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a b s t r a c t

Occurrence of toxic cyanobacterial blooms in natural freshwaters could impair drinking water quality.
Chlorine was often employed as an oxidant to treat algal-laden source waters in drinking water treat-
ment plants. However, previous studies only focused on high-viability cyanobacteria at exponential
phase. Whether the change of cell-viability of cyanobacteria could affect chlorination was unknown.
Here, high- and low-viability Microcystis were collected from a whole life cycle of cyanobacteria in lab-
scale, and effects of chlorination on membrane integrity and toxin fate of high- and low-viability
Microcystis were subsequently investigated. Results showed chlorine exposure was lower for low-
viability cells than high-viability cells with the same initial chlorine dosage, but low-viability cells
were less resistant to chlorination, leading to higher rate of membrane damage (kloss) and intracellular
toxin release (ki). For high-viability cells, there was no increase of extracellular toxin with sufficient
chlorine exposure whereas it showed a continuous increase for low-viability cells mainly due to its lower
rate of extracellular toxin degradation (ke, 26 ± 8 M�1 s�1) than intracellular toxin release (ki,
110 ± 16 M�1 s�1) (ke < ki). Besides, total toxin could be completely oxidized for high-viability cells with
sufficient chlorine exposure (>30 mg min L�1) whereas chlorination could not work well for low-viability
cells even with chlorine exposure of as high as 36 mg min L�1. These findings indicated chlorination may
not be a feasible option to treat low-viability cyanobacteria during decline stage of cyanobacterial
blooms.

© 2020 Published by Elsevier Ltd.
1. Introduction

Cyanobacterial blooms in eutrophication lakes and reservoirs
have increasingly become a major environmental concern world-
wide. Cyanobacterial cells and related metabolites (e.g., cyanotox-
ins) have posed serious threats to drinking water safety and
challenged drinking water treatment plants (DWTPs) (Zamyadi
et al., 2012a; He et al., 2016). Microcystis species are one of the
most common and problematic species and produce a range of
microcystins (MCs) (Harke et al., 2016). To date, more than 100
variants of MCs (e.g., MC-LR, MC-YR, MC-RR) were reported. Among
these MCs, MC-LR is the most common microcystin and has been
ent and Health, Institute of
amen, 361021, China.
(X. Yu).
proven to be potent liver tumor promoter, posing a high risk of
human health (Falconer et al., 1983; Sivonen and Jones, 1999;
Pearson et al., 2010). Hence, World Health Organization has
established a guideline safety value of 1 mg L�1 (MC-LR) in drinking
water (WHO, 2014). Besides, the presence of cyanobacteria can also
cause process disturbances in DWTPs using filtration, such as
excessive head loss development, shorter filter runs and higher
coagulant demands (Mouchet and Bonnelye, 1998; Merel et al.,
2010).

Chlorine, as the most common disinfectant in DWTPs, is also
employed as an oxidant to treat algal-laden source waters. Direct
chlorination of source water, inter- or post-chlorination is widely
applied in DWTPs in many developing countries (e.g., China and
India) and North America. Chlorination could inactivate cyano-
bacteria via destroying cellular contents, leading to cytolysis,
corrosion and wrinkling of cell wall and cytoplasmic membrane
(Ou et al., 2011). Besides, prior to coagulation, chlorination could
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improve removal efficiency of cyanobacteria by altering cell surface
properties to enhance solid-liquid separation (Plummer and
Edzwald, 2002). Furthermore, chlorination is highly efficient for
the oxidation of cyanotoxins under various water quality conditions
(Nicholson et al., 1994; Acero et al., 2005; Ho et al., 2006; Rodriguez
et al., 2007; Merel et al., 2010; Zamyadi et al., 2010, 2012b; 2013;
Fan et al., 2014, 2016). Therefore, chlorination is a feasible option to
prevent the breakthrough of cyanobacteria and toxin into drinking
water.

However, some studies reported algal organic matters (AOMs)
could be precursors of disinfection by-products (DBPs) after chlo-
rination (Zamyadi et al., 2012b, 2013). What’s worse, chlorination
could induce membrane damage, leading to the release of intra-
cellular toxin (Daly et al., 2007; Zamyadi et al., 2012b; Fan et al.,
2013, 2014). To address this issue, many studies have investigated
the kinetics of cell lysis and toxin fate after chlorination, and found
the susceptibility of cyanobacteria to chlorination is influenced by
species, morphology, cell counts and oxidative conditions (e.g.,
temperature, pH, dosages, contact time, water matrix) (Daly et al.,
2007; Lin et al., 2009; Zamyadi et al., 2012b). For example, Lin
et al. (2009) reported cell lysis rate of Anabaena circianlis (1400-
3400 M�1 s�1) was higher than Microcystis aeruginosa (790-
1100 M�1 s�1), and Fan et al. (2016) found colonialMicrocystiswere
more resistant to chlorination than unicellular cells due to the
protection of mucilaginous surrounding cells. Meanwhile, Zamyadi
et al. (2013) and Fan et al. (2014) demonstrated there was no in-
crease of extracellular toxin after chlorination, since the rate of
extracellular toxin oxidationwas faster than the rate of intracellular
toxin release. However, themajority of these datawere gained from
chlorination experiments conducted using high-viability cyano-
bacteria at exponential phase.

