al., 2013; Stanford et al., 2016; Rositano et al., 2001).

Hydrogen peroxide (HP), percitric acid (PCA) and peracetic acid
(PAA) are alternative disinfectants, owing mainly to the fact that
the formation of disinfection by-products (DBPs) and the overall
toxicity during their use is much lower than with chlorine or ozone
(Booth and Lester, 1995, Monarca et al., 2002; Crebelli et al., 2005).
The principal PAA and PCA end-products are acetic acid, citric
acid, HP, oxygen and water. PAA is a sustainable disinfectant in
aquaculture and it completely degrades into harmless residues
within several hours after application (Lefevre et al., 1992). However,
its usage in drinking water treatment is still an evolving topic.

The main aim of this study was to evaluate the effectiveness of HP,
PAA and PCA treatment on M. aeruginosa cells in culture media
compared to chlorine, and to mathematically model the kinetic of
Chl-a and cell removal.

MATERIAL AND METHODS
Strain preservation

A toxigenic non-axenic strain of M. aeruginosa (CAAT2005-3)
previously reported as a [D-Leu'] MC-LR producer was used
(Rosso et al., 2014). This strain was isolated from the environment
and remained unicellular in culture under laboratory conditions.
The strain is maintained by periodic passage (every 15 days)
through modified BG11 culture medium at 25°C (+1) and light
intensity 30 umol-photon-s’-m? with constant aeration with
humidified sterile air (Barroin and Feuillade, 1986).

Experimental design

For assays, the M. aeruginosa strain was grown in triplicate
in modified BG11 medium (nitrogen phosphorus ratio 10) in
1 000 mL Erlenmeyer flasks under controlled temperature
conditions (25°C +1), constant aeration with humidified sterile air,
a fluorescent light intensity of 30 pmol photons-s*-m and a light-
dark cycle of 10:14 h. Prior to the experiments, the cultures were
acclimated for 7 days at 10*~10° cellmL"’ inoculum, periodically
adding the culture medium.

Non-axenic M. aeruginosa cultures (10° and 10° cellsmL™ and
Chl-a 2 000-2 500 pg-L™") were used to simulate a heavy bloom
concentration and treated with different concentrations of HP,
PAA, PCA and chlorine. All treatments were carried out in batch
mode, using Erlenmeyer flasks containing cyanobacterial culture.
Stabilized HP (Fluka, 30%) was added to achieve 50, 100 and
150 mg-L!. The selected HP doses were within the ranges reported
in the literature (Fan et al., 2013; Wang et al., 2012; Huo et al., 2015).
PAA and PCA treatment tests were carried out employing the
commercial product SABINUR, an equilibrium mixture containing
peracetic acid or percitric acid (15% mass/volume, m/v), hydrogen
peroxide (30% m/v) and stabilizing vehicle. PAA and PCA doses
were 1.5, 3.0, and 7.5 mg-L"* and 10, 30 and 50 mg-L?, respectively.
A control experiment without oxidants was performed.

Chlorine stock solution concentrations ranged from 4 000-5 000
mg-L" as free chlorine. For chlorine experiments, cyanobacterial
samples were dosed with chlorine to achieve the desired chlorine
concentrations (1, 3 and 5 mg-L").

To inactivate the residual of PAA, PCA and chlorine after the
specified contact time, sodium thiosulfate (1%) was added in
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the proportion 0.1 mL for each 100 mL of sample. Catalase was
applied to inactive HP residual. The control and treated cultures
were placed in a controlled environment growth chamber (Ingelab
I-292PF) at 25°C; the average irradiance in the incubator was
30 umols™'-photon-m with a light-dark cycle of 10:14 h.

At different times during the experiment (0, 24, 48 and 72 h),
samples of the cultures were taken and pH, concentration
residuals of chlorine, HP, PAA and PCA, Chl-a and M. aeruginosa
viability determinations were performed. All experiments were
conducted with three independent replicates.

pH determination

pH determination was performed with a pH metro electrode Sper
Scientific Water Quality Meter Model 850081.

Residual concentration of chlorine, HP, PAA and PCA

Chlorine stock concentrations and free chlorine residuals were
determined using the DPD-FAS titration method described
in Standard Methods (APHA, 2005). Peroxide residuals were
analysed by Quantofix test sticks (Machereye-Merck, Darmstadt,
Germany). It was possible to refine the measurements by taking
photographs of each test stick and then comparing these with
our own calibration series according to the procedure described
by Matthijs et al. (2012). PAA and PCA concentrations were
determined by iodometric titration according to a two-step
procedure developed for PAA determination (Pinkenell, 1994).
First, hydrogen peroxide was consumed by the addition of catalase
from bovine liver (2 000-5 000 unit-mg™, Sigma) and then PAA
or PCA was titrated by thiosulfate addition (Falsanisi et al., 2006).

Determination of Chl-a

Chl-a was determined by the 100% methanol extraction
method according to the technique of Marker et al. (1980). The
spectrophotometric reading at 665 and 750 nm before and after
acidification with 1 N HCI were performed. Chl-a concentrations
were expressed as pug-L™.

