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Abstract The antioxidant responses of four green microalgae,
i.e., Chlorella vulgaris, Chlorella sp., Selenastrum
capricornutum and Scenedesmus quadricauda, under control,
low (0.1 mg L−1) and high (1.0 mg L−1) nonylphenol (NP)
concentration were studied. The antioxidant responses of
microalgae to NP depended on both NP concentrations and
exposure time. The effects of NP on antioxidant responses were
most obvious on the first day of exposure and the effects de-
creased with prolonged exposure time. At low NP concentra-
tion, there were no significant changes in activities of superox-
ide dismutase (SOD), catalase (CAT), and peroxidase (POD),
or in glutathione (GSH) content, in all four species, while high
concentration of NP led to different changes in these parame-
ters. In NP-tolerant species, i.e., C. vulgaris and Chlorella sp.,
activities of SOD, CAT and POD increased remarkably when
exposed to high NP concentration, while the increase was less
evident or insignificant in Se. capricornutum and Sc.
quadricauda, the two NP-sensitive species. On the other hand,
the malondialdehyde (MDA) content declined gradually with
increase in NP concentrations, particularly in C. vulgaris and

Chlorella sp. Similarly, NP exposure caused an inhibition of
glutathione peroxidase (GPX) activity in all four species.
However, the changes of glutathione reductase (GR) and glu-
tathione S-transferase (GST) activity did not seem to correlate
with the NP tolerance of microalgae. These results suggested
that various antioxidant mechanisms were involved in
microalgae when exposed to NP, and the NP-tolerant species
displayed more evident and rapid changes in some antioxidant
responses than the NP-sensitive ones.
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Introduction

In recent years, contamination by nonylphenol (NP), a micro-
bial biodegradation product of nonylphenol ethoxylates
(NPEOs), has raised public concern due to its persistence,
toxicity and endocrine disrupting property (Vazquez-Duhalt
et al. 2005; Soares et al. 2008). NP is frequently detected in
all environmentals that directly or indirectly receive NPEOs
and has been demonstrated to be one of the most commonly
occurring contaminants. NP has been detected at higher con-
centrations thanmost of the other contaminants, particularly in
wastewater effluents and sludge, due to the wide and long-
term application of NPEOs (Kolpin et al. 2002; Soares et al.
2008). For instance, in untreated wastewater and seepage sam-
ples from Cape Cod in Massachusetts, USA, NP concentra-
tions were above 1000 μg L−1, with the highest concentration
up to 1350 μg L−1 (Rudel et al. 1998). The concentration of
NP in aquatic environments is closely related with the dis-
charge of effluents from wastewater treatment plants (Hale
et al. 2000; Corsi et al. 2003). In river and lake waters in the
Anoia and Cardener Tributary, Spain, NP concentrations
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ranged from below detection level to a very high concentra-
tion of 644 μg L−1 (Sole et al. 2000).

The toxicity of NP to organisms has been widely investigat-
ed, and the results have revealed that NP is quite toxic to aquatic
organisms; however, the precise mechanism of NP toxicity re-
mains unclear (Vazquez-Duhalt et al. 2005; Soares et al. 2008).
It has been suggested that oxidative stress may be partially
responsible for the toxicity following NP exposure, as NP has
been shown to produce oxidative stress through either enhanc-
ing the generation of reactive oxygen species (ROS), and/or
inhibiting the antioxidant defence mechanisms in cells (Okai
et al. 2004; Gong and Han 2006; Wang and Xie 2007).

In plants, including algae, ROS are always formed by the
inevitable leakage of electrons onto O2 from the electron
transport activities of chloroplast, mitochondria, and plasma
membrane during photosynthesis and respiration. As a conse-
quence, various ROS, including singlet oxygen (1O2), super-
oxide radicals (O2

−·), hydroxyl radicals (OH−· ) and hydrogen
peroxide (H2O2), are produced (Asada 1996). Under normal
growth conditions, the production of ROS in cells is low and
kept balanced by ROS scavenging systems (Powles 1984).
However, both abiotic and biotic stresses are known to cause
excess accumulation of ROS (Mittler 2002).