Actually, in natural freshwaters, historical observations showed
cyanobacterial bloom was a successive process lasting for several
months in a year, including development, maintenance and decay
stage (Guo, 2007; Tang et al., 2018). During maintenance and decay
stage, Tang et al. (2018) found the genes of N and P metabolism
were down-regulated via meta-transcriptome analysis of bloom
samples from Taihu lake (China), indicating nutrition limitation
may induce a decrease of cell-viability at this stage. For low-
viability cyanobacteria at maintenance and decay stages, Tang
et al. (2018) also found mcyE gene was up-regulated, suggesting
toxin would accumulate in these low-viability cyanobacteria. Be-
sides, Rivasseau et al. (1998) and Pietsch et al. (2002) observed an
increase of extracellular toxin in pure-culture cyanobacteria at
stationary phase, and Ziegmann et al. (2010) also observed the
highest ratio of MC-LR/Chl a of M. aeruginosa at decline phase.
These results indicated low-viability cells would pose a higher toxin
risk than high-viability cells. The difference of chlorination in
treating high- and low-viability cyanobacteria is not clear, and
whether chlorination is a feasible option to treat low-viability
cyanobacteria and control toxin risk is also unknown. Thus, it is
of great importance to compare the chlorination process to treat
high-and low-viability cyanobacteria.

To date, no studies have investigated the impact of chlorination
on low-viability cyanobacteria and related metabolites. In this
study, a whole life cycle of Microcystis in lab-scale was established
to collect high- and low-viability cells to conduct chlorination ex-
periments. The effects of chlorination on membrane integrity loss
and toxin release and degradation of high- and low-viability
Microcystis were investigated and compared, aiming to discuss
the appropriateness of chlorination to treat low-viability cyano-
bacteria at decline stage of a successive bloom.
2. Materials and methods

2.1. Materials and regents

A toxic strain Microcystis aeruginosa FACHB-915 was purchased
from the Institute of Hydrobiology, Chinese Academy of Sciences. It
was cultured in BG11 medium at 28 �C under constant light flux
(35 mmol of photonsm�2 s�1) with a 12 h:12 h light-dark cycle in an
incubation cabinet equipped with cold light source Light Emitting
Diode (LED) (GXZ-280C; China).

Sodium hypochlorite commercial solutions for chlorination ex-
periments were analytical grade (Sigma, German). SYTOX Green
nucleic acid stain for membrane integrity analysis was purchased
from Thermo Fisher Scientific (USA). MC-LR standards, methanol
and monobasic potassium phosphate for toxin analysis were
chromatographically grade and purchased from Solarbio (China).
Moreover, all solutions were prepared using ultra-pure water pu-
rified to a resistivity of 18 MU cm by a Milli-Q water purification
system (Millipore Pty Ltd, USA).
2.2. Samples preparation of high- and low-viability microcystis

A whole life cycle of Microcystis in lab-scale was established. In
BG-11 medium, Microcystis growth was monitored for 100 d, and
cell counts were quantified at each five days during cultivation.
Samples for cell counts were treated with Lugol’s iodine, and
counted with blood counting chamber (Qiujing, China) by micro-
scopy (OLYMPUS BX43, Japan) at 400� magnification. The growth
pattern of Microcystis mainly includes three classical growth pha-
ses: exponential (5e30 d), stationary (30e70 d) and decline growth
phase (70e100 d) (Fig. 1).

Microcystis samples of 10 mL at exponential (15 d), stationary
phase (50 d) and decline phase (90 d) were centrifuged at 6000 g
for 5 min, and cells were collected and washed with double-
distilled water (ddH2O) twice. Cell morphology of Microcystis at
all three phases were observed using electron microscope tech-
niques, as described below.Moreover, photosynthetic yield (fPSII) is
an indicator of the photosynthetic performance of phytoplankton
and widely used as a sensitive indicator of cell viability. Hence,fPSII
ofMicrocystiswas also measured, respectively, and the method was
described in details below.
Fig. 1. Growth curve of Microcystis from 0 to 100 d in BG-11 medium.



Fig. 2. Morphology characteristics of Microcystis at exponential (15 d), stationary (50 d) and decline phase (90 d) observed by SEM and TEM. SEM images of cell surface at
exponential(a), stationary (c) and phase (e). TEM images of cell ultrathin slices at exponential (b), stationary (d) and decline phase (f).
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For Microcystis at exponential phase, intact intracellular struc-
tures comprising of nucleus area, photosynthetic lamella and gas
vesicles were clearly observed in cells (Fig. 2b). Most of these cells
appeared in pairs (Fig. 2a), and cell counts kept increasing with
highfPSII of 0.37, suggesting these cells were reproducing via cell
division and maintained high-viability. After 30 d cultivation,
Microcystis in pairs disappeared and intracellular gas vesicles
became reduced (Fig. 2c and d), but cell-density remained at the
maximum of about 1.2 � 107 cells mL�1 for 40 d andfPSII of
Microcystis did not show significant difference between cells at
stationary phase and exponential phase (P > 0.05) (Figs.1; 3). These
results suggested the majority of Microcystis at stationary stage
remained high-viability, as the same as Microcystis at exponential
phase. In contrast, for Microcystis at decline phase, cell-density
strikingly declined andfPSII of Microcystis (0.21) was significantly
lower than cells at exponential and stationary phase (0.36e0.37)
(P < 0.05) (Figs. 1; 3). Besides, Microcystis cells became shrinking
(yellow arrows) or irregular shaped, and several cells became
severely damaged (red arrows) with holes on cell surfaces (Fig. 2e).
Intracellular structures in some cells were destroyed to some extent
as well (Fig. 2f; 2e). These results indicated cell-viability of Micro-
cystis strikingly declined at this stage. To achieve the same initial
cell-density of high- and low-viability cells, Microcystis were
collected at exponential (15 d) and decline phase (90 d) to conduct
chlorination experiments, and these samples could well represent
high- and low-viability of Microcystis, respectively (Fig. 1, red
arrows).
2.3. Chlorination experiments

International Joint Commission and Ohio Environmental Pro-
tection Agency (EPA) have set a chlorophyll a threshold of 50 mg L�1

for severe blooms, and corresponding cell density was greater than
1 � 105 cells mL�1 (Watson and Boyer, 2013; Kasich et al., 2014).
Besides, previous studies have performed extensive chlorination
experiments for high-viability Microcystis of 105-106 cells mL�1



Fig. 3. Photosynthetic yield (fPSII) ofMicrocystis at exponential (15 d), stationary (50 d)
and decline phase (90 d).
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(Daly et al., 2007; Zamyadi et al., 2012b, 2013; Fan et al., 2013, 2014;
Qi et al., 2016). Therefore, prior to chlorination experiments, initial
cell-density (7.6 � 106 cells mL�1) of high- and low-viability
Microcystis samples were equally diluted with ddH2O to achieve a
final cell density of 1 � 106 cells mL�1. In addition, toxin degrada-
tion was highly dependent on pH and could be significantly
reduced above 8 (Nicholson et al., 1994). Hence, cultures were
adjusted to pH 7.5 ± 0.1 before chlorination experiments using
0.1 M sodium hydroxide or hydrochloric acid (Daly et al., 2007; Fan
et al., 2013, 2014).

