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Abstract

Although some studies have investigated the impact caused by chemicals used on water
treatment (coagulants and oxidants) on cyanobacteria integrity, the isolated effect of shear
stress during coagulation is still not fully understood. This study evaluated the impact of
different velocity gradients, mixing times, and the addition of powdered activated carbon
(PAC) on the integrity of Microcystis aeruginosa, Raphidiopsis raciborskii, and
Dolichospermum circinale, known producers of toxin and taste and odor (T&O) compounds.
No association was found between R. raciborskii cell lysis and velocity gradient, with or
without PAC, demonstrating the high resilience of this taxon to shear stress. In contrast, an
association was found for M. aeruginosa at the highest velocity gradient evaluated (1000 s™)

and for D. circinale above the lowest velocity gradient studied (600 s'). After PAC addition,
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there was a reduction in the chances of finding M. aeruginosa intact cells above velocity
gradient 800 s™! at 45 s, while D. circinale show cell lysis in all the scenarios expect at 600 s°!

and 10 s of agitation. The additional impact of PAC on cell lysis may lead to more release of

metabolites and shows the need to adjust the hydraulic conditions in the rapid mixing stage,
especially when more —fragilell cyanobacteria are present. Neither cyanobacterial cell size nor
morphology was shown to be relevant to shear stress sensitivity, indicating that cell wall
composition might have been an important factor in controlling cell lysis.

Keywords: Microcystis aeruginosa, Raphidiopsis raciborskii, and Dolichospermum circinale;

drinking water treatment; flash mixing; shear stress; cell integrity.

1. Introduction
The rapid anthropic eutrophication aggravated by climate change has made cyanobacteria

blooms more frequent and intense, challenging existing water treatment plant (WTP) processes
to effectively produce drinking water that is safe and aesthetically acceptable (Bullerjahn et al.,
2016; Duran-Encalada et al., 2017; Paerl et al., 2016a; Trenberth et al., 2014). In tropical
regions, for example, toxin-producing filamentous cyanobacteria, among them R. raciborskii,
have been dominating the phytoplankton community of artificial reservoirs, with average cell
concentrations of around 10° cells mL™'. D. circinale and M. aeruginosa have also been of
major concern to water companies in these regions (Barros et al., 2017).

Conventional treatments (e.g., coagulation, flocculation, sedimentation, filtration, and
disinfection) have multiple barriers that aim to remove colloids, pathogens, and suspended
particles, such as cyanobacteria but are generally not designed to remove dissolved compounds
(toxins and T&O compounds). In addition to the cell lysis that occurs naturally in the reservoir,
several physical and chemical stresses may cause damage to the cyanobacteria membrane
throughout the treatment steps, thereby increasing the solubilization of their intracellular

content (Szlag et al., 2015; Zamyadi et al., 2015). In this case, WTPs that use water from highly



eutrophic reservoirs may produce drinking water with concentrations of toxins and T&O
compounds above guideline thresholds, leading to the rejection of the finished water due to the

unpleasant organoleptic characteristics or to the potential toxicity

(Chernova et al., 2019, 2017; Paerl et al., 2016a). Additionally, the increase of soluble organic
matter and secondary metabolites increases WTP chemical requirements and the potential to
form disinfection by-products during the treatment process (Ho et al., 2012). Optimization of
the WTP process to remove intact cyanobacterial cells should significantly reduce the costs and
risks involved in the treatment process (Sun et al., 2012; Zamyadi et al., 2015).

Different species of cyanobacteria require different strategies during water treatment
operations. According to Li et al. (2018), due to greater sensitivity to chemical stresses, R.
raciborskii and D. circinale showed a higher chance of metabolite release during coagulation
and sludge storage when compared to M. aeruginosa. Pestana et al. (2019) studied three full-
scale WTPs and also found that cyanobacteria trichome damage was species-dependent.
Cyanobacteria with larger trichrome length (Planktothrix sp., Geitlerinema sp. and
Dolichospermum sp.) were more prone to breakage than short-trichomed ones (Pseudanabaena
sp. and Planktolyngbya sp.). Clemente et al. (2020) evaluated the cellular and trichome
integrity of two filamentous cyanobacteria during the rapid-mixing step and found that D.
circinale was significantly affected while R. raciborskii showed no signs of damage.
Although few researchers have studied the effect of coagulants and oxidants on the integrity of
cyanobacteria (Bakheet et al., 2018; Naceradska et al., 2017; Xie et al., 2016; Zhou et al., 2014),
the isolated impact of the shear stress due to hydraulic conditions applied during the
coagulation step on the cell integrity of R. raciborskii, D. circinale, and M. aeruginosa has not
been fully understood. Rodriguez et al. (2009) reported that excessive shear stress can cause
reduced cell growth and productivity, severe cell damage, and even cell lysis, which could be

particularly challenging for sensitive species.