Modelling Chl-a decay
Modelling Chl-a decay by first-order kinetics:

oC
o =kyxC (1)
Integrating Eq. 1, the Eq. 2 was obtained:
C
zn[a] oy xt @)

where k, is the first-order decay constant (h'), C is the Chl-a
concentration at time ¢, C, is the initial Chl-a concentration
(ng-L1), and tis the time (h); k, (the slope of the model) is obtained
through the linear regression under each condition.

The time required for the concentration of Chl-a to decay to half

the initial values (t,,) was calculated using Eq. 3.
_ In(0.5)

A linear relationship between k, values and the oxidant

concentration was proposed:

3)

ky=a+bxC (4)

where a is the interception of y-axes, b is the slope and C is the
concentration of the different oxidants used.

For each oxidant used in the experiments, the (ECy)c,., values
(defined as the concentration of oxidants (mg-L!) at which 50%
of Chl-a were degraded at 72 h) were obtained by the linear
interpolation method.
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Evaluation of M. aeruginosa cell viability by flow cytometry

Cell viability was assessed by flow cytometry using a Partec PAS
I instrument equipped with a 488 nm argon laser as excitation
source, and a volumetric injection system for the absolute count
of analysed cells. Cells were labelled with SYTOX green, and
non-viable cyanobacteria were identified by green fluorescence
emission at 520 nm (FL1).

A 3 mL aliquot was centrifuged at 5 000 g for 10 min, and then the
cells were incubated with Sytox Green (Thermo Fisher Scientific)
at a final concentration of 1 nM for 30 min in the dark (Tashyreva
et al,, 2013). The dye binds to nucleic acids and cannot penetrate
the membrane of living cells. However, when the membranes
are compromised, it easily penetrates the cell producing a bright
green fluorescence indicative of dead cells.

Analysis of flow cytometry data was conducted with Flomax 2.7
software. Using this approach, the absolute number of viable
M. aeruginosa and the fraction of dead cells at each point in
time after treatment were evaluated. Survival curves were then
generated from the experimental data by plotting log(N/N,)
(where N is the number of viable cells of M. aeruginosa at a given
time, and N, is the initial number of viable cells and was expressed
as cells-mL" versus treatment time.

Modelling M. aeruginosa survival curves

The Weibull distribution is a flexible and convenient model for
describing microbial survival curves when the kinetic is not
linear. It is a continuous probability distribution which has been
extensively used to study survival curves and inactivation kinetics
of different microorganisms (Chun et al., 2009; Gonzélez et al.,
2009; Mafart et al., 2002; Peleg and Cole, 1998).

M. aeruginosa survival curves were fitted using the Weibull model
(Eq. 5):
N
log| — |=-Bxt"
% [ Ny ] " ®

where N and N, are the viable cells number (cells-mL™") present at
time t and zero, respectively; t is time (h); B is the scale parameter,
which could be considered as a kinetic rate parameter; and » is
the shape parameter, which describes the shape of the curve. The
experimental data were fitted to the proposed model using a non-
linear regression technique.

If n = 1, a first-order kinetics is obtained; #n < 1 signifies a strong
right skew of the distribution and the semi-logarithmic survival
curve has a noticeable upward concavity. When n > 1, i.e., the semi-
logarithmic survival curve has a marked downward concavity, the
underlying distribution can have a left skew, depending on the
value of B (Peleg and Cole, 1998).

Predictions of the time for a given decrease in the microbial
population (T,) can be derived from Eq. 5 by Eq. 6:

1/n
N
log| —
No
T, = ——=

- (©)

Total mesophilic heterotrophic bacteria counts

Considering that M. aeruginosa is a non-axenic culture,
heterotrophic bacteria in the M. aeruginosa culture were counted
at the beginning and the end of the experiment. For that, 1 mL
of serial dilution of culture was placed on plate count agar (PCA)
using the plate pour procedure with incubation at 37°C for 24-48 h.
This is the most used procedure for enumeration of total aerobic
mesophilic heterotrophic microorganisms. Determinations were
made in triplicate. An Ionomex colony counter was used to quantify
the bacteria colony and the results were expressed as colony forming
units for g (CFU-mL").
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[D-Leu'] MC-LR quantification

Aliquots of culture were submitted to ultrasonication for
30 min (Omni Ruptor 400) and then centrifuged for 15 min
at 5 000 r-min” to eliminate cell debris. The supernatant was
passed through previously conditioned Sep-Pak C18 cartridges
(Waters) (10 mL 100% methanol, 50 mL 100% distilled water);
the MCs were then eluted with 80% methanol (Barco et al., 2005).
Quantitative chromatographic analysis of MCs was performed
by HPLC/MS Shimadzu LCMS-2020 to determine the principal
component of [D-Leu'] MC-LR toxins (m/z 520) using C18
column (Hyperprep HS, 5-um pore, 250 mm 10 mm) according
to Giannuzzi et al. (2016). The column was equilibrated with
a mixture that was composed of 65% A solution (water with
0.05% (v/v) trifluoroacetic acid) and 35% B solution (acetonitrile
with 0.05% (v/v) formic acid). The mobile phase consisted of a
discontinuous gradient of A and B solutions. Initial conditions
were 100% B, followed by a linear gradient to 50% B in 1 min,
isocratic elution min with 50% B for 5 min, then a linear gradient
to 90% B for 15 min followed by isocratic elution with 90% B for
20 min and returning to initial conditions for 21 min followed
by 9 min column equilibration with 0% B (total run time:
30 min). The flow rate was 1.0 mL-min'. Standard of MC-LR was
purchased from Sigma (St Louis, MO, USA). [D-Leu]' MC-LR
was expressed as pg-L™.

