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ALGAE

Biocide sodium hypochlorite decreases pigment production and
induces oxidative damage in the harmful dinoflagellate Cochlodinium
polykrikoides

Vinitha Ebenezer' and Jang-Seu Ki"*
!Department of Life Science, Sangmyung University, Seoul 110-743, Korea

The biocide sodium hypochlorite (NaOCI) is widely used for controlling algal growth, and this application can be ex-
tended to marine environments as well. This study evaluates the biocidal efficiency and cellular toxicity of NaOCl on
the harmful dinoflagellate Cochlodinium polykrikoides, with emphasis on pigment production and antioxidant enzyme
activity. The test organism showed dose-dependent decrease in growth rate on exposure to NaOCl, and the 72 h EC,, was
measured to be 0.584 mg L!. NaOCl significantly decreased pigment levels and chlorophyll autofluorescence intensity,
indicating possible detrimental effects on the photosystem of C. polykrikoides. Moreover, it significantly increased the ac-
tivities of antioxidant enzymes, suggesting the production of reactive oxygen species in the cells. These data indicate that
NaOCl exerted deleterious effects on the photosynthetic machinery and induced oxidative damage in the dinoflagellate
and this biocide could be effectively used for the control of algal blooms.
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INTRODUCTION

Sodium hypochlorite (NaOCl) is used as a disinfectant
or a bleaching agent, and it is the most commonly used
biocide in the drinking water industry and swimming
pools (Hahn et al. 2005). NaOCl is generally used because
it is cost efficient, readily available and easy to handle
(Peker et al. 2014). NaOCl reacts with water to form hy-
pochlorous acid (HOCI) (White 2010), which interferes
with protein unfolding, inhibits glucose oxidation (Win-
ter et al. 2008), and depletes adenine nucleotides (Rosen
et al. 1998), thereby causing physiological and biochemi-
cal damages to the exposed organisms (Vitro et al. 2005).
Moreover, since HOCI is a reactive oxygen species (ROS)
(Halliwell 2006), it has the potential to be used for the re-
moval of harmful algal blooms (HABs) in marine environ-

ments. Application of NaOCl to HAB species may result in
cellular damages and reduced cell division (Estrela et al.
2002). However, effects of NaOCl on the cellular responses
of HABs have not been studied sufficiently, in particular,
with emphasis on physiological and biochemical aspects.

Aerobic organisms generate different ROS such as su-
per oxide anion, hydrogen peroxide, hydroxyl radical,
and hypochlorous acid through the reduction of molecu-
lar oxygen (Spickett et al. 2000). Low to moderate levels
of ROS serve as signaling molecules for altering gene ex-
pression and for modulating the activities of stress-relat-
ed proteins (Sharma et al. 2012). Various external factors
such as biocides, light, temperature, and pH variations
stimulate ROS production (Sharma et al. 2012). High con-
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centrations of ROS lead to peroxidation of lipids, oxida-
tion of proteins, damage to nucleic acids, etc. (Mishra et
al. 2011). However, cells can protect themselves against
such oxidative damage through well-organized antioxi-
dative systems that include several low-molecular-weight
compounds (e.g., carotenoids [CAR]) and antioxidant en-
zymes (Tripathi et al. 2006). For example, in cells, super
oxide dismutase (SOD) acts as the first line of defense
against ROS (Ken et al. 2005). Other antioxidant enzymes
such as catalase and peroxidase are reported to counter-
act oxidative stress in both higher plants and microalgae
(Wang et al. 2012).

In the present study, we determined the efficiency of
the biocidal agent NaOCl in controlling the growth of the
harmful dinoflagellate Cochlodinium polykrikoides. In
particular, we evaluated the biocidal and toxicological ef-
fects of NaOCI on the cellular responses of C. polykrikoi-
des, with emphasis on variations in pigments chlorophyll
aand CAR levels and enzyme activities. The test organism
is a well-known, red tide-forming species associated with
massive fish kills that result in severe economic losses in
countries such as Japan and Korea; its blooms have been
recently reported from several countries, including Ma-
laysia, India, Iran, Europe, and North America (reviewed
by Kudela and Gobler 2012).

