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The  immediate  and  long-term  impacts  of  potassium  permanganate  (KMnO4) as  pre-oxidant  on  Microcystis
aeruginosa  and microcystin-LR  (MC-LR)  release  risk  were  investigated.  The  cell  density  and  the  integrity
of M.  aeruginosa  were  determined  by  a  flow  cytometry,  and  typical  photosynthetic  parameters  were
measured  by  a pulse  amplitude  modulated  fluorometer.  The  photosynthetic  parameters  were  reduced  to
different  degrees,  accompanied  with  slight  cytoclasis  and complete  degradation  of  extracellular  MC-LR
immediately  after  various  dosages  KMnO4 oxidation  (2–20  mg  L−1). In  a 6-d  cultivation  following  5 mg  L−1

KMnO4 oxidation,  the cell  density  decreased  from  3.9  ×  106 to  0.6  ×  106 cells  mL−1, and  then  increased
6 −1 −1
yanobacteria
hotosynthesis
icrocystis aeruginosa
icrocystin-LR

to  0.9  × 10 cells  mL , while  the  extracellular  MC-LR  increased  from  0 to 51.2  �g L . In the  cultivation
after 10  mg  L−1 KMnO4 treatment,  the intracellular  MC-LR  and cell  activity  significantly  declined,  while
significant  cytoclasis  (cell  density  from  3.8 ×  106 to 0 cells  mL−1)  and  MC-LR  release  (increase  from  0  to
15.2  �g L−1) were  observed.  The  photosynthetic  parameters  were  found  to  be useful  tools  to  predict  the
recovery  tendency  of  M.  aeruginosa  cells,  and the  MC-LR  release  risk  should  be  considered  during  KMnO4

pre-oxidation  in  water-treatment  plants.
. Introduction

Nowadays, cyanobacterial blooms have increasingly occurred in
arious water sources and became a global problem [1].  Cyanobac-
eria are of particular concern for their ability to produce a large
umber of diverse secondary metabolites, which have negative

mpacts on water treatment processes. Certain cyanobacterial
pecies can produce harmful microcystins (MCs) which have acute
oisoning and chronic cancer promotion potentials to animals and
uman beings [2].  Moreover, some metabolites are undesirable
dor and taste-causing compounds [3].  Furthermore, accompa-
ied with the death of cyanobacteria during the pretreatment in
ater treatment plant, the residues and excretion are released into
ater and increase the level of natural organic matters those are
ell-known precursors of disinfection by-products [4].  Therefore,

emoval of cyanobacterial cells and their metabolites from raw
ater is an essential strategy to prevent the cyanobacteria-induced

ater quality degradation issues in water treatment.

Over the past decades, efforts had been made to evaluate effec-
ive technologies to address the removal of the cyanobacterial

∗ Corresponding author at: Mingjing Building, Tongji University, 1239# Siping
oad, Shanghai 200092, China. Tel.: +86 21 65982691, fax: +86 21 65986313.

E-mail address: naiyungao@yahoo.com.cn (N. Gao).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2012.04.006
© 2012 Elsevier B.V. All rights reserved.

cells and their metabolites in drinking water treatment [5–7]. Tra-
ditional water treatment processes were proven to have limited
efficiency for cyanobacteria removal, and unicellular cyanobacte-
ria could penetrate through treatment facilities due to their small
size (diameter < 10 �m).  This might result in undesirable presences
of cyanobacteria and metabolites in the finished water [8,9]. Thus
advanced oxidation technologies were widely used to improve the
cyanobacteria removal in water treatment plants [10]. Particularly,
potassium permanganate (KMnO4) pretreatment is effective on
taste and odor controlling and biological growth prevention. It can
also promote the coagulation [11] and control the production of
disinfection by-products [12,13].  Furthermore, KMnO4 was found
to be a feasible option for MCs  removal during pre-oxidation pro-
cesses [14]. Chen et al. used KMnO4 to degrade MC-RR and found
that the second-order rate constant of reaction ranged from 0.154
to 0.225 L mg−1 min−1 at room temperature [15].