Sensitivity to shear differs between species and is dependent on multiple factors including

cell size, presence of flagella, morphology, and composition of the cell wall (Rodriguez et al.,
2009). However, contradictory results in the literature highlight the complexity of microalgal
behavior and that systematic studies under controlled conditions are still needed to gain a
thorough understanding of the effects of the competing parameters (Norsker et al., 2011).

The proposed hypothesis is that shear stress, imposed by the velocity gradient necessary for
coagulation, can impose integrity loss on cyanobacteria cells and that the higher the velocity
gradient and the longer the organisms are subjected to it, the more likely organisms are to be
damaged. Moreover, powdered activated carbon (PAC), added during the coagulation step to
remove dissolved secondary metabolites, may increase the chances of cyanobacteria cell
damage due to the mechanical stress they add to the suspension during flash mixing.

The objective of this study was to evaluate the impact of velocity gradient, agitation time, and
PAC addition on R. raciborskii, D. circinale, and M. aeruginosa cell integrity in order to
identify which of these variables could be managed so that organism damage and intracellular-

content release could be minimized.

2. Materials And Methods

2.1 Cyanobacterial cultures

Three cyanobacteria, R. raciborskii, D. circinale, and M. aeruginosa were selected based on
their presence in surface reservoirs in several countries and on their potential to produce
undesired secondary metabolites (Barros et al., 2017; Haakonsson et al., 2017; Sinha et al.,
2012).

The species were isolated from surface reservoirs in Northeast Brazil and cultured in ASM-1
medium (Gorham et al., 1964) with pH 8, in non-axenic conditions, but with imperceptible

bacterial contamination under conventional microscopic analysis. The species were kept under



a white light intensity of 6.75 p.mol.m™.s! (Digital Light Meter YF-1065, China), temperature
of 24 + 2°C, and photoperiod of 12:12 hours (light/dark) for 21 + 2 days. M. aeruginosa
grew in unicellular spherical form and cells with an average diameter of 2.5 pum.

R. raciborskii was composed of chained filaments, known as trichomes, with an average length
of 75 wm, while D. circinale also exhibited straight filamentous morphology but with an

average length of 15 um, both without mucilaginous sheaths.

2.2 Cell density and integrity analysis

Cell density was measured according to APHA-AWWA-WEF (2005) using an inverted optical
microscope (Zeiss Vert.Al, Germany) and a Sedgewick-Rafter chamber. Counting was
performed across bands or fields with a magnification of 20x or 40x, allowing a confidence
interval of 95% + 20%. To quantify the number of cells per trichome and determine the length
of filaments, 30 filaments were randomly chosen and evaluated immediately after each
experiment using an optical microscope (Olympus Optical, Model: Cx-31, Brazil). Cell
counting was performed immediately before the experiments, therefore, no stain or fixative
was added to the samples.

Cell integrity was evaluated by a staining method using 5% erythrosine-B (Dynamics, Brazil)
by Clemente et al. (2020) with a magnification of 40x. Erythrosine-B (C20Hgl4Na>Os) is a non-
toxic, biological dye that can be used to identify damaged living cells (Clemente et al., 2020;
Calomeni and Rodgers, 2015; DiBartolomeis and Mone, 2004; Markelova et al., 2000). In a
cell with an intact membrane, erythrosine-B is not absorbed and maintains its original
appearance. On the other hand, in cells with compromised integrity, erythrosine-B penetrates,
and accumulates in the cytoplasm, producing a pink color easily distinguished under optical
microscopy (Markelova et al., 2000). In our experiment, 100 cells of M. aeruginosa and D.

circinale and 100 trichomes of R. raciborskii were randomly selected and counted in



triplicate to improve the statistical power of each sample. In total, for each species, 10,800

organisms were evaluated totaling 32,400 cell integrity results.

2.3 Experimental design

Each strain of M. aeruginosa, D. circinale, and R. raciborskii were separately cultured in ASM-
1 medium and diluted with dechlorinated treated water (Supplementary Materials contains the
basic water quality data) until the final concentration of 10° cells mL™! (Fan et al., 2014; Qi et
al., 2016; Zhou et al., 2014). Continuous stirred reactors were used to evaluate the impact of
different velocity gradients and mixing times on the cellular structure of the selected species.
The velocity gradients applied were 600 s (270 rpm), 800 s (345 rpm), and 1000 s (420
rpm) at mixing times of 10, 15, 30, 45, and 60 seconds. These parameters were based on the
coagulation conditions (Velocity Gradient 600 — 1000 s™'; Mixing times 10 - 60 s) suggested
by AWWA and ASCE, (2012). All experiments were performed in triplicate.

In the second phase of the experiment, PAC (Coconut-based; bulk density = 425 kg m™; mean
particle diameter = 30 um) was added to the reactors under the same conditions applied in the
previous phase, to observe the impact of carbon particles on the cyanobacterial cell structure.
A PAC dose of 30 mg L' was applied since it is commonly used in both the experimental and

full-scale (Kim et al., 2014). The simplified experimental protocol is presented in Figure 1.