MATERIALS AND METHODS
Experimental organism and toxicity assay

C. polykrikoides (CP-1) was obtained from the National
Fisheries Research and Development Institute (NFRDI),
Korea, and was cultured in f/2 medium. The cells were
maintained at 20°C under a 12 : 12 h light : dark cycle with
a photon flux density of ~65 pmol photons m s (Ebene-
zer and Ki 2012).

NaOCl (Cat. No. 425044; Sigma, St. Louis, MO, USA)
was commercially obtained. The stock solution (1,000 mg
L") was prepared by diluting the commercially obtained
solution with autoclaved distilled water (ADW) for which
the chlorine demand was previously determined to be
below the detection limit (<0.01 mg L'). Nominal doses
of chlorine 0.1, 0.5, 1.0, 2.0, and 3.0 mg L"! were prepared
by diluting the stock in ADW. Free chlorine concentration
(concentration of hypochlorous acid and hypochlorite
ion) was spectrophotometrically determined by N,N-di-
ethyl-phenylene-diamine (DPD) at 515 nm (Clesceri et al.
1998).The chlorine demand of the f/2 medium was deter-
mined to be 1.2 mg L' (5 mg L' of chlorine was dosed to
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the medium in triplicate and the contact time was 60 min
to determine the chlorine demand).

Doses of NaOCI adjusted according to chlorine de-
mand, as described above, were added to 200 mL of C.
polykrikoides culture at the exponential phase in tripli-
cates. The initial cell concentration was (3.0 + 0.1) x 10*
cells mL'. The samples were drawn for growth-based
assays and biochemical assays at 0, 6, 12, 24, and 72 h.
The free chlorine concentration was determined at 5, 15,
and 30 min and 1, 6, 12, and 24 h using the standard DPD
method (Clesceri et al. 1998).

Cell observations and the median effective con-
centration (EC,,)

Cell counts in each test flask were determined using
a plankton-counting chamber (HMA-S6117; Matsunami
Glass, Osaka, Japan) and were plotted against time of ex-
posure to NaOCIl.

The growth rate was calculated based on the following
equation (Levasseur et al. 1993): Growth rate (K') = Ln (N2
/ N1) / (t, - t,), where N1 and N2 are biomass at time 1 (t,)
and time 2 (t,), respectively. In addition, division rate ()
and generation time were calculated as follows: Divisions
per day = K' / Ln2, and generation time = 1 / (division
day"), respectively.

Biocidal efficiency was calculated based on percent in-
hibition, following the recommendation by Organization
for Economic Cooperation and Development (2011). The
percent inhibition was calculated based on the following
equation: % I = (uC - uT / pC) x 100, where % I = percent
inhibition, pC = mean value of growth in the control, and
uT = mean value of growth rate in the treated samples.

Levels of chlorophyll a (Chl a) and CAR were deter-
mined using a DU730 Life Science UV / Vis spectropho-
tometer (Beckman Coulter, Fullerton, CA, USA). Spe-
cifically, 10 mL of the treated culture was filtered using
Whatman GF/C filter paper and a vacuum pump filtration
unit. The pigments were extracted from the filter paper in
dark using 90% acetone and their concentrations were es-
timated spectrophotometrically, following Parsons et al.
(1984). In addition, chlorophyll autofluorescence (CAF)
was measured using a fluorescent microscope (Axioscop;
Carl Zeiss, Oberkochen, Germany) at 400x magnifica-
tion. A UV dichoric (G365/395-488 nm) source was used
for excitation, and the emission was measured by setting
the detection bandwidth between 630 and 750 nm. The
images were analyzed using the software Image]J ver. 1.29
(NIH, Bethesda, MD, USA). Mean fluorescence intensity
(MFI) was expressed in terms of pixel gray value, which



ranged from 0 to 270. The reported MFI values indicate
the average MFI values obtained from a minimum of 50
individual cells.