Since KMnO4 exhibits as a temperate oxidant in natural het-
erogeneous waters (pH ≈ 7), cyanobacteria might still survive after
practical KMnO4 pretreatment. There is an urgent need to esti-
mate the activity and integrity of cyanobacterial cells during
KMnO4 oxidation. As autotroph species, cyanobacteria rely on

energy conversion using oxygenic photosynthetic systems, simi-
lar to plants and algae. The important photosynthetic apparatuses
involve photosystem II (PS II), photosystem I reaction centers and
phycobilisome [16]. The monitoring of these basic apparatuses can

dx.doi.org/10.1016/j.jhazmat.2012.04.006
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:naiyungao@yahoo.com.cn
dx.doi.org/10.1016/j.jhazmat.2012.04.006
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rovide useful information about the activity of cyanobacteria. In
ractice, photosynthesis is so delicate that the oxidative stress
nd other environment conditions can easily disrupt the transfer
f energy and mass. Thus, KMnO4 oxidation might have nega-
ive effects on the activity of photosynthesis, resulting in death of
yanobacterial cells.

Currently, there is a lack of systematic studies, which have
valuated the effect of KMnO4 on the activity and integrity of
oxic Microcystis aeruginosa and the accompanying release risk of

icrocystin-LR (MC-LR). In the past decades, several researches
ave documented that pulse amplitude modulation (PAM) fluo-
ometry provided an excellent representation of the activity of
yanobacteria [16,17].  Thus, it can be anticipated that PAM will
xplain the intrinsic mechanisms of KMnO4 induced inactivation.
n this study, for the first time, PAM and flow cytometry were used
o investigate the immediate and long-term impacts of KMnO4 on
he activity and integrity of M.  aeruginosa.  We  conducted cultivated
xperiments to assess the capacity of survive and recovery of M.
eruginosa after KMnO4 treatment. Considering that the acute tox-
city of MC-LR, its degradation and releasing risk in the cultivation

ere also estimated.

. Materials and methods

.1. Microorganisms and reagents

A toxic strain of M.  aeruginosa (FACHB-912) was purchased from
nstitute of Hydrobiology, Chinese Academy of Sciences (Wuhan,
hina). This strain was cultivated in batch cultivation using BG11
edium in 1 L conical flasks. The incubator temperature was main-

ained at 25 ◦C and illuminated by ∼30–40 �mol  photons m−2 s−1

ubular fluorescent lamps with a 12-h diurnal cycle. All the reagents
nd solvents were analytical grade. Solutions were prepared using
ltrapure water produced by a Gradient water purification system
Millipore, USA). The stock solution of KMnO4 was prepared by dis-
olving crystal KMnO4 (Sigma–Aldrich, USA) in Milli-Q water and
ltered by 0.2 �m membrane filter (MFS, Japan). Then it was stan-
ardized to 1 g L−1 by titration with sodium oxalate. To quench the
xidation, sodium sulfite stock solution was prepared by dissolv-
ng certain amount of crystal sodium sulfite (Sigma–Aldrich, USA)
n Milli-Q water (10 g L−1) and filtered by 0.2 �m membrane filters
MFS, Japan).

.2. KMnO4 oxidation experiments

The M.  aeruginosa cultivations were harvested in their growth
xponential phase and diluted by BG11 medium to ∼4.0 × 106 cells
L−1. M.  aeruginosa cell density was determined by a YS100 micro-

cope (Nikon, Japan) using hemacytometer counting method and
y a CytoSense flow cytometry (CytoBuoy, Netherlands). Prior to
xperiments, the solution pH was adjusted to 7 using phosphate
uffer solution (KH2PO4–NaOH). In KMnO4 oxidation experiments,
redetermined volume of stock KMnO4 solution was added to M.
eruginosa suspension. After 2 h of contract time under slow mixing
ith a magnetic stirrer, predetermined volume of sodium sulfite

tock solution was added to quench the reactions. Then 15 mL  sam-
le was harvested for immediate PAM and flow cytometry analyses,
hile 20 mL  sample was collected for intracellular and extracellu-
ar MC-LR analyses. Furthermore, 200 mL  suspension was  collected
nd cultivated in the same condition mentioned in Section 2.1
fter a designated dosage KMnO4 exposure. A 10 mL  sample was
btained daily from cultivated samples for PAM analyses. Another
0 mL  sample was harvested for flow cytometry and MC-LR analy-
es every two days.
terials 219– 220 (2012) 267– 275