Figure 1 — Simplified experimental protocol. (A) represents the species cultivation; (B) shows
the experiments using different velocity gradients, mixing times, and PAC addition; (C)

represents the identification of cell integrity.
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2.4 Data analyses

Statistical analyses to evaluate the hypothesis of the association between the variables
(cyanobacteria species, velocity gradient interval, mixing time, and with or without PAC
addition) and cell integrity was performed using RStudio and modified data analysis
methodology (Clemente et al., 2020). Details on these data analyses can be found in the

Supplementary Materials.

3 Results And Discussion

3.1 Identifying association between cell integrity and experimental variables

Tables 1, 2, and 3 present the mean and standard deviation of intact cyanobacteria cells after
exposure to velocity gradients G1 (600 s™!), G2 (800 s') and G3 (1000 s™'), with and without
added PAC and at mixing times of 10, 15, 30, 45 and 60 s. In these tables, the results of Fisher’s
exact test were incorporated, to compare the impacts of different mixing times to the initial
condition (t = 0 s). The association between cell integrity and any variable was considered
significant when p<0.05.

R. raciborskii cell integrity was not compromised in any experimental condition (Table 1),
even with the most intense velocity gradient, highest mixing time, and after PAC addition.

Therefore, there is no evidence that mechanical stress imposed by the hydraulic condition



usually applied in WTPs are capable of compromising R. raciborskii cells. The cellular
integrity of M. aeruginosa (Table 2) was only affected by intense velocity gradient (G3 [1000]
s, without PAC, and at relatively long times (45 and 60 s). Reductions of up to 4% in the
number of intact cells in the other scenarios were not considered significant. Table 3 shows
sufficient statistical evidence that, without PAC, velocity gradients above G2 ([800] 5™ !) may
cause a reduction in the number of D. circinale intact cells. With the introduction of PAC,
starting from G1 ([600] s™) and mixing time of 15 s, there was a sharp drop in the number of
D. circinale intact cells. The results show that D. circinale is more sensitive to mechanical
stress caused by the hydraulic conditions than R. raciborskii and M. aeruginosa and that the
presence of PAC intensifies this effect.

Shear stress has been shown to cause filament breakage in different filamentous cyanobacteria.
Spirulina platensis and Aphanizomenon flos-aquae, for example, displayed shear sensitivity
compared to green algae and other cyanobacteria (Bronnenmeier and Mérkl, 1982; Leupold et
al., 2013). Our results contradict the Wang and Lan (2018) study which gathered enough
evidence to suggest that filamentous phytoplankton displayed greater shear sensitivity than
unicellular ones.

Although it has been hypothesized that larger microalgae are possibly more sensitive to shear
stress than smaller ones (Camacho et al., 2001), this was also not true in our study since the

largest cyanobacteria in our study, R. raciborskii, was the least affected by shear stress.

Table 1 — Impact of mixing conditions and PAC on R raciborskii cell integrity (mean # intact

cells/100, SD, Fisher's statistic).

Raphidiopsis raciborskii

PAC  Velocity gradient Time of mix




(sh 0s 10s 15s 30s 45s 60s
100 100 100 100 100 100
Mean
(0.00 (0.00 (0.00 (0.00 (0.00 (0.00
600 (SD)
) ) ) ) ) )
P - 1 1 1 1 1
100 100 100 100 100 100
Mean
(0.00 (0.00 (0.00 (0.00 (0.00 (0.00
Without 800 (SD)
) ) ) ) ) )
P - 1 1 1 1 1
100 100 100 100 100 100
Mean
(0.00 (0.00 (0.00 (0.00 (0.00 (0.00
1000 (SD)
) ) ) ) ) )
P - 1 1 1 1 1
100 100 100 100 100 100
Mean
(0.00 (0.00 (0.00 (0.00 (0.00 (0.00
600 (SD)
) ) ) ) ) )
P - 1 1 1 1 1
100 100 100 100 100 100
Mean
With (0.00 (0.00 (0.00 (0.00 (0.00 (0.00
800 (SD)
) ) ) ) ) )
P - 1 1 1 1 1
100 100 100 100 100 100
Mean
1000 (0.00 (0.00 (0.00 (0.00 (0.00 (0.00

(SD)




Table 2 Impact of mixing conditions and PAC on M. aeruginosa cell integrity (mean # intact

cells/100, SD, Fisher's statistic)

Microcystis aeruginosa

Velocity gradient Time of mix

PAC
(s 0s 10s 15s 30s 45s 60s
Mean 100 99 100 97 97 97
600 (SD) (0.58) (0.58) (0.00) (0.58) (0.58) (0.58)
P - 1 1 0.246 0246 0.246
Mean 99 98 98 97 97 96
800 (SD) (1.15) (1.15) (1.53) (2.65) (0.58) (0.58)