EC,, at 72 h and the percentile inhibition were calcu-
lated as recommended in Organization for Economic
Cooperation and Development testing guidelines (Or-
ganization for Economic Cooperation and Development
2011). The EC;,, values were estimated using a sigmoidal
dose-response curve and plotted using Origin ver. 8.5
(MicroCal Software Inc., Northampton, MA, USA).

Biochemical (lipid peroxidation and SOD) assays
and statistical analysis

Lipid peroxidation was measured according to the
method of Heath and Packer (1968). The cells were har-
vested by centrifugation at 4,217 xg for 10 min, and then
2 mL of 10% trichloroacetic acid (TCA) was added to the
pellet. The cells were homogenized using a Teflon pestle
tissue homogenizer in ice. The tube was then placed in a
water bath at 40°C for 5 min, followed by a modification
of the method described by Soto et al. (2011). The mixture
was centrifuged at 4,217 xg for 10 min. An equal volume
of 0.25% thiobarbituric acid freshly prepared in 10% TCA
solution was added to the supernatant. The tube was
heated at 95°C for 30 min in a water bath. The mixture
was then cooled to room temperature and centrifuged for
10 min at 4,217 xg. The absorbance of the solution was
measured at 532 nm. Results were expressed as micro-
moles of malondialdehyde (MDA) per 10* cells.

SOD was assayed according to the method of Beau-
champ and Fridovich (1971). Algal cells were harvested
by centrifugation at 4,217 xg for 10 min, and then 5 mL of
100 mM dihydrogen phosphate buffer was added to the
algal cell pellet. The cells were homogenized using a Tef-
lon pestle tissue homogenizer in ice. Next, the tube was
placed in a water bath at 40°C for 5 min using a method
modified from Soto et al. (2011). The mixture was centri-
fuged at 4,217 xg for 10 min. To the supernatant, 2.6 mL

Table 1. Total residual oxidant levels at different time intervals
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of the reaction mixture (0.5 M phosphate buffer, 130 mM
methionine, 750 uyM Na,EDTA, and 20 pM riboflavin)
were added. The tubes were incubated in light (65 pmol
photons m?s7) for 30 min. The absorbance was read at
560 nm. One unit of SOD (U) was defined as the amount
of enzyme resulting in 50% inhibition of photochemical
reduction of nitroblue tetrazolium. SOD levels were rep-
resented as U per 10 cells (U 10 cells™).

All data presented here are mean values obtained from
experiments performed in triplicates. One-way analysis
of variance (ANOVA) with post hoc Dunnet’s test using
Graphpad InStat (Graphpad Software Inc., San Diego, CA,
USA) was used for comparisons between untreated and
treated cultures. p < 0.05 was accepted as significant. In
addition, correlation between cell counts, Chl a, and MFI
was calculated using Pearson’s correlation coefficient (r?)
by using MS Excel (Microsoft Corp., Redmond, WA, USA).

RESULTS
Effects of NaOCl on growth and division rates

C. polykrikoides was exposed to 0.1, 0.5, 1.0, 2.0, and
3.0 mg L' of NaOCIl. Cell counts, growth rate, and the cell
division rate showed dose- and time-dependent decrease
after 6 and 72 h exposure to NaOCI (Fig. 1). The residual
oxidant levels measured were below the detection limit
(<0.01 mg L) after 6 and 72 h of exposure (Table 1). The
biocidal efficiency (Fig. 1A) of NaOCl was evaluated based
on the variation in cell counts, which showed significant
(p < 0.05) reduction at all the tested concentrations (0.1-
3.0 mg LY. The biocidal efficiency was determined to be
75, 89, and 92% at 1.0, 2.0, and 3.0 mg L' NaOCl, respec-
tively, after 72 h of exposure. In addition, NaOCI exerted
adverse effects on the growth and division rates of C.
polykrikoides, ultimately affecting the generation time.
Based on the growth rate, the EC,, value after exposure
for 72 h was calculated to be 0.584 mg L' (Fig. 1C).