2.3. Sample analyses

To acquire three in vivo parameters with the PHYTO-PAM phyto-
plankton analyzer (Walz, Germany), 5 mL  suspension sample was
immediately analyzed after harvesting. While the sample is accli-
mated to the light of its environment, the photosynthetic parameter
˚e can be calculated as:

˚e = �F

Fm′
= Fm′ − Fs

Fm′
(1)

where Fs and Fm′ are the corresponding light-acclimated steady-
state and maximum fluorescence, respectively [18]. The other two
photosynthetic parameters (  ̨ and rETRmax) were calculated fol-
lowing the methods described by Ralph and Gademann [19]. In
practice, these parameters all can be obtained directly from PHYTO-
PAM analyzer. For flow cytometry analyses, 10 mL  sample was
obtained and then fixed by formaldehyde solution (38%, Sigma,
USA) to a final concentration with 4% formaldehyde. Measurement
parameters were designated following the method described by
Thyssen et al. [20]. The samples were measured by flow cytome-
try and the raw data included cell density, fluorescence red (FLR)
responsivity data set and forward scattering (FWS) responsivity
data set. Cell density can be automatic counted by CytoClus3 (Cyto-
Buoy, Netherlands) and the other two data signal sets can be
parameterized into 8 numerical entities by CytoClus3 to extract the
shape information from the cells (detailed information can be seen
at http://www.cytobuoy.com/). The FLR responsivity was  obtained
directly from the sub parameter “maximum amplitude” of the FLR
signal set with a unit of mV,  while the average cell diameter was
obtained from the sub parameter “particle length” of the FWS  sig-
nal set with a unit of �m.  Scatter diagrams of flow cytometry data
were plotted using Origin (Microcal, USA).

For MC-LR determination, 20 mL  of original suspension was  sep-
arated in a centrifuge (CT15RT, Techcomp, China) at 10,000 rpm
for 10 min, and the supernatant was filtered with 0.7 �m GF/F
glass-fiber filter (Whatman, UK) to obtain the extracellular MC-
LR contained solution (Fraction A). Thereafter, the glass-fiber filter
with cyanobacterial cells was  shredded into pieces and diluted
together with the centrifugal sediment by ultrapure water to form
the diluted cyanobacterial cells suspension. The diluted cyanobac-
terial cells suspension was treated to break the cells in an ultrasonic
cell disintegrator (250A, Branson, USA) with a power of 300 W for
3 min. Subsequently, the ultrasound-treated suspension was  cen-
trifuged and filtered as done previously, to eventually obtain the
intracellular MC-LR contained solution (Fraction B). The intracel-
lular MC-LR solution was diluted with the ratio of 1:100 while
the extracellular fraction was  diluted with the ratio of 1:50. Both
fractions were determined using a microcystin enzyme-linked
immunosorbent assay (ELISA) kit purchased from Institute of
Hydrobiology, Chinese Academy of Sciences (Wuhan, China) [21].
The detection range of ELISA kit is 0–4 �g L−1 and the detection
limit is 0.05 �g L−1. For statistical treatment, the analysis was per-
formed with three replicates. Two-way ANOVA analysis conducted
in SPSS 19.0 was  used to validate the significant differences among
control and treated samples.

3. Results

3.1. Immediate impairment of photosynthetic capacity

Three photosynthetic parameters, including the effective quan-
tum yield (˚e), photosynthetic efficiency (˛) and maximum

electron transport rate (rETRmax), were measured immediately
subsequent to different dosages KMnO4 treatments (Fig. 1). ˚e

is an approximation to the fraction of absorbed energy used for
photochemistry in the total energy at a specific time, thus it is

http://www.cytobuoy.com/
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Fig. 1. Photosynthetic parameters of M.  aeruginosa exposed to various dosages KMnO4: (a) ˚e , effective quantum yield, dimensionless, (b) ˛, photosynthetic efficiency, �mol
electrons m−2 s−1/�mol  photons m−2 s−1, (c) rETRmax, maximal electron transport rate, �mol  m−2 s−1, (d) concentration of in vivo chlorophyll-a, �g L−1. Data are the means
of  three independent samples; error bars indicate the maximum and minimum values of each data set.
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imensionless [22]. It can give a measure of the rate of linear elec-
ron transport and so an indication of overall photosynthesis [18].
he photosynthetic parameter  ̨ represents the maximum rate of
ncrease of light-limited photosynthesis with a unit of �mol  elec-
rons m−2 s−1/�mol  photons m−2 s−1, while rETRmax indicates
he maximum photosynthetic capacity with a unit of �mol  m−2