Without
P - 1 1 1 1 0.369

99
Mean 96 94 94 91 92
1000 (SD) (1.15) (1.53) (0.00) (2.52) (2.08)
(0.58)

P - 0.369 0.120 0.120 0.018 0.035
Mean 100 100 100 99 97 96
600 (SD) (0.58) (0.00) (0.58) (0.00) (1.53) (0.58)
P - 1 1 1 0246 0.121

With
Mean 100 99 96 96 97 96
800 (SD) (0.58) (0.58) (0.58) (1.53) (1.73) (1.53)

P - 1 0.121 0.121 0.246 0.121




Mean 100 99 99 98 97 96

1000 (SD) (0.58) (0.00) (0.00) (0.58) (1.00) (1.00)

P - 1 1 0.497 0.246 0.121

Table 3 - Impact of mixing conditions and PAC on D. circinale cell integrity (mean # intact

cells/100, SD, Fisher's statistic)

Dolichospermum circinale

Velocity Time of Mix
PAC gradient
0s 10s I5s 30s 45 s 60 s
(s™)
85
Mean 80 77 84 80 74
(14.30
600 (SD) (8.62) (7.64) (6.66) (8.14) (1.15)
)
p - 0.731 0.581 1 0.457 0.401
60
Mean 62 39 49 40 41
(17.24
Without 800 (SD) (2.52) (14.40) (16.92) (8.89) (3.51)
)
p - 0.002 0.088 0.885 0.003 0.005
85
Mean 96 93 82 84 68
1000 (SD) (3.61) (4.04) (1.00) (4.36) (8.89)
(3.61)
p - 0.537 0.014 0.002 0.008 <0.001
Mean 91 83 75 71 59 53
With 600

(SD)  (2.08) (1.73) (3.79) (2.00) (3.21) (2.65)




<0.00 <0.00

P - 0.140  0.004 <0.001
1 1
77
Mean 92 81 78 72 34
(SD)  (5.57) (9.64) (2.08) (2.89) (6.36)
800 (2.08)
<0.00
P - 0.037 0.006 0.009 <0.001
1
Mean 93 77 76 69 56 45

(SD)  (5.57) (9.64) (2.08) (2.08) (2.89) (6.36)
1000

<0.00 <0.00
% - 0.002 0.001 <0.001
1 1

Cell walls provide structural support, protective covering, and play a role in shear sensitivity
(Barbosa et al., 2003). Most green algae contain a cellulose-rich cell wall, which provides a
rigid and resilient covering, but cyanobacterial cell walls normally consist of three to four
layers mainly composed of peptidoglycan (Gumbo et al., 2008). Interestingly, green algae
Chlamydomonas reinhardtii is cellulose-deficient and quite sensitive to shear stress (Jeanneret
etal., 2016).

M. aeruginosa cell wall is divided into several layers: the cytoplasmic membrane, the
peptidoglycan layer, and the multilayered structure of the cell wall composed of
polysaccharides, which lend rigidity to the cell wall (Woitzik et al., 1988). The literature
contains a very limited amount of information about the cell wall composition of D. circinale
or R. raciborskii.

As a proxy to D. circinale cell wall composition, we examined the composition of Anabaena

cylindrica cells as presented by Dunn and Wolk (1970). The vegetative cell wall contained



amino compounds (65%), lipid (3%), and polysaccharides (18%). The polysaccharides
consisted mainly of mannose, with smaller amounts of glucose, galactose, fucose, and xylose.
This relatively low amount of polysaccharides, when compared to the other cyanobacteria
analyzed in the present study, may explain why D. circinale is the most shear stress-sensitive
amongst the studied taxa (Woitzik et al.,1988). Andrade et al. (2010) observed that brown algae
produced up to 49% of polysaccharides in the cell wall as a protection mechanism against
chemical stress.

Zarantonello et al. (2018) studied the structure of the R. raciborskii cellular envelope at higher
magnification and revealed that this structure was composed of two bilayered membranes: the
inner or plasma membrane and the outer membrane that encloses the periplasmic space with a
thin peptidoglycan layer. Hamilton et al. (2005) also observed that

R. raciborskii cell walls were notably thick and conspicuous which might explain the highest
resistance to the shear stress in our experiments.

In recent years, several researchers have shown that D. circinale, R. raciborskii, and M.
aeruginosa respond differently to physical and chemical stimuli in WTPs. Chow et al. (1999)
demonstrated that, when M. aeruginosa was subjected to velocity gradients of up to 500 s™! for
4 hours, neither significant changes in cellular integrity nor microcystin-LR release was
observed, corroborating with the data on this study, which shows that M. aeruginosa cell
damage may occur only at high-velocity gradients (>800 s™' corresponding to 345 rpm). Sun et
al. (2012) observed no M. aeruginosa cell lysis or toxin release at different velocity gradients
(40, 150, 250, and 500 rpm), with a mixing time of 20 minutes, and without the addition of
chemicals. It is worth mentioning that in the first three velocity gradients (40, 150, and 250
rpm) used by Sun et al. (2012), the results were similar to those found in the present study. On
the other hand, divergence was observed for the highest velocity gradient (500 rpm) since there

was a loss of cellular integrity at 1000 s! or 420 rpm in the current experiment.