A chlorine stock solution was prepared by sodium hypochlorite
commercial solutions. Free chlorine concentration was measured
using the N, N, diethyl-pphenylenediamine (DPD) method (APHA
et al., 1998). For chlorination experiments, Microcystis samples
were treated with the desired concentrations (1, 2, 4 and 8 mg L�1),
according to the applied dosages for high-viability Microcystis at
exponential phases in previous studies (Daly et al., 2007; Zamyadi
et al., 2012b, 2013; Fan et al., 2013, 2014; 2016; He and Wert,
2016; Qi et al., 2016). All chlorination experiments with 2 L reac-
tion suspension were conducted in 5 L glass conical flasks and
incubated in darkness at room temperature (20 ± 2 �C). During
chlorination, Microcystis samples were taken at specified contact
time (0, 1, 2, 4, 8, 16, 32 and 60 min), and immediately analyzed to
determine the chlorine residual using the DPD-FAS titration
methods (APHA et al., 1998). At each time interval, samples with
specific volumes were quenched with sodium thiosulfate at a
stoichiometric ratio specified in Standard Methods (APHA et al.,
1998), and prepared for the following analysis of membrane
integrity and toxin. Besides, Microcystis samples without adding
chlorine were conducted as control tests.

2.4. Analytical methods

2.4.1. Electron microscopes observation
Microcystis samples of 10 mL were collected at exponential

(15 d), stationary (50 d) and decline phase (90 d), centrifuged by
6000 g for 5 min and washed with phosphate buffer saline twice
(PBS 10 mM, pH 7). Cellular surface structures of Microcystis were
observed using a scanning electron microscope (SEM) (Hitachi S-
4800, Japan), according to Li et al. (2019). Besides, intracellular
structures were further observed using a transmission electron
microscope (TEM) (Hitachi H-7650, Japan), and the details were
described in supplementary material Text S1.
2.4.2. Photosynthetic capacity quantification
Microcystis samples of 10 mL were collected at exponential

(15 d), stationary (50 d) and decline phase (90 d), centrifuged by
6000 g for 5 min, washed with phosphate buffer saline twice (PBS
10mM, pH 7), and then dilutedwith ddH2O to achieve the same cell
density of 1� 105 cells mL�1. Prior to analysis, samples of 5mLwere
treated in darkness for 10 min, after which photosynthetic yield
was measured using PHYTO-PAM phytoplankton analyzer (Walz,
Germany). Photosynthetic yield (fPSII, also known as quantumyield
of PSII electron transport) can be calculated according to Maxwell
and Johnson (2000):

fPSII ¼ðFm� F0Þ=Fm (1)

where F0 and Fm are the minimum and maximum fluorescence,
respectively. After saturating flashes are applied, a value for Fm was
the maximum fluorescence in this light, and steady-state value of
fluorescence immediately prior to the flash is termed as minimum
fluorescence of F0 (Maxwell and Johnson, 2000).

2.4.3. Membrane integrity determination
During chlorination, Microcystis samples of 1 mL were taken at

specified contact time (0, 1, 2, 4, 8, 16, 32 and 60 min), and imme-
diately quenched with sodium thiosulfate. At each time interval,
membrane integrity was determined using a visual flow cytometry
(FCM) (Flowsight, Meck milipore, USA). If cellular membrane was
destroyed, SYTOX Green nucleic acid stain could permeate into cells
and bind to DNA, resulting in bright green fluorescence with
emitting a fixed wavelength of 488 nm. Thus, the stain was used to
determine damaged cells after chlorination (SYTOX positive, green
fluorescence), as described by Daly et al. (2007). In contrast, there
was only red fluorescence for intact cells, since SYTOX Green could
not permeate into cells and pigments themselves showed red
fluorescence with emitting a fixed wavelength of 488 nm using
FCM (SYTOX negative, red fluorescence). Each sample (200 mL) was
incubated for 10 min after adding SYTOX Green nucleic acid stain
with a final concentration of 1 mM, and run for approximately
2e5 min. Approximately 10000 events (cells) were recorded by the
flow cytometry, and percentage of intact cells was analyzed using
flow cytometric analysis software (Flowsight, Meck Millipore, USA).

2.4.4. Microcystin quantification
During chlorination, Microcystis samples of 100 mL were taken

at specified contact time (0, 1, 2, 4, 8, 16, 32 and 60 min), and
immediately quenched with sodium thiosulfate. At each time in-
terval, 50 mL were centrifuged by 6000 g for 5 min to collect cells
for intracellular toxin measurement, and the remaining (50 mL)
was for total toxin measurement (Fan et al., 2014). Prior to toxin
analysis, extracted toxin from samples was concentrated by C18
solid-phase extraction with supelcleanTM ENVITM-18 SPE tubes
(USA) (Nicholson et al., 1994). In this study, M. aeruginosa FACHB-
915 only produce MC-LR in our culture (Fig. S1), and thus, con-
centration of MC-LR was measured by a high-performance liquid
chromatography (HPLC) (Agilent 1200, USA) using UV 238 nmwith
a flow rate of 1 mL min�1 on a Bio-C18 column (Sepax, USA,
4.6 � 250 mm, 5 mm) at 25 �C. Mobile phase was consisted of
methanol (phase A) and 0.05 M monobasic potassium phosphate
(KH2PO4, pH 3) (phase B) with volume ratio of 57: 53.