Transmission electron microscopy (TEM)

The cells of the treated cultures and the control were centrifuged
at 1 500 r-min" for 10 min and fixed with 2% glutaraldehyde in
phosphate buffer (pH 7.2-7.4) for 2 h at 4°C. A secondary fixation
was performed with 1% osmium tetroxide (OsO,) for 1 h at 4°C.
After graded alcohol dehydration, samples were embedded in
epoxy resin. Sections were cut, stained with uranyl acetate and
lead citrate and examined with a JEM 1200 EX II transmission
electron microscope (JEOL Ltd., Tokyo, Japan) and photographed
with an Erlangshen ESI000W camera, Model 785 (Gatan Inc.,
Pleasanton, California, USA) of the Central Service of Electronic
Microscopy of the Faculty of Veterinary Sciences, UNLP.

Statistical analyses

The results of the experiments were presented as the mean
(+ standard deviation) of 3 independent determinations. Analysis
of variance (ANOVA) and comparison tests according to the
Fisher significant differences table (least significant difference)
were applied with significance levels of 0.05. The statistical
requirements for the ANOVA (normal distribution, homogeneity
of variance and independence) were performed prior to executing
ANOVA. The variables tested were k, values for Chl-a assays and
n and B parameters obtained by using the Weilbull model, and
the factors were the different concentrations of each oxidant.
The statistical software Systat (Systat version 5.0, Inc. Herndon,
USA) was used. The different sets of data were obtained from
the survival curves of M. aeruginosa after exposure to different
oxidant concentrations. Non-linear regressions were carried
out using Systat (Systat Inc., version 13.1, Washington, USA).
The goodness-of-fit was evaluated by 2 parameters: coefficient
of determination (R?) and the root-mean-square error (RMSE)
defined in Eq. 7.

i : 2
RMSE: \/ Z(experlmentatli—predlcted) @
c—

where ‘experimental’ is the experimental data, ‘predicted’ is the
value predicted by the model, ¢ is the number of experimental
data, and d is the number of parameters of the assessed model.
Lower RMSE values indicate a better fit of the model to describe
the data (Snedecor and Cochran, 1969).
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RESULTS
pH and residual oxidant concentration

The initial pH value of the system ranged between 8.0 and 9.0
and remained unchanged throughout the experiment. All
concentrations of the oxidants added (HP, PAA and PCA)
decreased to levels below the detection limit (0.1 mg-L™") after 72 h.
This is in accordance with previous findings that the degradation
of HP occurs in between 24 and 48 h (Bauza et al., 2014).

No chlorine residual was detected in cultures at any doses used
(1-5 mg-L") after 72 h due to chlorine consumption within the
first minute of contact. The rapid initial chlorine reactivity was
attributed to the high concentration of cells and organic material
in the culture.

Chlorophyll-a decay kinetics

Chl-a is known to be an important indicator of algal biomass
(Izydorczyk et al., 2009). Before the oxidant application, the
initial Chl-a content in the culture was 2 514 pg-L™' (£545).

3mg.l’
chlorine

1 mg.L"’
chlorine 5mg.L"

Control chlorine

There was a clear increase, of 2-fold, in the Chl-a content over
time in the control samples at 72 h, reaching 4 750 pg-L™' (£550).
When compared with the control, Chl-a values of M. aeruginosa
culture were lower for all samples with oxidizing agent treatment
at 72 h. Culture discoloration increased with an increase in the
concentrations of the oxidizing agent. For example, Fig. 1 shows
the culture appearance after 72 h of treatment with chlorine and
PCA at all assayed concentrations.

Figure 2 shows the Chl-a decay (as In(C/C,)) vs. time under the
different oxidant treatments. The value of k, for each treatment
was obtained by linear regression (Table 1). Statistically significant
differences (p < 0.05) were observed for k, values.

Table 1 also shows the growth rate (GR, positive values), which is
the slope of the Chl-a increase. Control and samples treated with
50 mg-L! of HP and 1.5 mg-L* of PAA show positive GR values. The
negative slope of the linear regression is Chl-a decay rate (k,). The
k, values increase when increasing the doses of oxidizing agent and
this indicates a faster Chl-a decay. Chl-a decay is more pronounced
under 5 mg-L'! of chlorine treatment, with higher k, values (Table 1).