−1 [23]. When the KMnO4 dosages went up from 0 to 10 mg  L−1,
e, ˛, and rETRmax decreased from 0.45 to 0.07, from 0.19 to

 �mol  electrons m−2 s−1/�mol  photons m−2 s−1, and from 85.7
o 0 �mol  m−2 s−1, respectively (Fig. 1a–c). Two-way ANOVA anal-
sis revealed that the differences were significant (p < 0.001 among
ifferent dosages KMnO4 treated samples). Reduction of these
arameters reflected a compromise of the photosynthetic capacity,

ikely due to the suppression of photosynthesis primary reactions

n M.  aeruginosa cells. Of note, the concentration of chlorophyll-

 decreased from 706.5 to 301.6 �g L−1 when the KMnO4 dosage
ncreased from 0 to 20 mg  L−1 (Fig. 1d), suggesting that chlorophyll-

 was resistant to KMnO4 oxidation.
3.2. Long-term impact on photosynthetic capacity of cultivated
samples

Six-day variations of the photosynthetic parameters for the
samples treated by different dosages KMnO4 are presented in
Fig. 2. As shown in Fig. 2a, high photosynthetic activity was
observed in control cells (no KMnO4 oxidation) and the cells after
2 h low dosages KMnO4 oxidation (2 and 5 mg  L−1). The ˚e of
control sample gradually increased from 0.45 to 0.52 within 6-
d cultivation, while the ones of samples suffered 2 and 5 mg L−1

KMnO4 oxidation initially decreased to 0.39 and 0.19 after 2 h
oxidation, then increased to 0.50 and 0.46, respectively. On the
contrary, the ˚e values of higher KMnO4 dosages (≥10 mg  L−1)
treated samples all decreased to ∼0 at 2 d. Similar variation

tendencies can be observed in the results of  ̨ and rETRmax

(Fig. 2b and c). During a 6-d cultivation, ˛ and rETRmax of the
control sample increased from 0.19 to 0.21 �mol  electrons m−2

s−1/�mol  photons m−2 s−1, and from 85.7 to 143.7 �mol m−2 s−1,
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Fig. 2. Photosynthetic parameters of control and KMnO4 treated samples during 6-d cultivation: (a) ˚e , effective quantum yield, dimensionless, (b) ˛, photosynthetic
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ata  are the means of three independent samples; error bars indicate the maximu
g  L−1.

espectively. For the samples treated by 2 mg  L−1 KMnO4 oxi-
ation, they went up from 0.152 to 0.203 �mol  electrons m−2

−1/�mol  photons m−2 s−1, and from 71.1 to 131.2 �mol  m−2 s−1,
espectively, in 6-d cultivation. Similar increasing patterns can
e observed in the sample treated by 5 mg  L−1 KMnO4 oxidation.
owever, the  ̨ and rETRmax of higher KMnO4 dosages treated

amples (>5 mg  L−1) maintained at ∼0 during 6-d cultivation. Two-
ay ANOVA analysis revealed that the differences were significant

p < 0.001 among different dosages KMnO4 treated samples). Given
hat all these photosynthetic parameters were associated with the
hotosynthetic capacity, these findings demonstrated that certain
osage KMnO4 (>5 mg  L−1) can effectively ruin the photosynthe-
is system, resulting in a decline of activity of M.  aeruginosa cells.
s seen in Fig. 2d, the concentration of chlorophyll-a increased

rom 706.5 to 1426.7 �g L−1 in the control sample. However, the
hlorophyll-a of 2 and 5 mg  L−1 KMnO4 treated samples gradually

ecreased to 341.8 and 160.6 �g L−1 within initial 4-d cultiva-
ion, and then increased to 595.3 and 343.0 �g L−1, respectively,
t 6 d. These results implied that low dosage KMnO4 oxidation had
hort-term suppression on the reproduction of M.  aeruginosa.  The
n transport rate, �mol  m s , (d) concentration of in vivo chlorophyll-a, �g L .
 minimum values of each data set. Legends represent the KMnO4 dosages. Unit is

concentration of chlorophyll-a in higher dosage KMnO4 treated
samples gradually decreased to ∼0 �g L−1 within 6 d, indicating the
decline of intracellular pigments and death of M.  aeruginosa cells.