2.4.5. Dissolved organic carbon characterization
Prior to chlorination, high- and low-viability Microcystis sam-

ples of 1 � 106 cells mL�1 with a volume of 10 mL were taken and
filtrated with 0.45 mm Millipore Express® PVDF filter (German) to
remove cells. This filter could not absorb organic matters and thus,
it did not affect subsequent DOC analysis (Fig. S2). Dissolved
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organic carbon (DOC) concentration was measured by persulfate
wet oxidation technique (Shimadzu TOC-V WP, Japan). Besides, UV
absorbance at 254 nm (UV254) of these samples was measured
using a UV3600 Spectrophotometer (Shimadzu, Japan) with the
optical path of 1 cm, and specific UV absorbance at 254 nm (SUVA)
was calculated via following equation (2).

SUVA
�
Lmg�1 m�1

�
¼UV254

�
cm�1

�
� 100

.
DOC

�
mg L�1

�
(2)

2.5. Statistics analysis

All experiments were conducted in triplicate, and error bars in
the plots represented the standard deviation (SD) values. All data
were statistically analyzed using Student’s t-test, and differences
were considered significant at P < 0.05.

3. Results

3.1. Chlorine decay

Chlorine of 1e8 mg L�1 was employed to treat high- and low-
viability Microcystis, and there was a significant difference in
chlorine consumption between high- and low-viability Microcystis
(Fig. 4). For low-viability cells, there was no chlorine residual
detected in treatments of 1, 2, 4 mg L�1 after 8, 16, 60 min, while
residual concentrations of 0.3, 0.8 and 0.5 mg L�1 were detected for
high-viability cells, respectively (Fig. 4). Besides, with initial highest
dosage of 8 mg L�1, a chlorine residual of 0.6 mg L�1 for low-
viability cells was much lower than that for high-viability cells af-
ter a contact time of 60min (residual chlorine of 3.5mg L�1) (Fig. 4).

During chlorination, chlorine decay showed the same fast-slow
pattern in all treatments. To compare chlorine decay between high-
and low-viability cells, fast-slow process of chlorine decay were
modeled as a parallel first-order reaction (Fig. 4), and rate constants
of each process was given by kfast and kslow according to Equation
(3), as described by Daly et al. (2007).

ClðtÞ¼Clfaste
�kfast :t þ Clslowe

�kslow:t þ Clv:slow (3)

where t ¼ contact time; Cl(t) ¼ residual chlorine concentration at
any time t; Clfast ¼ chlorine demand of fast reactions;
Clslow ¼ chlorine demand of slow reactions; kfast ¼ rate constant of
Fig. 4. Chlorine decay and fitted to a parallel first-order reaction model of high- (a) and low-v
a contact time of 60 min.
rapid reactions; kslow ¼ rate constant of slow reactions;
Clv.slow ¼ amount of chlorine that was not reacted by fast or slow
reactions.

Table 1 showed correlation coefficients (R2) were determined to
be 0.99e1.00 and Residual Sum of Squares (RSS) were much less
than 0.05, suggesting themodel fittedwell (Table 1). With the same
initial chlorine dosages, both kfast and kslow of low-viability cells
were much higher than that of high-viability cells (P < 0.05), for
example, kfast of 0.73 ± 0.02min�1 (RSS: 2.12� 10�2) was estimated
for low-viability cells whereas lower value of 0.48 ± 0.05 min�1

(RSS: 1.48 � 10�2) was for high-viability cells with chlorination of
8 mg L�1 (Table 1).
3.2. Membrane integrity loss

Prior to chlorination, about 90% of high-viability Microcystis
remained intact and cellular surface was smooth, while over 50%
were damaged for low-viability cells and damaged cellular mem-
branewas observed in certain low-viability cells (Fig. 2; 5). Without
chlorine exposure, percentage of intact cells of both low- and high-
viability cells remained constant (Fig. 5). However, chlorination of
4e8 mg L�1 caused complete loss of membrane integrity of both
low- and high-viability cells after 2e8 min contact time (Fig. 5).
Even dosing with low chlorine dosages of 1e2 mg L�1, more than
98% of intact cells were almost destroyedwithin 32e60min (Fig. 5).
3.3. Membrane damage rate

To compare the impact of chlorination on membrane damage of
high- and low-viabilityMicrocystis, modified Chick/Watson model
was employed to estimate membrane damage rate (kloss) by fitting
the number of intact cells over chlorine exposure (Fig. S3), as
described by Daly et al. (2007). The equation was shown below
(Equation (4)):

ln
�
Nt

N0

�
¼ � klossct (4)

Where ct ¼ chlorine exposure; Nt ¼ number of intact cells after a
given chlorine exposure; N0 ¼ number of intact cells at ct ¼ 0; and
kloss ¼ rate constant of membrane damage.

Values of ct were calculated from chlorine decay data. Table 2
showed R2 were between 0.94 and 1.00, and RSS (1.66 � 10�11-
1.28 � 10�2) were less than 0.05, suggesting the model fitted well.
With the same initial dosages of chlorination, kloss of low-viability
iabilityMicrocystis (b) treated with various doses of chlorine (1, 2, 4 and 8 mg L�1) after



Table 1
Chlorine decay rates (kfast, kslow) of high- and low-viability Microcystis treated with various doses of chlorine (1, 2, 4 and 8 mg L�1).