Control % 10mg.L" §& 30mg.L" 55 50 mg.L"
PCA PCA PCA

‘/" Lo L L — \\_X

Figure 1. Effect of addition of oxidizing agent on the appearance of M. aeruginosa culture after 72 h, (a) chlorine addition, (b) PCA addition
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Figure 2. Kinetics of Chl-a decay in cultures of M. aeruginosa under different treatments. Bars indicate standard deviation of three independent

determinations
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Table 1. Parameters obtained by fitting the pseudo-first-order Chl-a kinetics with experimental data

Treatment Doses k, or GR R? t, (ECso)chra
(mg-L") (h7) (h) (mg-L")
Chlorine 0 8.56 x 107 (+4.7 x 104> 0.97 - 0.70
1 -1.19x 102 (+2.5x 10%)® 0.75 58.24 (+8.9)
3 —4.26 x 102 (5.1 x 103)¢ 0.84 16.27 (+4.8)
5 —6.67 X 102 (8.6 x 103)¢ 0.85 10.39 (+2.6)
HP 0 1.01 x 102 (1.0 x 103)¢ 0.96 — 102.00
50 1.13x 103 (£3.2x 104)¢ 0.99 ----
100 -5.90x 103 (£1.6 x 103)¢ 0.99 ----
150 —-3.90x 102 (+2.4 x 1073)f 0.98 17.03 (£1.38)
PCA 0 9.03x 103 (1.0 x 103)9 0.82 - 17.56
10 —5.78 x 103 (1.5 x 103)" 0.87 123.77 (£20.9)
30 —3.46x 102 (+4.4x 103 0.97 19.09 (£1.21)
50 —5.37x102 (1.3 x 107’ 0.94 11.25 (£1.26)
PAA 0 5.22x 107 (£6.6 x 10y 0.96 ---- 4.02
1,5 4.61x 103 (1.1 x 104y 0.89 ----
3 -1.12x 102 (£1.4 x 103 0.95 56.82 (+6.5)
7,5 —3.30x 102 (5.5 x 107%)’ 0.81 19.04 (+4.4)

For each oxidizing agent, different letters indicate significant differences between values (p < 0.05). Results are presented as the mean

(+ standard deviation) of three independent determinations.

The time to reach half of the initial Chl-a concentration (f,)
was calculated using Eq. 3. Positive growth rate values indicate
absence of degradation of Chl-g, in which case t, was not
calculated. As expected, for all oxidants, t,, values decreased as
oxidant concentration was augmented. The f, values ranged
between 58.24 and 10.39 h for the treatment with chlorine. For
experiments performed with HP, the ¢,, value was 17.03 h at the
highest concentration (150 mg-L™").

For PCA and PAA treatment, t, values ranged between 123.77
and 11.25 h and 56.82 and 19.04 h, respectively (Table 1).
5.0 mg-L! chlorine was found to be the concentration of oxidant
able to degrade the concentration of Chl-a to halfits initial value in
the shortest time (10.39 h). In order to take into account the effect
of the addition of different concentrations of oxidants on k, values,
a linear regression was applied showing a good correlation (Eq. 4).

The fitting parameters werea =5.4x 10°(+3.1x107),b=-1.5x10"
(£1.0x10%) and R*=0.991 for chlorine,a = 1.4 x 102 (8.1 x 107%),
b=-31x 10" (+8.6 x 10°) and R* = 0.898 for HP treatment,
a=72x107% (2.7 x 103), b = -1.3 x 107 (£8.9 x 10°) and
R*=0.990 for PCA and a = 4.1 x 107 (+8.9x 10?), b = -5.0x 10°
(£2.2x10*) and R* = 0.997 for PAA treatment (Fig. 3). Increase in
Chl-a decay rate is indicated by more negative values of k,.

— -

=

2

@

g

[

> []
©

|9)

[

o

-0,08 -r T T T T T T T
o 20 40 60 80 100 120 140 160
Oxidant addition (mg'L")

Figure 3. Effects of different oxidants on Chl-a decay rate (k,)
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These parameters allow us to predict k, values at concentrations that
are different from those applied in the present study. An alternative
way of evaluating the effects of oxidants on the degradation
of Chl-a is through the effective concentration (EC,)q,.,; the
calculated values for each oxidant are presented in Table 1.

(ECsy)cne shows that, of the four oxidants applied, chlorine was
the most effective, since it required the lowest concentration
values (0.70 mg-L"), followed by PAA (4.02 mg-L"). Higher
concentrations of the remaining two oxidants were required
(17.56 mg-L" for PCA and 102 mg-L" for HP) (Table 1).

Effect of oxidants on M. aeruginosa cell viability and
heterotrophic bacteria counts