Initial chlorine dose (mg LY 0 min 5 min 15 min 30 min 60 min 6h 12h 24h
Control 0 0 0 0 0 0 0 0
0.1 0.080 0.01 BDL BDL BDL BDL BDL BDL
0.5 0.40 0.250 0.01 BDL BDL BDL BDL BDL
1.0 0.85 0.640 0.086 0.01 BDL BDL BDL BDL
2.0 1.689 1.458 0.956 0.324 0.03 BDL BDL BDL
3.0 2.356 1.986 1.478 0.879 0.048 BDL BDL BDL
BDL, below detection limit (<0.01 mg L.
313 http://e-algae.kr
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Fig. 1. Effect of NaOCl on the growth rate of Cochlodinium
polykrikoides cells. (A) Biocidal efficiency of NaOCl based on decrease
in cell counts. (B) Variation in growth rate, division rate and genera-
tion time of C. polykrikoides after exposure to NaOCI. (C) Dose re-
sponse curve after 72 h exposure to NaOCI.

Effects of NaOCl on Chl a, CAR, and CAF levels

Chl a and CAR levels showed significant reduction (p <
0.05) after 6 h of NaOCI exposure, with percentage reduc-
tion of 39% at 1.0 mg L1, 93% at 2.0 mg L'}, and 96% at 3.0
mg L relative to the levels in the unexposed control (Fig.
2). Similarly, after 24 and 72 h of exposure to NaOCI, Chl
a, and CAR levels reduced considerably by 25-99% for the
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test doses. Moreover, there was a positive correlation (r? =
0.956, p < 0.01) between cell counts and Chl a.

Physiological activity of C. polykrikoides was assessed
by determining CAF as the MFI per cell. There was a posi-
tive correlation between MFI and Chl a levels (r* = 0.964,
p < 0.01). After 6 and 12 h, MFI for C. polykrikoides cells
exposed to 1.0, 2.0, and 3.0 mg L' of NaOCI decreased by
approximately 25-46% (p < 0.05) relative to the values in
the unexposed control (Fig. 2C, Appendix 1); however,
these values did not decrease significantly at lower doses
(0.1 and 0.5 mg L) of NaOCl after 12 h of exposure. When
these cells were further incubated for 24 and 72 h the re-
duction in MFI ranged between 28 and 60% for cells ex-
posed to 0.1 and 0.5 mg L' of NaOCl to that in the control.
At this late time point of incubation, cultures exposed to
1.0, 2.0, and 3.0 mg L! NaOCl did not emit CAE

Effects of NaOCl on antioxidant enzyme activity

There was a significant (p < 0.05) increase in lipid per-
oxidation at lower doses (0.1 and 0.5 mg L') of NaOCl af-
ter 6 h of exposure (Fig. 3A), and a similar trend was ob-
served up to 72 h. The MDA levels increased from 0.058 to
0.083 mM per 10* cells. However, cultures exposed to 1.0,
2.0, and 3.0 mg L' of NaOCI did not showed significant
variation (p > 0.05) in lipid peroxidation throughout the
experiment.

In cultures exposed to 0.1 and 0.5 mg L' NaOCl, after
6 h, SOD activity increased (p < 0.05) to approximately
4-5 times that in the unexposed controls and the increase
continued up to 72 h of exposure (Fig. 3B). In addition, for
cultures exposed to 1.0, 2.0, and 3.0 mg L' of NaOCl the
SOD activity increased to approximately 7-10 times that
in the control. Fig. 4 shows a schematic view of the varia-
tion in lipid peroxidation and SOD activity after exposure
to NaOCl, as observed in this study.