Dose (mg L�1) High-viability cells Low-viability cells

kfast (min�1) SE kslow (min�1) SE R2 RSS kfast (min�1) SE kslow (min�1) SE R2 RSS

1 0.91a 0.06 0.16a 0.02 0.99 3.72 � 10�2 2.24a 0.14 0.55a 0.03 1.00 9.53 � 10�5

2 0.51 0.08 0.03 0.01 0.99 1.75 � 10�2 4.56a 0.02 0.29a 0.04 0.99 5.02 � 10�4

4 0.49 0.03 0.05 0.01 1.00 4.68 � 10�2 0.83 0.15 0.08 0.02 0.99 6.69 � 10�3

8 0.48 0.05 0.04 0.01 0.99 1.48 � 10�2 0.73 0.02 0.06 0.002 1.00 2.12 � 10�2

SE: standard errors of kfast and kslow. R2: correlation coefficients. RSS: residual sum of squares.
a Values were not accurately estimated due to insufficient data.

Fig. 5. Percentage of intact cells of high- (a) and low-viability Microcystis (b) treated with various doses of chlorine (1, 2, 4 and 8 mg L�1) after a contact time of 0, 2, 4, 8, 16, 32 and
60 min.

Table 2
Membrane damage rate (kloss) of high- and low-viability Microcystis treated with various doses of chlorine (1, 2, 4 and 8 mg L�1).

Dose (mg L�1) High-viability cells Low-viability cells

kloss (M�1 s�1) SE R2 RSS kloss (M�1 s�1) SE R2 RSS

1 726a 32 0.95 1.28 � 10�2 818a 34 0.99 1.53 � 10�4

2 410 19 0.97 4.90 � 10�3 809a 32 0.94 3.52 � 10�3

4 361 2 0.99 1.05 � 10�5 532 8 0.99 1.67 � 10�3

8 445 3 1.00 1.66 � 10�11 672 2 0.99 1.56 � 10�11

Average 486 ± 164 708 ± 135

SE: standard errors of kloss. R2: correlation coefficients. RSS: residual sum of squares.
a Values were not accurately estimated due to insufficient data.
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cells was much higher than that of high-viability cells (P < 0.05)
(Table 2). Besides, average kloss (708 ± 135 M�1 s�1) of low-viability
cells was also higher than that of high-viability cells
(486 ± 164 M�1 s�1) (P < 0.05) (Table 2).

3.4. Total toxin degradation

Prior to chlorination, total toxin of low-viability cells
(170 mg L�1) was much higher than high-viability cells (44 mg L�1)
(P < 0.05), but chlorination could effectively oxidize toxin to some
extent for both high- and low-viability cells (Fig. 6). For high-
viability cells, about 6 and 25 mg L�1 of total toxin was present af-
ter 60 min with initial low chlorine of 2 and 1 mg L�1, while total
toxinwas degraded to below detection limits after 32e60 minwith
high dosage of 4 and 8 mg L�1 (Fig. 6a). In contrast, total toxin of
68e168 mg L�1 was residual after 60 min with chlorination of
1e8 mg L�1 for low-viability cells, and the highest degradation
percentage of 60% was gained with highest chlorine dose of
8 mg L�1 whist only 7% of total toxinwas degraded with chlorine of
1 mg L�1 (Fig. 6b).

To compare total toxin degradation of high- and low-viability
Microcystis after chlorination, modified Chick/Watson model was
employed to estimate rate constants (ktotal) of total toxin degrada-
tion over chlorine exposure (Fig. S4) (Daly et al., 2007; Zamyadi
et al., 2012b). The fitted equation was shown (Equation (5)):

ln
�
MCt
MC0

�
¼ � ktotalct (5)

Where ct ¼ chlorine exposure; MCt ¼ concentration of total toxin
after a given chlorine exposure; MC0 ¼ concentration of total toxin
at ct ¼ 0; and ktotal ¼ rate constant of total toxin degradation.

Table 3 showed R2 were between 0.91 and 0.99 and RSS
(1.63 � 10�5-1.7 � 10�3) were much less than 0.05, suggesting the
model fitted well. With the same initial chlorination, ktotal of low-
viability cells was much lower than that of high-viability cells
(P < 0.05) (Table 3). Moreover, average kloss (50 ± 27 M�1 s�1) of
low-viability cells was also lower than that of high-viability cells
(98 ± 56 M�1 s�1) (P < 0.05) (Table 3).



Fig. 6. Intracellular and extracellular toxin of high- (a) and low-viability Microcystis (b)
treated with various doses of chlorine (1, 2, 4 and 8 mg L�1) after a contact time of 0, 2,
4, 8, 16, 32 and 60 min.
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3.5. Intracellular toxin release and extracellular toxin degradation

Both intracellular and extracellular toxin of low-viability cells
were higher than that of high-viability cells before chlorination
(P < 0.05) (Fig. 6). Above results revealed chlorine induced mem-
brane damage of both high- and low-viability Microcystis (Fig. 5),
and thus, about 50e100% of intracellular toxin was released during
chlorination within a contact time of 60 min (Fig. 6). Meanwhile,
the released toxin after membrane damage and initial extracellular
toxin were degraded via chlorination (Fig. 6). During chlorination
for high-viability cells, extracellular toxin was degraded to below
detection limits after 4 min with dosages of 4 and 8 mg L�1, but it
increased from initial 3 mg L�1 to 6 and 19 mg L�1 with dosages of 2
and 1 mg L�1, respectively (Fig. 6a). In contrast, with chlorination of
1e8 mg L�1 for low-viability cells, extracellular toxin remained at
high-level during chlorination and increased from 48 mg L�1 to
68e102 mg L�1 after a contact time of 60 min (the corresponding
increase percentage of 42e113%) (Fig. 6b).