The initial M. aeruginosa cell concentration for the experiments
was around 9 x 10°-1 x 10° cellssmL". The effect of oxidation
by chlorine, HP, PCA and PAA on M. aeruginosa viability was
quantitatively assessed for individual cells by flow cytometry.
Individual dead cells were identified by staining them with the
fluorescent probe SYTOX green, a dye that only stains nucleic
acids when the cell membrane is damaged and permeable.
Therefore, alive cells showed low SYTOX green fluorescence,
and untreated cells represented negative controls as shown in
Fig. 4a. In contrast, dead cells had high green fluorescence with
a right-shifted fluorescence intensity frequency distribution, as
shown Fig. 4b. Those cells that lay within region RN2 shown in
Fig. 4, according to their SYTOX green fluorescence intensity
were considered dead. A positive sample (treated high oxidant
dose) where all cells are dead is shown in Fig. 4b. In Fig. 4a, most
cells are outside the RN2, indicating they are alive, while a minor
fraction lies within the RN2 region. The correlation plots, FSC vs.
SSC, shown in Figs 4a and 4b illustrate that dead cells had lower
FSC and lower SSC compared to live cells, while the correlation
plots FL1 SYTOX vs. FL3-chl of the same panels show that dead
cells had lower chlorophyll fluorescence than live cells. Therefore,
live and dead cells were completely separated for each sample
after using oxidizing agents. In addition, high SYTOX green
fluorescence was also correlated to low SSC, FSC, and chlorophyll
(FL3-chl).
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Figure 4. Flow cytometry results following chlorine treatment of M. aeruginosa at concentrations of (@) 0 mg-L", and (b) 5 mg-L", after 72 h of
treatment. FL1-SYTOX histogram indicates the frequency distribution of dead cells as detected by high fluorescence at 520 nm. Bivariate plots of
FL1-SYTOX and other parameters such as light scatter (SSC and FSC) and red fluorescence from Chl (FL3-Chl) were also analysed (data is not shown).
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Figure 5. Survival curve of M. aeruginosa cells under different treatments; experimental (points) and fitted values derived from the Weibull model (lines)

Considering that M. aeruginosa is a non-axenic strain, the effect
of oxidants on heterotrophic bacteria that coexist in the culture
was also evaluated. For this purpose, the plate counts described in
the materials and methods section were performed. In the control
sample, the count of heterotrophic bacteria ranged from 7.0 x 10°~
5.2x10° CFU-mL" at the beginning and the end of the experiment
(72 h), respectively. A decrease in the counts of heterotrophic bac-
teria (0.85 to 1.02 log10) was observed in the treated samples with
1, 3 and 5 mg-L"! of chlorine. With HP and PCA a lower decrease
in the counts of heterotrophic bacteria was observed (0.10-0.56
log10). With 1.5-7.5 mg-L"! of PAA treatment, a decrease in count
ranging from 0.15-0.931 log10 was observed, with a higher mi-
crobial inhibitory effect as the oxidant concentration increased.

Modelling of M. aeruginosa decay

Using the flow cytometer, it was possible to evaluate the
number of M. aeruginosa viable cells and thereafter generate
the corresponding cell survival curves of the control cells and
those obtained after treatment with chlorine, HP, PCA and PAA
by plotting the log of survivors (expressed as log(N/N,)) against
treatment time (Figs 5a, b, ¢ and d, respectively). There were
significant differences in the survival curves of M. aeruginosa,
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depending on the oxidant treatment. The decay of M. aeruginosa
after oxidation by chlorine, HP, PCA and PAA exhibited both
upward and downward concavity. Control experiments showed
no cyanocidal effect on viable cells over 72 h exposures (Fig. 5).
Treatment with 1 and 3 mg-L"! of chlorine resulted in approximately
0.5-log reduction (68%) in M. aeruginosa viability, whereas a
2.5-log reduction was observed with 5 mg-L* of chlorine (99%)
at the end of the experiment. Similar reductions were obtained
with 50 mg-L? of PCA and 7.5 mg-L"' of PAA (99%). A reduction
of not more than 0.8-log (84%) was observed with the highest
concentrations of HP (150 mg-L") (Fig. 5).

The effective concentration of the oxidant required to reduce the
initial number of viable cells to half its value at the end of the
experiment (72 h) was calculated (Table 2). For chlorine and HP
treatment (EC,;), was 0.90 mg-L' and 115 mg-L", respectively.
Similar values of (EC,), (7.80-7.04 mg-L") for viable cells were
achieved with PCA and PAA, respectively (Table 2). Figure 5 also
shows the fit of the Weibull model (Eq. 5). The control samples
and those obtained with 50 mg-L"* of HP had a non-cyanocidal
effect and showed a better fit with a linear model. The parameters
were slope - 0.14 (+£0.04) (positive values), and intercept — 0.0044
(0.0002) with R* of 0.89 for 50 mg-L"' of HP.
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Table 2. Estimates of Weibull distribution parameters n, B for M. aeruginosa survival under different treatment with oxidants. Percentage of
degradation of MC at 72 h (%DM) and concentration of oxidants at which 50% of the viability of M. aeruginosa was affected (EC),.

Treatment Concentration n B R? RMSE T, % (ECsp),
(mg-L") (h) DM (mg-L7)
Chlorine 1 0.15 (£0.01)2 0.36 (x4 x 102 0.981 0.044 >1 000 61 0.90
3 0.12 (£0.08)* 0.37 (£1x 10?2 0.983 0.066 >1000 72
5 0.37 (£0.10)* 0.48 (+x2x 10?2 0.989 0.077 141 (£7) 81
HP 50 - - - - - 8 15
100 1.09 (£0.21)° 6.10* (£2 x 104)P 0.982 0.005 >1000 12
150 1.51 (x0.22)° 1107 (£9 x 10 0.987 0.079 200 (+9) 24
PCA 10 2.30 (£0.18)° 5.10° (4 x 10°)P 0.989 0.039 119 (£8) 39 7.80
30 1.62 (+0.19)° 1102 (£ 2x 10%)° 0.989 0.051 125 (£8) 66
50 1.56 (+0.12)° 2,107 (1 x 104)° 0.994 0.068 118 (+9) 79
PAA 1.5 1.08 (+0.17)° 2.10* (1 x 104 0.996 0.002 >1000 18 7.04
3.0 1.40 (£0.15)° 2.10* (7 x 10)P 0.988 0.002 961 (+19) 45
7.5 1.57 (£0.03)° 2.103 (6 x 10)° 0.999 0.028 105 (£10) 47