Clemente et al. (2020) evaluated the effects of velocity gradient and mixing time of rapid and
slow mixing on D. circinale and R. raciborskii cells. The rapid-mixing condition (750 s™! or
325 rpm for 60 s) compromised D. circinale cells reducing the number of intact organisms,
while R. raciborskii was not affected by the same hydraulic condition. Therefore, the authors
also observed that R. raciborskii and D. circinale cells were differently affected by the
mechanical stress of hydraulic conditions.

Li et al. (2018) compared R. raciborskii and M. aeruginosa membrane damage during
coagulation using polyaluminum ferric chloride (PAFC). The results showed that intact R.
raciborskii cells were removed under optimal coagulation conditions but, when high dosages
(>10 mg L") were applied, toxin release increased. According to Li et al. (2018), M. aeruginosa
cells only released toxin with PAFC dosages higher than 30 mg L™!, due to morphological and
physiological differences. The results presented by Li et al. (2018) corroborate those found in
the present study, also demonstrating a distinct resilience of R. raciborskii and M. aeruginosa
to shear stress during the treatment process. Mucci et al. (2017) reported different
cyanobacterial sensitivities due to the use of chitosan. The less sensitive strains were a member
of the Chroococcales order (Microcystis sp.) and one of the Nostocales (Aphanizomenon sp.),
while the most sensitive were the Nostocales (Cylindrospermopsis sp.) and the Oscillatorias
(Planktothrix sp). Although the present study used no chemical additives, a similar behavior to
the aforementioned studies was observed when evaluating D. circinale, R. raciborskii, and M.
aeruginosa cell sensitivities. WTP managers and operators could consider this pattern to guide

their operational procedures based on the phytoplankton composition of the raw water.

3.2 Elaboration of the logistic regression model for odds ratio determination
The extent of the damage to cellular integrity was evaluated using logistic regression and was

found to be closely associated with gradient exposure, mixing time, and presence or absence



of PAC for M. aeruginosa and D. circinale. This method was used because it helps evaluate
the three variables simultaneously (velocity gradient, mixing time, and PAC addition),
including considering their synergisms (Agresti, 2012). A logistic regression model, similar to
the one proposed herein, was used by Sheng et al. (2012) to identify the response relationship
between cyanobacterial blooms and environmental factors such as water quality and climatic
conditions at Dianchi Lake, China. In addition to Sheng et al. (2012), several authors (Aung et
al., 2019; Egorov et al., 2018; Garcia-Pérez et al., 2016; Tornevi et al., 2016) have adopted a
similar statistical approach, which allows us to infer that this method is appropriate for this
study.

Table 4 shows the effects of the variables X; (cyanobacterial species), X» (PAC addition), X3
(velocity gradient), X4 (mixing time) and their double (Xi.X3, X3.X2, X1.X2, X4.X3, and X4.X>)
and triple interactions (X1.X3.X> and X4.X3.X2) on cellular integrity. In each different model, a
new variable or group of variables was added to the null model M1 and verified if there was a
sharp drop in the deviance (p <0.05) and Akaike Information Criterion (AIC) values. In model
M2, the null model M1 inserted with the effect of cyanobacteria species (X1), presented the
most significant reduction of deviance, showing that species have the greatest relevance for
predicting the degree of association between the variables and cellular integrity. These results
corroborate with Clemente et al. (2020) study, which associated cyanobacterial membrane
damage on different cyanobacterial species using the same treatment conditions used in our
work.

The addition of the variables x4 (PAC addition) and x3 (velocity gradient) into models M3 and
M4, respectively, led to significant reductions in deviance, inferring that mixing time and

velocity gradient are closely associated with the decrease in cellular integrity. This reinforces

the findings by Clemente et al. (2020) who showed that hydraulic conditions (velocity gradient

of 750 s™! or 350 rpm and mixing time of 60 s) compromised D. circinale cellular



integrity. On the other hand, M5 (M4+ PAC addition - X>) revealed no significant reduction in
deviance and, therefore, the addition of PAC, when analyzed separately, had no impact on
cellular integrity.

When considering the synergy effects of velocity gradient, mixing time, and the presence of
PAC (M6 through M12), the addition of multiple interactions into the model reduced the
deviance more significantly than that of model M5, implying that the impact of PAC is relevant
in reducing the cellular integrity only when combined with the other two variables. Model M12,
shown in Equation (2), was selected to estimate the degree of association between the variables
and cellular integrity since it had the lowest residual deviance and AIC (Table 4). M12 also
simultaneously fulfilled the necessary conditions for Pearson and deviance residuals, which
were within their respective simulated envelope graphs (Figure 2).