To further compare the process of intracellular toxin release and
Table 3
Total toxin degradation rate (ktotal) of high- and low-viability Microcystis treated with va

Dose (mg L�1) High-viability cells

ktotal (M�1 s�1) SE R2 RSS

1 180a 12 0.94 8.88 �
2 89 6 0.95 6.84 �
4 56 4 0.91 6.23 �
8 67 2 0.99 1.70 �
Average 98 ± 56

SE: standard errors of ktotal. R2: correlation coefficients. RSS: residual sum of squares.
a Values were not accurately estimated due to insufficient data.
extracellular toxin degradationwith chlorination for high- and low-
viability cells, relationship between chlorine exposure, toxin
release and degradation can be described as a first-order process
and the process can be considered as consecutive reaction, as
shown in equation (6). Besides, concentration of intracellular (A)
and extracellular toxin (B) are described by equations (7) and (8)
(Jones, 1970; Zamyadi et al., 2013; Fan et al., 2014).

A�����!ki B�����!ke C (6)

A¼A0e
�kict (7)

B¼B0e
�kect þ A0

�
e�kect � e�kict

�.
ð1� ke = kiÞ (8)

Where ct ¼ chlorine exposure; A0 ¼ concentration of intracellular
toxin at t¼ 0min; A¼ concentration of intracellular toxin at a given
ct value; B0 ¼ concentration of extracellular toxin at t ¼ 0 min;
B¼ concentration of extracellular toxin at a given ct value; ki ¼ rate
constant of intracellular toxin release; ke ¼ rate constant of extra-
cellular toxin degradation; C¼ concentration of degraded toxin at a
given ct value.

Table 4 showed Nash-Sutcliffe efficiency coefficient (NSE) was
ranged of 0.72e0.99, demonstrating themodel fittedwell. With the
same initial dosages of chlorination, ki of low-viability cells (90-
127 M�1 s�1) was higher than high-viability cells (28-102 M�1 s�1),
but ke (18-36 M�1 s�1) was much lower than that of high-viability
cells (33-113 M�1 s�1) (P < 0.05) (Table 4). Besides, with the same
treatment, ke of high-viability cells was higher than its ki (ke > ki)
(P < 0.05), but contrary result was gained for low-viability cells
(ke < ki) (Table 4). Average values of ke and ki also showed the same
pattern for both high- and low-viability cells (Table 4).
4. Discussion

4.1. Chlorine decay

During chlorination for both high- and low-viabilityMicrocystis,
chlorine decay was fast in all treatments, as the same pattern
observed by previous studies (Ho et al., 2006; Daly et al., 2007;
Zamyadi et al., 2012b, 2013). However, this study found chlorine
decay was faster for low-viability cells than high-viability cells with
the same initial chlorine dosage (Fig. 4; Table 1). Previous studies
have noted that presence of natural organic matters (NOMs) is the
most important factor in chlorine consumption, and its concen-
tration and characteristics are known to strongly influence the
chlorine reaction, since NOMs contain a higher proportion of con-
jugated and substituted aromatic moieties is more susceptible to
chlorine attack (Reckhow et al., 1990; Korshin et al., 1997; Ho et al.,
2006; Deborde and von Gunten, 2008). In this study, we did not use
natural waters as backgrounds to conduct chlorination
rious doses of chlorine (1, 2, 4 and 8 mg L�1).

Low-viability cells

ktotal (M�1 s�1) SE R2 RSS

10�3 89a 5 0.99 7.16 � 10�6

10�3 41a 2 0.99 1.63 � 10�5

10�3 45 3 0.93 4.63 � 10�3

10�3 25 1 0.97 5.27 � 10�3

50 ± 27



Table 4
Rate constants of intracellular toxin release (ki) and extracellular toxin degradation (ke) of high- and low-viabilityMicrocystis treated with various doses of chlorine (1, 2, 4 and
8 mg L�1).

Dose (mg L�1) High-viability cells Low-viability cells

ki (M�1 s�1) SE NSE ke (M�1 s�1) SE NSE ki (M�1 s�1) SE NSE ke (M�1 s�1) SE NSE

1 102a 9 0.99 105a 13 0.96 118a 15 0.92 27a 5 0.83
2 99 8 0.90 113 7 0.99 106a 8 0.84 23a 2 0.72
4 45 4 0.97 52 2 0.81 127 9 0.95 36 4 0.99
8 28 2 0.98 33 3 0.90 90 8 0.91 18 1 0.97
Average 69 ± 38 76 ± 39 110 ± 16 26 ± 8

SE: standard errors of ki and ke. NSE: Nash-Sutcliffe efficiency coefficient.
a Values were not estimated accurately due to insufficient data.
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experiments, as done by previous studies (Ho et al., 2006; Daly
et al., 2007; Lin et al., 2009; Zamyadi et al., 2012b; Fan et al.,
2016). Nonetheless, these samples of high- and low-viability cells
collected from cultures in BG-11 medium (no organic matters)
could better show the influence of the change of cell viability on
water quality backgrounds, because cyanobacteria could secrete
extracellular organic matters (EOMs) to cultures during growth and
some studies found characteristics of EOMs were changing at
different growth phase and DOC increased from exponential to
stationary phase (Henderson et al., 2008; Pivokonsky et al., 2014).
Further analysis of EOMs in our samples showed low-viability cells
exhibited higher extracellular DOC and UV254 than high-viability
cells (P < 0.05) (Table 5). UV254 representing the aromatic char-
acter has been identified as a potential surrogate measure for DOC
(Korshin et al., 2009), suggesting higher concentration of EOMs
accumulated in low-viability cells, as well as more aromatic groups
in EOMs. Thus, chlorine consumption for low-viability cells was
much faster than for high-viability cells with the same initial dos-
ages of chlorination. SUVA could describe the nature of NOMs in the
water in terms of hydrophobicity and hydrophilicity, and a SUVA <3
illustrates mainly hydrophilic material (Edzwald and Tobiason,
1999). Here, a value of 1.67 and 1.75 L mg�1 m�1 were measured
for high- and low-viability cells, respectively (Table 5), suggesting
EOMs of these samples mainly contained hydrophilic organic
matters. However, there was no significant difference of SUVA be-
tween high- and low-viability cells (P > 0.05) (Table 5), demon-
strating difference in chlorine decay was not correlated with the
hydrophilicity of EOMs.
4.2. Membrane integrity loss

Chlorination of 1e8mg L�1 could completely destroymembrane
integrity of high-viability cells (Fig. 5a), in agreement with previous
studies (Daly et al., 2007; Zamyadi et al., 2010, 2012b; 2013; Fan
et al., 2013). Fan et al. (2013) found chlorine was the most effi-
cient oxidant to destroy membrane of cyanobacteria at exponential
phase, compared to other oxidants (e.g., KMnO4, H2O2). Here, with
the same initial chlorine dosage, chlorine exposure for low-viability
cells was a lower level than for high-viability cells (Fig. 4), but
Table 5
A comparison of DOC, UV254 and SUVA of samples of high- and low-viability
Microcystis prior to chlorination.