ROS react with biomolecules at varying degrees and may
directly damage proteins, amino acids, nucleic acids, porphy-
rins, phenolic substances, etc. (Mittler 2002). In addition,
OH−· causes peroxidative degradation of polyunsaturated fatty
acid chains of membrane lipids, which is evident by the in-
creased formation of malondialdehyde (MDA), a product of
lipid peroxidation (Chitra et al. 2002). Among different ROS,
OH−· is particularly harmful, and may lead to tissue injury and
cell death. A tight control of ROS levels in plant cells is crucial
for their normal growth and development (Mittler 2002). To
defend the ROS-caused deleterious effects resulting from cel-
lular oxidative stress, plants have evolved both non-enzymatic
and enzymatic antioxidant defences, which are distributed in
different cellular compartments (Mittler 2002). Among them,
the metabolism of glutathione S-transferase (GSH) plays a
crucial role in the antioxidant defence, the biotransformation
of xenobiotics and the sensitivity of cells to various pollutants
(Lei et al. 2003).

The antioxidant responses of microalgal cells to oxidative
stress have been well documented, but the information on
these responses seems to be meagre and widely scattered.
For example, superoxide dismutase (SOD) activity has
attracted more attention than the other antioxidant parameters,
and its activity is generally stimulated by a variety of stresses
(Nagalakshmi and Prasad 1998; Mallick and Rai 1999; Wang
and Xie 2007). On the contrary, there are studies showing that
the SOD activity was inhibited by environmental stresses
(Vartak and Bhargave 1999), while others have reported that
SOD activity remained unchanged under stress conditions and
that there was no correlation between the resistance of

microalgae to stresses and SOD activity (Choo et al. 2004;
Lei et al. 2006). All these results indicate that the antioxidant
response ofmicroalgal cells to environmental stress is not only
species-specific but is also dependent on the types and mag-
nitude of the stresses.

Few studies have reported the antioxidant response of
plants, including algae, exposed to NP, although NP has been
shown to produce oxidative stress and enhances ROS gener-
ation in animal cells (Chitra and Mathur 2004; Gong and Han
2006). Wang and Xie (2007) showed that high concentrations
of NP (1 and 2 mg L−1) caused increases in the activities of
SOD and GST, as well as reduced glutathione (GSH) levels, in
the cyanobacterium Microcystis aeruginosa, suggesting that
both enzymatic and non-enzymatic systems were involved in
the antioxidant response and detoxification ability of
microalgae to NP.

Our previous study demonstrated that the toxicity of NP to
microalgae was highly species-specific. No evident toxic ef-
fects in Chlorella vulgaris, Chlorella sp., Selenastrum
capricornutum and Scenedesmus quadricauda were observed
when the NP concentration was at 0.1 mg L−1; no significant
or slightly toxic effects were found in C. vulgaris and
Chlorella sp. when exposed to 1 mg L−1 NP, but the growth
of Se. capricornutum and Sc. quadricauda was seriously
inhibited under 1 mg L−1 NP (unpublished data). The present
study aims to (1) measure the GSH content, antioxidant en-
zymes activities and lipid peroxidation in four different green
microalgal species, including C. vulgaris, Chlorella sp., Se.
capricornutum and Sc. quadricauda; (2) determine whether
the exposure of microalgae to NP would induce oxidative
stress and lead to the modification of their antioxidant param-
eters and (3) compare the NP-induced changes of these pa-
rameters among four different microalgal species and identify
the main antioxidant parameter(s) involved in NP tolerance.

Materials and methods

Four microalgal species were used in the present study.
Chlorella vulgaris was purchased from Carolina Biological
Supply Company, USA, while Scenedesmus quadricauda
(UTEX76) and Selenastrum capricornutum (UTEX1648)
were obtained from the culture collection of algae at the
University of Texas at Austin (UTEX), USA. Chlorella sp.
was isolated from polluted water in Hong Kong. Axenic stock
cultures of these four microalgal species were cultivated in
250-mL Erlenmeyer flasks containing 100-mL Bristol medi-
um (BM) (C. vulgaris, Chlorella sp., Sc. quadricauda) and
soil extract medium (SE) (Se. capricornutum) prepared as
described by James (1978) and Song and Liu (1999). All the
materials and culturing media were autoclaved at 121 °C for
20 min and then cooled to room temperature.
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Preparation of mass culture