In addition, it presented QL =29.29 (p = 0.502) and QP =26.21 (p = 0.665).

Model M12 ~ X1+ Xs+ Xa+ X1 * X2* X3+ X2 * X3 * Xy Eq. (2)

Where X; * X> * X3 and X2 * X3 * Xj represent all possible interactions between variables.

Figure 2 - Pearson and deviance residuals, and their respective simulated envelope graphs.

A0123%

1020 30

= — L 1
2 - - - vy = —
= | NN et T ang T et ‘?ﬂ Al
Pl — - o - a
- o =
=) -
- ool
R s g
£ = _|
T T T T T T T T =
0 10 20 30 40 50 50 7O 0.0 0.5 1.0 15 2.0 25
Observations Theoretical quantiles
o ] =
-
ey o
i _ T e el S
E == -, & =% = —
B o | NN e S - =
= == ==} - & - = —
== - A
- J LS S S S S S S S S S S S S SR
T T T T T T T T =
0 10 20 30 40 50 60 O o.0 0.5 1.0 1.5 2.0 2.5

Observations Theoretical quantiles



Table 4 — Analysis of deviance (ANODEV) and AIC obtained in the cellular integrity study of
M. aeruginosa and D. circinale. (Mi): fitted model; (Xi) cyanobacteria species, (X2) PAC

addition; (X3) velocity gradient; and (X4) mixing time.

Model Factor Deviance Residual deviance p AIC
M1 NULL 1673.06 - 1921.87
M2 MI1+X; 1086.18 586.87 <0.001 837.69
M3 M2+X4 208.08 378.79 <0.001 639.61
M4 M3+X3 88.37 290.43 <0.001 555.24
M5 M4+X2 1.24 289.18 0.265 -
M6 M5+X1.X3 28.61 260.57 <0.001 530.64
M7 M6+X3.X> 100.82 159.76 <0.001 -
M8 M7+X1.Xs 14.46 145.29 <0.001 -
M9 M8+X4 X3 22.35 122.95 0.013 528.82
M10 M9+X4.X> 42.35 80.60 <0.001 -
Ml11 MI10+X1.X3.X2  26.82 53.78 <0.001 -
M12 MI11+X4.X3.X2  24.50 29.29 0.006 360.1

3.3 Measuring the association between cell integrity and experimental variables

The previous results (Table 4) identified an association between higher mixing times and cell
lysis. However, due to the samples” variability, the effect of PAC addition on cyanobacterial
lysis could not be identified since no significant difference (P>0,05) in cell damage was
observed when comparing organisms subjected to those not subjected to PAC, for all times
evaluated. Therefore, to better understand the effects of PAC addition, two scenarios (with and
without PAC addition) were compared using the odds ratio (OR). The odds ratio represents the
ratio between the odds of an event to occur in one group (i.e. samples with addition of PAC) to
the odds of that event to occurs in another group (i.e. samples with no addition of PAC). Since
estimated logistic regression considers the relation of variables, the estimated odds ratio (OR)
represents the best way of measuring the impact of PAC on the cell integrity.

Figure 3 shows the variation of the odds ratio at times 10, 15, 30, 45, and 60 s in relation to

zero time in each experiment of D. circinale and M. aeruginosa, at G1 [600] s, G2 [800] s,



and G3 [1000] s™!, with and without PAC addition. The Graphs in figure 4 present two regions
separated by a dotted line, which indicates an odds ratio value of one. If the odds ratio and its
respective confidence interval (Error bar) fall below the dotted line, the probability of finding
intact cells in the presence of PAC is lower than in the absence of PAC. On the other hand, if
both the odds ratio and its confidence interval are above the dotted line, the effect of introducing
PAC increases the odds of finding intact cells. When the odds ratio is over the dotted line or its
confidence interval is crossing it, the odds of finding intact cells with or without PAC are equal
(See a more detailed explanation in Supplementary materials). With the presence of PAC at
G=[600] s™' (G1), mixing time did not change significantly the odds of finding M. aeruginosa
intact cells when compared to identical hydraulic conditions in the absence of PAC. However,
at G=[800] s™! (G2) and mixing time of 60 s, the odds of finding intact cells were lower in the
presence of PAC than in the absence of PAC. At G=[1000] s™! (G3), the odds of finding M.
aeruginosa intact cells were reduced at all experimental times. This suggests that cell lysis
events in the presence of PAC can be avoided at low-velocity gradients and, if higher gradients

are required, mixing time should be reduced.