n and B: constants of Weibull model, R*: determination coefficient, RMSE: standard error of estimate (Eq. 7), T,: time to decay population 3 log units:
the required time to achieve 99.9% decay in viable cell number with respect to the initial number.

Table 3. Parameters yo, g, b and c obtained by fitting the cubic polynomial model with experimental data for M. aeruginosa

Treatment yo A b c R?

Chlorine 0.17 (+0.16) —3.69 (3,35) 26.40 (£22.6) —51.7 (£50.2) 0.75
HP 0.11 (+£0.04) —2.30(+0.87) 15.47 (£5.62) -20.1 (+11.7) 0.86
PCA 0.26 (+0.19) —4.45 (£3.62) 24.73 (£2.38) -33.3(¢5.2) 0.71
PAA 1.57 (£0.94) —29.89 (+18.03) 187.7 (£112.7) —375.7 (£ 31.8) 0.56

Table 2 shows the B and » parameters of the Weibull model
for each treatment. The predicted values were consistent with
experimental data having a determination coefficient (R?) ranging
between 0.981 and 0.999 and RMSE less than 0.079 (Table 2). This
shows that the Weibull model can explain between 98.1 and 99.9%
of the variation in the experimental data.

The parameter B indicates how quickly M. aeruginosa is inactivated
under different oxidant conditions (Van Boekel, 2002); it can be
observed that Bvalues increased with an increase in the concentrations
of the oxidants. As expected, the n — or shape — parameter was
less than 1 for chlorine inactivation curves, in accordance with the
upward concavity. For other oxidants (HP, PCA and PAA), the n
values were greater than 1 and a downward concavity was observed.

It is possible to predict the time of a given decrease in the microbial
population according to Eq. 6, using the B and n parameters. In
the present study, the time of a 3-log reduction (T,) was selected
as the time required for 99.9% decay in the number of viable cells
with respect to the initial number. The T, value is analogous to the
classic D-value when a 3-log reduction (log(N/N,) = 3 or 99.9% of
the reduction in viable cell number) was calculated (Manas and
Pagan, 2005) and the values are shown in Table 2. For instance,
the T, values varied between 118 and 125 h for treatment with 10
and 50 mg-L! of PCA, whereas a similar reduction required 105
h with 7.5 mg-L" of PAA and 141 h with 5 mg-L" of chlorine. HP
(150 mg-L'') was the oxidizing agent that required the longest
amount of time to achieve a 99.9% cell reduction (200 h) (Table 2).

Since M. aeruginosa is a non-axenic culture, the experimental sys-
tem assayed can be considered to be heterogeneous (heterotrophic
bacteria coexist, also presents a layer of polysaccharide mucilage)
and these results can therefore be taken as a good correlation. The
biological meaning of the n and B parameters of the Weibull mod-
el has been described by Peleg (2006). Upward concavity (n < 1)
indicates that sensitive cells in the population die rapidly, leaving
only the most resistant cells as survivors. Downward concavity of
the survival curve (with n > 1) indicates that continued exposure
and the resulting cumulative damage causes loss of resistance
to the treatment and the cells die at progressively shorter times.
Although the Weibull model is empirical, it can nevertheless be
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used to interpret the physiological effects of oxidizing agents on
M. aeruginosa.

Relationship between Chl-a and viable cells of
M. aeruginosa

Several simple polynomial equations were tested to relate
In(Chl-a) vs In(viable cells). A polynomial of third degree was
found to successfully fit the data:

In(N) = yo(In(Chl —a))’ +a(In(Chl ~a))’ + b(In(Chl —a)) +c  (8)

where N is M. aeruginosa number (cells-mL"), Chl-a (ug-L"') and
yo, a, b and ¢ are constants.

In Fig. 6 it is possible to observe the fitting of In(Chl-a) vs In(viable
cells) values for each oxidant. Table 3 shows the parameters of
polynomials and R? values. A good correlation was obtained by
applying the proposed model, with R? ranging from 0.56-0.86. For
the prediction of viable cells from experimental Chl-a values, it is
possible to employ the polynomial model. Considering that Chl-a
determination is easy, simple and inexpensive, the polynomial
model allows prediction of the number of viable cells.