Parameters DOC (mg L�1) UV254 (cm�1) SUVA (L mg�1

m�1)

Mean SD Mean SD Mean SD

High-viability cells 5.1 0.2 0.085 0.01 1.67 0.04
Low-viability cells 12.4 0.4 0.217 0.05 1.75 0.03

Mean: mean value of three parallel samples.
SD: standard deviation values.
complete loss of membrane integrity of low-viability cells was
observed in all treatments. These results suggested chlorination
had strong capacity to inactivate both high- and low-viability cells
via completely destroy membrane integrity.

Besides, for low-viability cells, themembrane damage rate (kloss)
was higher than high-viability cells (Table 2). Fan et al. (2016) and
He andWert, 2016 found colonialMicrocystiswas more resistant to
chlorination than unicellular Microcystis, since colonies can be
protected by surface amorphous mucilage or sheaths. These results
suggested cellular surface structures are important barriers for
protection from chlorine attack. Comparing with high-viability
cells, both TEM and SEM showed cellular surface structures (e.g.,
sheath) of low-viability cells were destroyed to some extent,
resulting in incapacity tomaintain its spherical shape (Fig. 2e and f).
Consequently, low-viability Microcystis was less resistant to chlo-
rination, leading to highermembrane damage rate (kloss) than high-
viability cells.
4.3. Total toxin degradation

Total toxin was degraded to some extent (7e100%) after chlo-
rination for both high- and low-viability Microcystis depending on
chlorine exposure (Fig. 6), as demonstrated by previous studies that
chlorination was efficient to oxidize cyanotoxins under various
water quality backgrounds (Nicholson et al., 1994; Acero et al.,
2005, 2008; Ho et al., 2006; Merel et al., 2010; Zamyadi et al.,
2010, 2012b; 2013; Fan et al., 2014, 2016). For high-viability cells,
chlorination could oxidize total toxin to below detection limits with
ct value of >30mgmin L�1, while 6 and 19 mg L�1 of total toxinwere
present after 60 min with ct value of 1.6e9.6 mg min L�1 (Fig. 4a;
6a). It suggested sufficient chlorine exposure was important for
complete toxin oxidation, and Nicholson et al. (1994) also firstly
noted that cyanotoxins were completely destroyed under condi-
tions that a chlorine residual of at least 0.5 mg L�1 was present after
a contact time of 30 min. However, when low-viability cells were
treated with sufficient chlorine exposure of as high as 36 mg min
L�1, 68 mg L�1 of total toxinwas also present after 60 min evenwith
chlorine residual of 0.6 mg L�1 (Fig. 4b; 6b). These results indicated
incomplete toxin oxidation for low-viability cells was not only due
to insufficient chlorine exposure.

Actually, rate constants of total toxin degradation for low-
viability cells was much lower than high-viability cells (Table 3),
implying incomplete toxin oxidation for low-viability cells with
sufficient chlorine exposurewould attribute to the decrease of ktotal.
Literatures concluded that chlorination conditions (e.g., tempera-
ture, pH, water matrix) would strongly affect cyanotoxin degrada-
tion (Nicholson et al., 1994; Acero et al., 2005). In this study,
chlorination experiments were conducted at the same temperature
and pH, but initial concentration of total toxin and reaction back-
grounds showed the difference between high- and low-viability
cells (Fig. 6). It is possible that the much higher initial



X. Li et al. / Water Research 177 (2020) 115769 9
concentration of total toxin in low-viability cells (170 mg L�1) than
high-viability cells (44 mg L�1) would lead to incomplete degrada-
tion of total toxin with sufficient chlorine exposure. However,
Nicholson et al. (1994) and Acero et al. (2005) reported much
higher concentration of MC-LR (200e300 mg L�1) could be
completely degraded with low chlorine exposure (1e2 mg L�1 for
less than 30 min). Thus, it was not the main factor to affect total
toxin degradation by chlorination for low-viability cells.

Effect of higher initial concentration of DOC of low-viability cells
on chlorine consumption and toxin oxidation could not be ignored
in this study. He and Wert, 2016 have tried to employ the ratio of
chlorine dosages to initial DOC [chlorine: DOC] to minimize the
effect of initial DOC on chlorination to treat cyanobacteria. Hence,
we further re-evaluated values of [chlorine: DOC] in various
treatments and found that the ktotal (25± 1M�1 s�1) of low-viability
cells was still lower in the treatment with higher value of [chlorine:
DOC ¼ 0.65] than high-viability cells with lower value of [chlorine:
DOC ¼ 0.39] (89 ± 6 M�1 s�1) (Table S1). These results suggested
higher initial concentration of DOC could affect chlorine decay, but
it was not the main factor to decrease ktotal of low-viability cells.