3.3. Immediate impacts on the intracellular pigments and cell
integrity

Scatter diagrams were plotted to obtain an overview of the cell
number, fluorescence characteristic and cell size of M.  aeruginosa
cells. Fig. 3a–f presents the changes of FLR responsivity and FWS
responsivity of control and KMnO4 treated M. aeruginosa sam-
ples. The FLR responsivity represents the amount of intracellular
pigments in a single cell (statistical data can be seen in Fig. 3g),
while FWS  responsivity indicates the cell size. It can be seen that
FLR responsivity decreased, while the cells tended to disperse to
lower FWS  responsivity region. The effects of KMnO4 dosage on

cell integrity, as represented by cell diameter and cell density, are
presented in Fig. 3h and i, respectively. The average FLR responsiv-
ity gradually decreased from 22.8 to 3.4 mV  with the increasing
KMnO4 dosage from 0 to 20 mg  L−1. However, the average cell
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ig. 3. Two-dimensional scatter diagrams and flow cytometry parameters of M. ae
 mg  L−1, (d) 10 mg  L−1, (e) 15 mg  L−1, (f) 20 mg  L−1, (g) average red fluorescence re
he  means of three independent samples; error bars indicate the maximum and mi

iameter (calculated from FWS  using CytoClus 3) slightly decreased
rom 4.8 to 4.4 �m with the increasing KMnO4 dosage from 0 to

 mg  L−1, and then increased to 4.8 �m after 20 mg  L−1 KMnO4 oxi-
ation. Furthermore, the cell density declined from 4.0 × 106 to
.5 × 106 cells mL−1 with the KMnO4 dosage increased from 0 to
0 mg  L−1. Two-way ANOVA analysis revealed that the differences
ere significant (p < 0.05 among different dosages KMnO4 treated

amples).
The slight changes of the average cell diameter and cell

ensity after KMnO4 oxidation indicated that the integrity of
ells was preserved. However, the significant decrease of the
LR responsivity implied that KMnO4 preferentially ruined the
ntracellular pigments. Various pigments, e.g. chlorophyll-a and
hycocyanin, play important roles in photosynthetic processes.
herefore, KMnO4 induced critical damage on the photosynthetic
ystem of M.  aeruginosa.  The results in Sections 3.1 and 3.2 also

emonstrated that the photosynthetic capacity of cells was  seri-
usly impaired. For example, the photosynthetic parameters of

 mg  L−1 KMnO4 treated sample all declined to low levels (˚e at
.19, a at 0.04 �mol  electrons m−2 s−1/�mol  photons m−2 s−1 and
sa exposed to various dosages KMnO4 at 0 d: (a) before oxidation, (b) 2 mg L−1,  (c)
ivity, mV, (h) average cell diameter, �m,  (i) cell density, ×106 cells mL−1. Data are

 values of each data set.

rETRmax at 1.1 �mol  m−2 s−1). At the same time, the cell diam-
eter and cell density slightly declined to 4.4 �m (Fig. 3h) and
3.9 × 106 cells mL−1 (Fig. 3i), respectively. This indicated that M.
aeruginosa cells might be intact, but had low photosynthetic activ-
ity and growth potential after proper dosage (5 mg L−1) KMnO4
oxidation.

3.4. Long-term impacts on cell density, intracellular pigments
and cell integrity

Impairment on the photosynthetic systems can inhibit the
reproduction and recovery of M. aeruginosa cells during a long-
term cultivation. A typical variation process of the sample treated
by 5 mg  L−1 KMnO4 is presented in Fig. 4. It can be observed that the
FLR and FWS  significantly changed during 6-d cultivation. Further-
more, the statistical data of all cultivated samples are presented in