Figure 3 - Impact of velocity gradients (G1, G2, G3) and mixing times on the association
between PAC application and cellular integrity (Odds ratio) of D. circinale and M. aeruginosa

over 60 seconds.
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Analyzing D. circinale suspension exposed to G=[600] s! (G1), the odds of finding D. circinale
intact cells did not increase with the presence of PAC at 10 s. However, after this mixing time
(10 s), the odds of cellular integrity loss were estimated to increase by 50% when compared to
the experiment in the absence of PAC. Applying G=[1000] s™! (G3) on D. circinale, the odds
of finding intact cells were reduced even at the shortest mixing time (10 s). However, no
conclusive results could be observed at G=[800] s™! (G2) probably due to the lower number of
integral cells (6242.52) at the beginning of the experiment with PAC (Tabela 3). Since during
the experiments we observed that D. circinale cells are extremely sensitive, we believe that this
experiment already started with a large number of damaged cells

In one of the few studies reported in the literature using Dolichospermum sp. under similar
conditions to the ones used in our study, Moisander et al. (2002) demonstrated that this genus
is more susceptible to shear stress than other genera of filamentous cyanobacteria. In that
context, although several studies have attributed the impact of WTP on cell integrity damage

to the use of chemical compounds, we believe that their experimental designs may have led to



an overestimated evaluation of cell lysis blamed on these chemical agents.

In another study that also evaluated the effects of hydraulic conditions on cyanobacterial cells,
Clemente et al. (2020) observed that in a high-velocity gradient (750 s™! or 325 rpm) and low
mixing time (60 s) the odds of finding intact D. circinale were smaller than the odds of finding
intact R. raciborskii. The odds of finding intact cells of R. raciborskii were 124 times greater
than D. circinale.

Intense D. circinale lysis is of major concern to water companies since many authors have
reported that this taxon is potentially producers of geosmin, 2-metil-isoborneol (MIB), and
cyanotoxins such as saxitoxin, microcystin, cylinderspermopsin, anatoxin-a, and anatoxin- a(S)
(Carmichael and Boyer, 2016; Chernova et al., 2019; Li et al., 2016; Paerl et al., 2016b; Pereyra
et al., 2017). An important and concerning assessment of our finding is that the amount of
adsorbent applied to the treatment could be less than needed since the addition of PAC is
commonly estimated based on the concentration of dissolved metabolites (e.g., MIB,
Geosmina, or toxin) before raw water enters the WTPs (Cook et al., 2001). In that sense, we
believe that PAC should be dosed, in the case of D. circinale, considering the total metabolite

concentration instead of the dissolved one.

4. CONCLUSIONS AND RECOMMENDATIONS

The mechanical stress imposed by the velocity gradients usually applied in WTPs was unable
to compromise R. raciborskii cells, while the cellular integrity of M. aeruginosa was
significantly affected only by intense velocity gradients and at relatively long exposure times.
With PAC addition, a low-velocity gradient and low mixing time were enough to significantly
reduce the number of D. circinale intact cells. The statistical analyses showed that D. circinale
is more sensitive to mechanical stress than R. raciborskii and M. aeruginosa and that the
presence of PAC intensifies this effect, indicating that WTP operation strategies should be

guided by the relevant species present in the raw water.



One of the most evident limitations of our study is that it was performed using cultured
organisms in a controlled environment. Morphological differences between our strains and the
ones found in the natural environment may induce a divergent response concerning variation
in the working variables.
We believe that the main impact of this study is the practical operational tips or suggestions to
water treatment plants operators which includes:

e to decrease the velocity gradient, time, or both during a cyanobacterial bloom, reducing

the chances of further solubilizing secondary metabolites, or;
e to increase the dosage of PAC to cope with the higher concentration of toxins and T&O

compounds released during the coagulation process.
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Supplementary materials

Data analyses

Statistical analyses to evaluate the hypothesis of the association between the variables

(cyanobacteria species, velocity gradient interval, mixing time, and with or without PAC addition)

and cell integrity was performed using RStudio and modified data analysis methodology

(Clemente et al., 2020). Details of this methodology can be found in the supplemental materials.

The response variable (Cell integrity) was dichotomized, allowing two possible results: cell

integrity preserved or not preserved. Data analysis was performed in three steps (Figure 1):

1.

Identifying Association: Fisher's exact test was performed using appropriate
contingency tables (Supplementary materials). The association was confirmed when
p<0.05;
Logistic Regression: Only the species that had some level of association in Fisher's exact
test (p<0.05) were included in the logistic regression model. Cyanobacteria species (X)),
use of PAC (X3), velocity gradient (X3), and mixing time (X4) were considered as
explanatory categorical variables. The selected model and the table with the analysis of
deviance (ANODEYV) were obtained through the Stepwise method. The ANODEYV table
contains the effects of the inclusion of each explanatory variable (X, X», X3, or X4) in the
null model (with no explanatory variables). The aforementioned effects were evaluated
using the deviance values and their residuals as well as the Akaike Information Criterion
(AIC). The importance of including the variable in the model was verified when
significant residual (p<0.05) was observed. The best model was considered the one with
the lowest AIC and residual of deviance. To ensure the quality of the proposed model fit,
the residues were tested by checking if they simultaneously met the following conditions
(Giolo, 2017):

I.  Pearson and deviance residuals are randomly distributed and do not exceed

values of + 3.0;

II.  Pearson and deviance residuals are contained within the simulated envelopes;



HI.  Chi-square statistic likelihood ratio (QL) and Pearson's chi-square statistic
(QP) present p-value > 0.05.