Toxin removal

The initial level of [D-Leu'] MC-LR in the culture of M. aeruginosa
ranged between 50 and 200 ug-L'. No degradation of [D-Leu’]
MC-LR was observed in the control samples. By contrast,
[D-Leu]' MC-LR had increased values ranging between 120 and
350 ug:-L" at the end of the experiment. After 72 h of exposure to
HP, PCA and PCA, considerable [D-Leu]' MC-LR degradation
was observed (Table 2). The percentages of degradation of
[D-Leu'] MC-LR relative to the initial values (%DM) are shown in
Table 2. A 1-5 mg-L! dose of chlorine was consumed very quickly,
causing [D-Leu!] MC-LR release from Microcystis cells and
significant degradation (61-81%). A chlorine dose of >5 mg-L"!
can also augment disinfection by-product (DBP) concentrations
(Fan et al., 2013) and increase health risks. A similar extent of
degradation (66-79%) was achieved with 30-50 mg-L" of PCA.
By the end of the treatment, 45-47% degradation was obtained
with 3.0-7.5 mg-L" of PAA, and 24% with 150 mg-L"' of HP.
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Figure 6. In (Chl-a) vs In(N) plot by fitting the cubic polynomial model with experimental data for M. aeruginosa

B

Figure 7. Ultrastructure of M. aeruginosa after 72 h of contact by different treatments: (a-1) and (a-2) control cells, (b) 5 mg-L" chlorine, (c) 50 mg-L’

PCA, (d) 150 mg-L' HP and (e) 7.5 mg-L" PAA

Transmission electron microscopy (TEM)

The control cells showed a dense and well-defined dense
cytoplasm, without vacuolation zones and a conserved thylakoid
net. The cytomembrane maintains its shape and structure
(Figs 7 a-1 and a-2). In the treated cells, membrane deformation,
less dense stroma, partial loss of the thylakoid net and extensive
areas of cellular vacuolization can be observed. These damages
to the cells are more evident in Fig. 7b, corresponding to cells
treated with 5 mg-L" of chlorine. Deformation, disintegration of
thylakoids and cytoplasmic vacuolation were also observed after
exposure with 50 mg-L"* PCA, 150 mg-L' HP and 7.5 mg-L"' PAA
(Fig. 7c, d and e).

DISCUSSION

One method used to assess the toxic action of oxidants on Chl-a
degradation and cell viability is by calculating EC;,. Depending on
the endpoint (Chl-a or viability), chlorine proved to be the most
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effective oxidant since it produced the lowest EC,, values, varying
between 0.70 and 0.90 mg-L™". For PAA, the values ranged from 4.02-
7.04 mg-L" and for PCA from 17.76-7.80 mg-L' (Tables 1 and 2).
HP produced the highest EC;, values, ranging from 102-115
mg-L' (Tables 1 and 2). EC;, values ranging from 0.3 to 0.5 mg-L™!
were found in the literature for another strain of M. aeruginosa
treated with HP (Wang et al., 2012). For field-collected colonial
M. aeruginosa, a relatively high EC,; of about 30 mg-L™! for HP
has been previously reported (Wang et al., 2012). The high value of
EC,, reported in the present work (102-115 mg-L") could be due
to the use of extremely high cyanobacteria concentrations tested
(10° cell-mL™"). In this study, the degradation of Chl-a by a first-order
kinetic model was successfully applied to the experimental data. The
k, values were higher with an increase in oxidant doses, indicating
a faster Chl-a decay. Chlorine was the best oxidant treatment,
followed by PAA and PCA, since it required a lower concentration
of oxidant to produce a rapid and effective degradation of Chl-a.
HP had the weakest effect on Chl-a degradation.
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In addition, the Chl-a degradation model can be successfully
applied to predict the Chl-a value for any concentration of
oxidant in the range studied. For instance, for 80 mg-L" of HP,
it is possible to predict k, values by Eq. 4 and the corresponding
parameters a = 1.4.107 (£ 8.1 x 10?), b= -3.1 x 10* (£8.6 x 10°)
(Fig. 3). The calculated k, is 1.08 x 102 h'', and then from Eq. 2,
with Chl-a initial of 2 514 ug-L" at 72 h of treatment, the predicted
value of Chl-a is 1 155 pg-L".

Chl-a decay was satisfactorily adjusted by means of linear
regression kinetics but the kinetics of cell reduction was not linear.
This is frequently the case when there is a mixture of oxidant-
resistant and sensitive sub-populations of bacteria. This does not
occur with the degradation of Chl-a, the latter being a chemical
compound whose degradation is assumed to be a simple chemical
event, unaffected by such factors as the high density of cells or the
infrequent re-suspension of cells through stirring (Shaman and
Lorenxen, 1975).

According to the Weibull model, concave upward (n < 1) survival
curves of M. aeruginosa treated with different concentrations of
chlorine can be interpreted as evidence that weak or sensitive
members of the populations die at a relatively fast rate, leaving
behind survivors with initial higher resistance and/or which have
adapted to the oxidant stress (Peleg and Cole, 1998).

HP, PCA and PAA recorded ‘»n’ values that were >1, which indicate
that the remaining cells became increasingly susceptible to
oxidants, and the cumulative damage made it increasingly difficult
for them to survive. All oxidants tested inactivated M. aeruginosa
by direct action through the formation of active oxidizing agents,
such as hypochlorous acid, hypochlorite ion and other chlorine-
containing oxidants and indirect oxidation by ROS.