Fig. 5. The cell density of control sample increased from 4.0 × 106 to
8.3 × 106 cells mL−1 within 6 d, indicating that the cells were under
an exponential phase (Fig. 5a). The cell density of samples treated
by 2 and 5 mg  L−1 KMnO4 oxidation decreased from 3.9 × 106
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ithin 4 d, and then increased to 3.4 × 106 and 0.9 × 106 cells mL−1,

espectively, at 6 d. Furthermore, after higher dosage KMnO4 oxi-
ation, cell density decreased to 0 within 2-d cultivation. Two-way
NOVA analysis revealed that the differences were significant
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(p < 0.001 among different dosages KMnO4 treated samples). Of
note, cell settling was observed during the cultivation (data not

showed). These results indicated that KMnO4 oxidation not only
inhibited the growing tendency, but also induced cell settling of M.
aeruginosa.
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In the control sample, the average cells diameter developed from
.8 �m at the beginning, to 5.9 �m at 2 d, and then back to 5.4 �m
t 6 d (Fig. 5b). This variation could be explained by the growth of
ells. While the M.  aeruginosa cells were spiked into a new culti-
ated medium, cell division was prosperous. Conjoined cells might
ecome a larger portion in suspension, resulting in an increase of
verage cell diameter within 2 d. As cell division slowed down, the
ell diameter also decreased. Similar phenomena could be seen in
he samples treated by 2 and 5 mg  L−1 KMnO4, with smaller max-
mum average cell diameters at 5.4 �m and 5.3 �m,  respectively.
articularly, the average cell diameters of samples treated by higher
osages KMnO4 oxidation (>5 mg  L−1) were steady until all cells
uptured at 6 d. Two-way ANOVA analysis revealed that the dif-
erences were significant (p < 0.05 among different dosages KMnO4
reated samples).

The variations of the FLR responsivity are presented in Fig. 5c.
he average FLR responsivities of control and 2 mg  L−1 KMnO4
reated samples initially decreased from 22.8 to 21.3 mV  and from
9.1 to 16.7 mV  within 2 d, and then increased to 21.9 and 18.1 mV
t 6 d, respectively. These findings also ascribed to the prosperous
ytoplasmic inclusion accumulation during the cell division phase
f M.  aeruginosa.  Moreover, the average FLR of 5 mg  L−1 KMnO4
reated sample gradually decreased from 8.3 to 5.2 mV  within 6-d
ultivation, while the ones of higher dosages KMnO4 all decreased
o ∼0 at 6 d. Two-way ANOVA analysis revealed that the differences
ere significant (p < 0.001 among different dosages KMnO4 treated

amples).

.5. Intracellular and extracellular MC-LR

MC-LR concentrations in the control and KMnO4 treated sam-
les during cultivation are presented in Fig. 6. The intracellular
nd extracellular MC-LR of control sample increased from 112.6
o 210.1 �g L−1 and from 15.4 to 37.6 �g L−1, respectively, in

 d. On one hand, the intracellular MC-LR declined to differ-
nt degrees after various dosages KMnO4 oxidation (Fig. 6a).
he intracellular MC-LR decreased to 96.4 and 79.1 �g L−1 after

 and 5 mg  L−1 KMnO4 treatment, and then decreased to 67.2
nd 14.7 �g L−1, respectively, within 4-d cultivation. The final
oncentrations of intracellular MC-LR in these two  samples
ncreased to 78.3 and 21.6 �g L−1 at 6 d. Furthermore, after higher
osages KMnO4 oxidation (>5 mg  L−1), the intracellular MC-LR all
ecreased to approximate 0 �g L−1 at 2 d. On the other hand,
he extracellular MC-LR was absent after various dosages KMnO4

reatments (Fig. 6a). In 6-d cultivation, extracellular MC-LR of 2
nd 5 mg  L−1 KMnO4 treated samples gradually increased to 25.4
nd 51.2 �g L−1, respectively. However, after 10 and 15 mg  L−1

MnO4 oxidation, extracellular MC-LR initially increased to 21.6
on: (a) intracellular MC-LR, (b) extracellular MC-LR, (c) total MC-LR. Data are the
lues of each data set. Legends represent the sampling date.

and 3.1 �g L−1, and then gradually decreased to 15.2 and 2.1 �g L−1,
respectively.