Measuring the association: The estimated odds were calculated by applying exponential
to the estimated coefficients (B,) in an equation obtained in step 2. The odds of each
experimental time (10, 15, 30, 45, and 60 s) was divided by the odds of the initial time (0
s), obtaining the estimated Odds Ratio. The same result can be obtained by applying
exponential to the linear combination of the transpose of vector X; (e.g., X) and to vector
B containing the estimated S, (exp[Xl-t.B’]). Considering that B is asymptotically a
multivariate normal and that the linear combination (X.B) is also an asymptotically
multivariate normal, the confidence interval (0=0.1%) for Odds Ratio can be estimated

by Equation 1:

CI[0dds Ratio] = exp [Xf.é * 24/ /XL-IF‘le] (Eq. 01)

Where

B = Vector containing the odds f3, estimated by the model obtained in step 2;

Xi=Vector that is equal to 1 when the respective 3, is important for calculating the

Odds Ratio and, otherwise, is equal to 0;

Zg /2= 100(1-0.50), percentile of the standard normal distribution;

Ir '= Inverse of the Fisher information matrix.

The considerations were given as follows:
e Odds Ratio > 1 and CI €& 1: there is an increase in the Odds of intact cells
from each experimental time in relation to the initial time (Region 1 in Figure
2);
e Odds Ratio <1 and CI & 1: there is a decrease in the Odds of intact cells from
each experimental time in relation to the initial time (Regin 3 in Figure 2), and;
e Odds Ratio = 1 or CI € 1: The Odds of intact cells from each experimental

time in relation to the initial time are the same(Region 2,in Figure 2).



Figure 1 — Statistical analysis workflow
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Figure 2 — Interpretation of the OR graph. The dotted line represents OR = 1. Region 1 exemplifies the
times when the probability of finding intact cells in experiments with CAP was greater than in those without
CAP. Region 2 exemplifies the times when the introduction of PAC was not significant, as the probabilities
of finding healthy cells are equal in the presence or absence of PAC and in Region 3 it exemplifies the
times when the presence of PAC reduced as chances of entering whole cells.
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The contingency tables can be obtained as follows:

Table A1 — Example of Contingency Tables 2 by 2

Mean of intact cyanobacterial cells of

Time of mix species “K” at velocity gradient “J” s™! Total
Yes No (100 - Yes)

ti n niz Ni+=n+np

0s nyg ny, Nox =np1+ n2

N = N+ + Nj=

Total N« =n;;+ny Nxo=n11+na or

N = Nx; + N+,

Where:

“K” represents Cyanobacteria species (Ma, Dc, and Rr);

“J” represents velocity gradient (600,800 and 1000 s™);

ti represents the time of mix;

ni; and ny; represents the number of intact cells at tiand 0 s, respectively;

ni2 and ny; represents the number of not intact cells at tiand 0 s, respectively (100- Yes);
Nx1, N, Nix, No= represents the partial total of columns (Nx;, Nx) and rows (N, No»)
N represents the total

For example, in table 4 (K = Dc), for velocity gradient 800 s (J = 800 s') and mixing time of 45

s (ti=

45 s), the contingency table is at it follows (Table A2):

Table A2 — Example of Contingency Tables 2 by 2 for Table 4



Mean of intact cyanobacterial cells of Dc

Time of mix species at velocity gradient 800 s™! Total
Yes No (100 - Yes)

45 s 40 60 100

0s 62 38 100

Total 102 98 200

All other tables follow the same logic.

Continuous stirred reactor characteristics

The continuous stirred reactors used is a piece of equipment commonly applied for water
treatment analysis to perform coagulation, flocculation, and sedimentation assays (Figure A). The
reactors are constituted by six jars made of acrylic with a total volume of 2 L. Each reactor was
agitated by a stainless-steel blade with dimensions of 8 x 3 cm and height adjustment.

Figure A — Continuous stirred reactors used to evaluate the impacts of velocity gradient, mixing
time, and PAC addition on M. aeruginosa, D. circinale, and R. raciborskii cell integrity.

The formula used for the calculation of the velocity gradient based on the RPM was:
y = 2.6735x —120.21

Where:

y: Calculated velocity gradient (s™);

x: paddle rotation in rpm.



Basic dechlorinated water quality data

Parameter Value
pH 7.42
True Color 5
Total hardness 123.75
Alkalinity 76.75
Chlorides 148.75
Turbidity 0.68
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