Chlorination of heavily algae-laden water, especially in the
presence of M. aeruginosa, may be very risky since chlorination
can potentially cause severe cyanobacteria cell cytoclasis and
MC-LR release. However, in the present study, 5 mg-L" of chlorine
produced a 77.0% degradation of [D-Leu'] MC-LR after 72 h; it
took 141 h to reduce viable cells by 99.9%. Although not reported
in the literature, it is likely that the effect of PCA and PAA on
cyanobacteria is similar to that of HP, since they both produce
HP in their reactions. Among peroxide treatments (HP, PCA
and PAA), PCA (30-50 mg-L") produced the highest level of MC
degradation (66-79%) (Table 2). PAA (3.0-7.5 mg-L") and HP
(100-150 mg-L") showed lower MC degradation values: 45-47%
and 12-24%, respectively. These data therefore point to PCA as
the peroxide of choice among those assayed.

It is important to note that PCA and PAA achieved the removal
of more cells and a greater degradation of [D-Leu'] MC-LR than
HP alone, probably because they contain HP (30% mass/volume)
as part of the makeup of their compounds which could increase
their toxicity for M. aeruginosa and degrade the released toxin.

The different peroxide treatments (HP, PCA and PCA) may have
catalysed the production of hydroxyl and hydroperoxyl radicals
that induced the oxidative cleavage of microcystins. MC-LR
could be degraded into peptide residues by either modifying the
Adda-moiety or breaking the amino-acid ring structure of the
microcystins (Antoniou et al., 2008; Liu et al., 2003).

Hydrogen peroxide (HP) is selective for cyanobacteria (vs.
eukaryotic algae and higher plants) and poses no serious long-
term threats to the system because of its rapid decomposition
without producing persistent toxic chemicals or by-products that
cause aesthetic odour or colour issues (Matthijs et al., 2012). It has
been reported that HP has potential for removing Microcystis spp.
and MCs in different environments (Cornish et al., 2000; Dréabkova
et al,, 2007a; Barrington and Ghadouani, 2008; Wang et al., 2012).
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It is possible that the oxidants initially reacted with the cell-
bound mucilage before reaching the outer membrane. The
M. aeruginosa CAAT2005-3 used in this work is a mucilage-
producing cyanobacteria, the cells being embedded within a
matrix of mucilage comprised of polysaccharides. The ratio of
mucilage volume to cell volume has been reported to be 0.50 for
M. aeruginosa CAAT2005-3 (Rosso et al., 2014). It is likely that
the mucilage provides an oxidative demand that consumes OH
radicals and protects the cell membrane from oxidative attack
until sufficient damage accumulates on the cell surface to breach
cell integrity.

It is not always possible to compare the results obtained in
laboratory experiments with those obtained in the field since
factors such as water quality and hydraulic conditions vary greatly
and affect oxidation efficiency. The formation of OH radicals,
for instance, and the decay of oxidants are influenced by pH,
dissolved organic matter, inorganic radical scavengers, other
possible contaminants and the presence of bacteria. Humic acid
and nitrates, two common water solutes, can inhibit the processes
of cellular inactivation and toxin degradation, due to the ROS
scavenging and ‘inner filter’ effect. Furthermore, the formation of
cyanobacterial colonies of different sizes under natural conditions
and colonies with mucilage or sheaths may enhance cell resistance
to oxidative stress (Huo et al.,, 2015). Variations in morphology,
physical and biochemical characteristics between individual
and colonial Microcystis cells were found (Fan et al., 2016). Such
differences need to be considered when determining dose levels
under real situations. Consequently, it is important to modify the
parameters of oxidation (concentration and time) and include a
full-scale trial based on the results of this study before application
in natural waters.

CONCLUSION

The Weibull model showed a good fit to the data for the inactivation
kinetics of M. aeruginosa in culture media and it was possible to
predict the required exposure time to oxidants to achieve 99.9%
reduction in viable cells. The shortest time of exposure was
achieved with PCA (10-50 mg-L") and required 118-125 h.

HP was the oxidant that required the longest time to achieve a
99.9% reduction (200 h). A concentration of 5 mg-L' chlorine
significantly reduced M. aeruginosa viability and was accompanied
by a decline in the total microcystin concentrations (81%). The
application of 7.5 mg-L" of PAA presented a 47% degradation of
[D-Leu'] MC-LR, and 150 mg-L! of HP a 24% degradation. With
30-50 mg-L"' of PCA, a 66-79% degradation of [D-Leu'] MC-LR
was obtained. These data therefore point to PCA as the peroxide
of choice among those assayed. The present study also revealed
that added chlorine and peroxide (HP, PCA and PAA) were
degraded within 72 h and thus no residual values in the culture
media were detected.

PCA and PAA could be considered as a possible strategy for bloom
control due to the fact that they act as alternatives that offer low
cost and less environmental impact. These are new oxidants that
have been recently been applied at scale in a wastewater treatment
plant. In this study, the oxidants have been shown to be effective
in decreasing M. aeruginosa cells, degrading Chl-a and [D-Leu’]
MC-LR in a culture medium. A full-scale trial based on the results
of this study is necessary to complete the evaluation for treating
water sources with cyanobacterial blooms.
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