Fig. 6c demonstrates the variations of total MC-LR concen-
tration. Increasing profile of MC-LR can be observed in the
control sample during 6-d cultivation. The total MC-LR con-
centration of 2 mg  L−1 treated sample gradually decreased from
96.4 to 88.5 �g L−1 within 4 d cultivation, and then increased to
103.7 �g L−1 at 6 d. The one of 5 mg  L−1 treated sample demon-
strated a similar pattern. However, the MC-LR of samples suffered
higher dosages KMnO4 (10 and 15 mg  L−1) dramatically declined
within 2 d and then presented a slow decrease in remaining 4 d
cultivation. Of note, the MC-LR was completely degraded after
20 mg  L−1 KMnO4 oxidation. Two-way ANOVA analysis revealed
that the differences were significant (p < 0.05 among different
dosages KMnO4 treated samples).

4. Discussion

4.1. Predictability of photosynthetic parameters

Exposure of cells to low levels of physical and chemical stress
have been known to trigger apoptosis-like conditions in a vari-
ety of photosynthetic organisms, including vascular plants [24,25],
unicellular chlorophytes [26], and cyanobacteria [27]. Especially,
KMnO4 oxidation was critical harmful to the oxygenic photosyn-
thetic systems of cyanobacteria. The initial energy conversion and
electron transfer in these systems are the so-called photosynthe-
sis primary reaction which can be monitored by PAM. The results
demonstrated that photosynthetic capacity all decreased to low
levels (˚e at 0.19,  ̨ at 0.04 �mol  electrons m−2 s−1/�mol pho-
tons m−2 s−1 and rETRmax at 1.1 �mol  m−2 s−1, Fig. 1) after 5 mg  L−1

KMnO4 oxidation. ˚e is considered to be proportional to the quan-
tum yield of electron transfer process in photosynthetic systems
[28]. Its decrease after KMnO4 oxidation might be associated with
the impairments of light harvesting capacity and the retardation
of electron transfer, which could further induce suppression of the
subsequent stages of photosynthesis. The parameter  ̨ represents
the maximum rate of the increase of light-limited photosynthe-
sis, and quantifies the efficiency of light capture [29]. Its decline
also inferred that KMnO4 oxidation seriously ruined the photosyn-
thetic systems, inhibited the energy transfer and trapping capacity.
This finding was  also supported by the rETRmax, which is deter-
mined when the rate of photosynthesis is limited by the activity
of the electron transport chain or Calvin cycle enzymes [19]. In

photosynthesis primary reaction, subunit PS II plays a critical part
in electron transport, thus the decrease of rETRmax also suggested
that the electron transport ability of PS II was impaired by KMnO4
oxidation.
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The decrease of photosynthetic parameters indicated the
ecline of M.  aeruginosa activity. Low activity might result in sup-
ression of growth and survival. Since the photosynthetic primary
eaction is the source of energy in the whole photosynthesis and
etabolism, the deprivation of this reaction would result in a lack

f energy source, finally death and lysis of M. aeruginosa cells.
t was verified by the decrease of cell density from 4.0 × 106 to
.6 × 106 cells mL−1 within 4-d cultivation after 5 mg  L−1 KMnO4
xidation (Fig. 5a). This delayed decline of cell density might be
ue to the store of energy source, e.g. polysaccharide and pro-
ein, in M.  aeruginosa cells. However, the photosynthetic capacities
ll dramatically recovered (˚e at 0.42,  ̨ at 0.18 �mol  electrons
−2 s−1/�mol  photons m−2 s−1 and rETRmax at 96.1 �mol  m−2 s−1,

ig. 2) at 4 d, and the cell density increased to 0.9 × 106 cells mL−1

t 6 d (Fig. 5a). These results suggested that the photosynthetic
arameters obtained from PAM might be potential tools to predict
he growth tendency of M.  aeruginosa.  Furthermore, the recov-
ries of 2 and 5 mg  L−1 KMnO4 treated samples also indicated
hat M.  aeruginosa cells can survive after low dosage KMnO4 oxi-
ation. Given that survived M.  aeruginosa cells might remain in
ater treatment facilities (e.g. sedimentation basin), an improper
osage KMnO4 pretreatment might have limited efficiency for M.
eruginosa and MC-LR elimination in drinking water treatment
lants. Of note, the chlorophyll-a concentration of sample treated
y 5 mg  L−1 KMnO4 decreased from 603.1 to 213.3 �g L−1 within

 d, and then increased to 343.2 �g L−1 at 6 d. Synchronous varia-
ion can be observed in the results of cell density, indicating that
hlorophyll-a concentration might be appropriate to monitor the
iomass of M.  aeruginosa cells. Thus, photosynthetic parameters
ombined with chlorophyll-a concentration can be used as indi-
ators to control the KMnO4 dosage in the pre-oxidation of M.
eruginosa contained raw water.