DISCUSSION

NaOCl], a disinfectant and a biocide, affects the physi-
ological and biochemical processes of organisms such
as bacteria and fungi by damaging their intracellular
molecules (Vitro et al. 2005). Here, we evaluated the ap-
plicability and physiological effects of the biocide for
the removal of the harmful dinoflagellate C. polykrikoi-
des. Tested doses (0.1-3.0 mg L!) of NaOCIl were similar
to those used for disinfection of drinking-water systems,
swimming pools, and power-plant discharges (Ebenezer
et al. 2012). Our results showed that NaOCI considerably



>

L1 en
25 1 B 72

%%

Chlorophyll a (ug L)

*%

ki *% KX xk

0.0 0.1 0.5 1.0 2.0 3.0
Concentration of NaOCI (mg L)

20

©

[ eh
E72n

XX

XX

Carotenoids (ug L)
P

0.5 -

% a

0.0 0.1 0.5 1.0 2.0 3.0
Concentration of NaOCI (mg L)

@

[] sh
= 250 - 2 72n
.‘%

g
£ 200 1 .
—_— Ex3
[
.>—< **
2 150 4
= -
) *%
5 100 -
o
T
= 504
0 ND ND ND
- T T
0.0 0.1 05 1.0 20 3.0

Concentration of NaOCl (mg L-1)

Fig. 2. Effect of NaOCl on the pigment concentrations and the
mean fluorescence intensity (MFI) of Cochlodinium polykrikoides
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decreased cell counts and pigment levels (Figs 1 & 2). At
even lower doses, it caused detrimental effects or ob-
servable damages to the test dinoflagellate. These results
agree with those of our previous studies on the dinofla-
gellate Prorocentrum minimum (Ebenezer and Ki 2013),
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difference as determined by Dunnet’s multiple comparisons test
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showing that NaOCI doses of 2.0 and 3.0 mg L yielded
95-100% reduction in cell counts and Chl a levels after ex-
posure for 72 h. Similarly, Ma et al. (2011) reported that
chlorine doses of 0.3-0.4 mg L' markedly reduced cell
counts and pigment levels of the diatom Phaeodactylum
tricornutum. Moreover, we observed that the cell counts,
CAR, and Chl a levels of C. polykrikoides did not recover
even after 72 h, despite the medium being devoid of any
measurable residual oxidants after 6 h of exposure. Patil
and Jagadeesan (2011) also reported that 0.5-1 mg L! of
chlorine killed ~20% diatom cells within 15 min of expo-
sure. Thus, previous findings and our results suggest that
NaOCl is a very effective algicide for the control of HABs,
causing immediate damage to the cells upon exposure.

Measurement of CAF has been reported to be a rapid,
sensitive method for assessing the physiological status
of microalgae (Nancharaiah et al. 2007), because auto-
fluorescence enables discrimination of damaged and un-
damaged cells (Sato et al. 2004). Microalgae exhibit auto-
fluorescence because of the presence of photosynthetic
pigments (Trampe et al. 2011). In the present study, CAF
as MFI per cell (Appendix 1) noticeably decreased with
increase in exposure time and NaOCI doses (Fig. 2C, Ap-
pendix 2). Previous studies by Nancharaiah et al. (2007)
and Ebenezer et al. (2012) have shown that chlorine dos-
es of 1.0-3.0 mg L resulted in a marked reduction in the
MEFT of the diatom Cocconeis scutellum and the green al-
gae Chlorella salina. In addition, Ma et al. (2011) have re-
ported that 0.2 mg L! of chlorine completely suppressed
the photosynthetic activity of the diatom Phaeodactylum
tricornutum as revealed by the variation in the effective
quantum yield (AF / F,'). These results suggest that the
tested doses of NaOCI have a detrimental effect on the
photosynthetic machinery of the cells, as evidenced from
the chlorophyll fluorescence.