Chlorine could undergo reactions with numerous organic
compounds and second-order rate constants for chlorination vary
over 10 orders of magnitude (i.e. 0.1e109 M�1 s�1) depending on
particular sites of organic compounds (Deborde and von Gunten,
2008). Besides, in various water matrix, cyanotoxin degradation
rate by chlorine was estimated by many studies and varied from 22
to 241 M�1 s�1 (Table S2). Daly et al. (2007) and Ho et al. (2006)
reported rate constants was higher in natural waters than ddH2O,
and Ho et al. (2006) attributed the differences to NOMs-microcystin
interactions. In this study, decrease of ktotal for low-viability cells
might be also attributed to EOMs-cyanotoxin interactions.
Ziegmann et al. (2010) found the highest fluorescence intensity of
protein-like substances in EOMs at decline phase. Besides,
M. aeruginosa could produce many other cyclic peptides similar to
microcystin and some of these peptides had greater reactivity with
chlorine than cyanotoxin molecules (Hureiki et al., 1994; Ho et al.,
2006). It suggested that there may be more peptides similar to
microcystin present in low-viability cells, which could inhibit cya-
notoxin degradation via competitive reactions. Nonetheless, chlo-
rine reaction with cyanotoxins is a complex interaction with
organic matters, and characteristics of EOMs in low-viability cells
was not well investigated in this study. Therefore, more studies
were required to elucidate EOMs-cyanotoxin interactions.

4.4. Intracellular toxin release and extracellular toxin degradation

Chlorination could completely destroy membrane integrity for
both high- and low-viability cells, and thus, the release of intra-
cellular toxin could not be avoided when chlorine was applied to
treat cyanobacteria in practice. Above study has demonstrated low-
viability cells was less resistant to chlorination than high-viability
cells (Table 2), indicating its membrane damage would be more
serious than high-viability cells after chlorination. Hence, its rate
constants of intracellular toxin release were higher than high-
viability cells, in line with membrane damage rate constants (kloss,
low-viability > high-viability) (Table 2; 4). Meanwhile, for low-
viability cells, rate constants of extracellular toxin degradation
strikingly declined compared to high-viability cells (Table 4). It
might also result from EOMs-cyanotoxin interactions, as the same
as ktotal.

For high-viability cells, there was no increase of extracellular
toxin during chlorination with initial dose of 4 and 8 mg L�1

(Fig. 6a). The same results were also observed by Zamyadi et al.
(2013) and Fan et al. (2014), attributed to the higher rate of extra-
cellular toxin degradation (ke) than intracellular toxin release (ki)
(ke > ki). In this study, ke was also higher than ki (Table 4). However,
an increase of extracellular toxin occurred with ct value of
1.6e9.6 mg min L�1, since the released extracellular toxin could not
be effectively degraded after 16e32 min without chlorine residual
(Fig. 6a). In contrast, with sufficient chlorine exposure of
>30 mg min L�1, extracellular toxin kept decreasing and it was
degraded to below the safety guideline of 1 mg L�1 for drinking
water by WHO (Fig. 6a), suggesting both ke > ki and sufficient
chlorine exposure were important for the control of extracellular
toxin risk when chlorination was applied to treat high-viability
cells.

For low-viability cells, insufficient chlorine exposure of
0.6e9.6 mg min L�1 could cause an increase of extracellular toxin
after chlorination, as the same for high-viability cells. However,
even with sufficient chlorination exposure of 36 mg min L�1,
extracellular toxin remained increasing during chlorination as well
(Fig. 4b; 6), suggesting the rapid released toxin could not be
effectively degraded due to the decrease of ke for low-viability cells
(Fig. 6b; Table 4). Meanwhile, ki of low-viability cells was much
higher than high-viability cells. Hence, for low-viability cells,
continuous increase of extracellular toxin was mainly attributed to
its much higher ki than ke (ke < ki). Of note, initial concentration of
extracellular (48 mg L�1) in low-viability cells wasmuch higher than
high-viability cells (3 mg L�1) (Fig. 6), and thus, there was much
higher concentration of extracellular toxin of 68e137 mg L�1 pre-
sent after 60 min with chlorination for low-viability cells. Conse-
quently, chlorination for low-viability cells would pose a high risk
of extracellular toxin.

4.5. Practical implications

This study concluded that chlorination could be employed as an
oxidant to treat high-viability cyanobacteria and prevent the
breakthrough of extracellular toxin into drinking water, in agree-
ment with previous studies (Zamyadi et al., 2013; Fan et al., 2014,
2016). Nonetheless, chlorination may not be a feasible option to
treat low-viability cyanobacteria at decline stage of cyanobacterial
blooms. These results suggested chlorination application to treat
algal-laden source waters would be limited by the stage of a suc-
cessive cyanobacterial bloom. Therefore, monitoring of cell-
viability of cyanobacteria may be necessary for water suppliers to
manage drinking water quality during a successive bloom. Opti-
mizing chlorination or further evaluating other water treatment
processes to treat low-viability cyanobacteria would be an impor-
tant issue in the further work.

5. Conclusions

This study was the first report to show that the change of cell-
viability of cyanobacteria could challenge chlorination to treat
algal-laden source waters during a successive bloom. Some of the
key findings were shown below:

(i) Chlorine exposure was lower for low-viability cells than
high-viability cells with the same initial dosage of chlorine,
mainly due to faster chlorine consumption resulting from its
rise of DOC and more aromatic groups in EOMs.

(ii) Low-viability cells were less resistant to chlorine oxidation
than high-viability cells, leading to higher rate of membrane
damage (kloss) and intracellular toxin release (ki).

(iii) Total/extracellular toxin degradation efficiency (ktotal/ke) of
chlorination for low-viability cells strikingly declined and it
may be attributed to EOMs-cyanotoxin interactions.

(iv) Total toxin could be completely oxidized for high-viability
cells with sufficient chlorine exposure (>30 mg min L�1)
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but chlorination could not work well for low-viability cells
even with chlorine exposure of as high as 36 mg min L�1.

(v) Extracellular toxin of high-viability cells remained
decreasing with sufficient chlorine exposure due to ke > ki
whereas a continuous increase occurred for low-viability
cells due to the changed pattern of ke < ki.
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