.2. Cell lysis and MC-LR release risk

Both intracellular and extracellular MC-LR decreased after var-
ous dosages KMnO4 oxidation. On one hand, the extracellular

C-LR was absent after KMnO4 oxidation (Fig. 6b), indicating that
MnO4 effectively degraded the extracellular MC-LR in suspension.

t was reported that the half-life of MCs  under KMnO4 oxidation
as less than 1 min  in pure water, and more than 99% of MCs
as degraded within 10 min  [15]. Rodrıgueza et al. also found that
MnO4 was a feasible oxidant for the removal of MCs  in solu-

ion, but they confirmed that the oxidation might lead to other
oxic oxidation products [30]. On the other hand, the concen-
ration of intracellular MC-LR declined from 112.6 to 41.8 �g L−1

mmediately after 0–10 mg  L−1 KMnO4 oxidation (Fig. 6a), suggest-
ng that the risk of MC-LR release still existed after low dosage
MnO4 treatment. This was verified by the decrease of biomass
nd the transfer between intracellular MC-LR and extracellular MC-
R during 6-d cultivation. For example, the cell density decreased
rom 3.9 × 106 to 0.6 × 106 cells mL−1 within 4-d cultivation after

 mg  L−1 KMnO4 oxidation (Fig. 5a). Simultaneously, intracellu-
ar MC-LR decreased from 79.1 to 14.7 �g L−1 and transferred to
xtracellular MC-LR, which increased from 0 to 44.7 �g L−1. These
ndings suggested that a critical lysis of M.  aeruginosa cells after
MnO4 treatment could significantly release intracellular MC-LR.
aly et al. reported that cyanobacteria retain cyanotoxins within

heir cell structure, and release these toxins into the surrounding
ater after cell lysis [9].  Furthermore, the increase of cell density to
.9 × 106 cells mL−1 at 6 d indicated a recovery of M. aeruginosa and
esulted in increases of both fractions of MC-LR. Live M.  aeruginosa
ells can release MC-LR as well, thus the lysis and incomplete inac-
ivation of M.  aeruginosa cell by low dosage KMnO4 exacerbated the

[
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accumulation of MC-LR in suspension, resulting in the highest
extracellular concentration of 51.2 �g L−1 at 6 d.

5. Conclusions

In this study, the immediate and long-term impacts of KMnO4
oxidation on the cell activity, integrity, recovery and MC-LR release
risk of M.  aeruginosa were investigated. Our results demonstrated
that the photosynthetic parameters obtained from PAM were use-
ful tools to predict the lysis and recovery tendency of M.  aeruginosa
cells. KMnO4 oxidation was proven to be effective on M.  aeruginosa
inactivation and MC-LR degradation. However, the KMnO4 dosage
was a vital parameter to control the results in current experiment.
Low dosage KMnO4 (2–5 mg  L−1) oxidation had limited efficiency
for intracellular MC-LR degradation and M. aeruginosa cells inac-
tivation. In subsequent cultivated experiments, recovery of cells
activity and release of MC-LR were observed. Higher dosage KMnO4
(≥10 mg  L−1) deprived the cell activity and degraded the extracel-
lular MC-LR. However, high dosage KMnO4 might have negative
effects on drinking water treatment processes.

In order to obtain safety drinking water from M.  aeruginosa con-
tained raw water (e.g. the raw water of Lake Taihu, China), KMnO4
can be used as a pre-oxidant. However, the dosage of KMnO4 should
be considered carefully in practice. Appropriate dosage KMnO4
can deprive the photosynthetic capacity of M. aeruginosa cells and
degrade the extracellular MC-LR, resulting in low activity but intact
cells in suspension. In subsequent treatments (e.g. sedimentation
or flotation), residual intracellular MC-LR can be removed accom-
panied with M.  aeruginosa cells. It should be optimized in practice
with regard toward treatment efficiency and combined treatment
processes.
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