The biocidal effect of NaOCI involves the action of free
radicals generated by a Fenton-type reaction and the for-
mation of HOCI (Bajszar and Dekonenko 2010), which
lead to oxidative stress (Leichert et al. 2008). The genera-
tion of free radicals results in the oxidative degradation
of lipids, which is the main target of oxidative stress, as
revealed by the increase in lipid peroxidation activity
(Cabiscol et al. 2000). In the present study, we observed
an increase in lipid peroxidation activity after exposure
to low doses of NaOCI (Fig. 3A). This result might be at-
tributed to the involvement of free radicals at the cellular
level (Li et al. 2002). It was supported by previous works
that trace amount of H,0, (about 10 M) are always pres-
ent in water as a result of natural radiolysis (Arnhold et
al. 1991); HOCI reacts with H,0, according to a Fenton-
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type reaction forming hyroperoxides, and thus initiating
lipid peroxidation (Panasenko et al. 2013). HOCI induced
lipid peroxidation is completely blocked by scavengers
of free radicals (e.g., taurine), when the lipid peroxida-
tion reaches saturation (Spickett et al. 2000). Moreover,
pH was also found to have an influence in HOCI induced
lipid peroxidation (Panasenko et al. 1997). The decrease
in lipid peroxidation activity at high NaOCl doses in the
present study could be due to increased production of
free radicals.

In aerobic organisms, the termination of lipid degra-
dation is enhanced by several molecules (e.g., SOD, cata-
lase, and peroxidase) that remove free radicals from the
system. For example, SOD is involved in the dismutation
of superoxide into O, and H,O, (Shin et al. 2005). In the
present study, we observed a significant increase in the
level of SOD after exposure to higher concentrations of
NaOCl (Fig. 3B). A previous study by Li et al. (2005) also
reported increase in SOD activity when the marine alga
Pavlova viridis was exposed to metals (copper and zinc).
When acclimating to increased oxidative stress, SOD con-
centrations typically increase with the degree of stress
(Peng et al. 2013). Fig. 4 shows a schematic view of the ox-
idative stress caused by NaOCI and the counteraction of
antioxidative enzymes, as recorded in the present study.
This is in general agreement with the findings of Park et
al. (2009), who observed the production of lipid peroxida-
tion and variation in antioxidative enzyme activities in P
minimum on exposure to light induced stress. The strong
light-induced stress was reported to induce cellular ROS
production in the dinoflagellate, which consequently led
to the production of antioxidant enzymes to decrease
ROS-induced damages. These findings suggest that the
biocide NaOCI induces oxidative stress; moreover, the
cells succumb to this stress and cannot recover, which
further confirms the algicidal efficiency of NaOCIL.

In conclusion, our findings show that NaOCl reduces
the growth rate and pigment levels of the test dinoflagel-
late C. polykrikoides. It induces ROS generation, which
leads to an increase in lipid peroxidation. Moreover, low
levels of NaOCl markedly may inhibit the photosynthetic
machinery, as evidenced by the reduction in CAF and in-
hibited antioxidant enzyme activity. Hence, NaOCl can be
considered an effective algicide for the control of HABs.
Furthermore, the residual chlorine levels are below the
detection limit at lower concentrations within 60 min of
exposure. On the other hand, NaOCI and its byproducts
can also be a threat to non-target organisms, and there-
fore the environmental impact of this biocide should also
be considered before use in marine systems.
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Appendix 1. Variation in chlorophyll autoflourescence in Cochl-
doinium polykrikoides after 6 h and 72 h exposure to biocide NaOCl. A
scale bar represents 100 um.

[6 h exposure] [72 h exposure]

Control

Control
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Appendix 2. Mean fluorescence index (MFI) of chlorophyll auto-
fluorescence after exposure to chlorine.

Chlorine dose  Exposure MFI cell! No. of cells
(mgL™" time (h) counted
Control 0 233.29 +3.523 212

6 234.30+1.268 212

12 235.31 +1.266 217

24 236.40 + 5.526 218

72 237.80+1.784 215

0.1 6 232.57 £ 1.260 215
12 228.48 +2.546 218

24 205.30 +6.826 107

72 193.70 £ 2.672 95

0.5 6 221.63 +6.108 207
12 215.49 +5.286 212

24 156. 86 + 3.826 103

72 102.56 + 3.134 84

1.0 6 212.59 +2.610 213
12 209.65 + 3.826 209

24 0 0

72 0 0

2.0 6 180.16 £ 5.707 210
12 197.01 + 4.286 211

24 0 0

72 0 0

3.0 6 155.36 +3.077 205
12 178.24 + 2.876 203

24 0 0

72 0 0
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