The axenic mass culture of these four microalgal species was
carried out in 2-L Erlenmeyer flasks; each flask contained 1 L
BM for C. vulgaris, Sc. quadricauda and Chlorella sp. or SE
medium for Se. capricornutum. The culture was illuminated
with cool, fluorescent light at an irradiance of 60 μmol pho-
tons m−2 s−1 at the surface of the culture medium (measured
with a LI-250 Light meter, LI-COR, Inc. US), with a 16/8 h
light/dark cycle in an environmental chamber at 25 ± 1 °C.
The culture was aerated with 0.2 μm filtered air at a rate of
35 mL min−1. The culture was kept in exponential phase of
growth by repeatedly sub-culturing with freshly prepared me-
dium at about a 4-day interval. Before each experiment, the
cultures were verified for axenity by streaking on 1.5% agar
plates containing 1 g L−1 yeast extract and 2 g L−1 tryptone
(prepared with corresponding algal culturing media). Prior to
the start of the experiment, the microalgal cells at the mid-
exponential phase of growth were harvested by centrifugation
at 5000×g for 10 min at 25 °C. The cell pellets were then
washed twice with sterilized, deionized water as described
by Gao et al. (2011).

Experimental setup

An appropriate amount of cell pellets of each microalgal spe-
cies was re-suspended in 100-mL sterilized medium (in a
250-mL Erlenmeyer flask) to give an initial chlorophyll a
(chl a) concentration of 1 mg L−1. Stock solution of NP
(Sigma-Aldrich, USA) was prepared by dissolving NP in
methanol to a concentration of 1 g L−1 and stored at −20 °C
for at most 3 months. NP stock solution was spiked into the
culture to give a final NP concentration of 0.1 (low NP) and
1.0 mg L−1 (high NP). In all NP treatments, an appropriate
volume of methanol was added to each flask to give a final
methanol concentration of 0.1% (v/v). Flasks without the ad-
dition of NP, but with 0.1% methanol (v/v), were used as the
control. Each treatment, as well as the control, was performed
in triplicate. The cultures were incubated at 25 °C in an envi-
ronmental chamber on a rotary shaker with a speed of
160 rpm, at a light intensity of 40 μmol photons m−2 s−1 (at
the surface of the culture), with a 16/8 h light/dark cycle. At
time intervals of 1, 4 and 7 days, three flasks from the control
or each treatment were retrieved. The growth of microalgal
cells were determined by following the changes of chlorophyll
a concentration of the cultures. For the determination of chlo-
rophyll a concentration, 5 mL culture was harvested by cen-
trifugation at 5000×g for 10 min. The supernatant was
discarded and the microalgal pellet was re-suspended in
5 mL of 95% methanol, incubated at 60 °C in a water bath
for 5 min and centrifuged again for 5 min. The absorbance of
the supernatant at 665 and 652 nm was determined with an
Agilent 8453 UV-visible spectrophotometer. The chlorophyll

a concentration of the supernatant was calculated following
the formula described by Porra et al. (1989):

Chlorophyll a μg mL−1� � ¼ 16:29*A665−8:54*A652

where A665 and A652 refer to the absorbance of the extract at
wavelengths of 665 and 652 nm, respectively.

Extraction of antioxidant enzymes, GSH and MDA

After the flasks were retrieved, the cells were harvested by
centrifugation at 5000×g for 15 min at 4 °C. The cell pellets
were then transferred to a 2-mL vial (Biospec Products, USA),
washed with deionized distilled water and centrifuged again,
then stored at −80 °C for further analysis. For the measure-
ment of SOD, CAT, POD, GR, GST and GPX activities, the
pellets were re-suspended in 1 mL of 0.1M sodium phosphate
buffer (pH 7.0) containing 0.1 mM Na2EDTA and 1% poly-
vinylpyrrolidone (PVP40). For the determination of GSH and
MDA content, cell pellets were re-suspended in 1-mL Tris–
HCl buffer (50 mM, pH 7.5). The cells were ruptured in a
2-mL vial by mini-beadbeater (Biospec Products, USA) with
zirconia/silica beads (Biospec products with a diameter of
0.5 mm) five times, each for 20 s at a high speed of
4600 rpm. Prior to each beating, the vials containing the sus-
pension were incubated in ice to avoid overheating the sample
during the bead-beating process. The homogenate was then
centrifuged at 12,000×g for 20 min at 4 °C. The supernatant
was considered as a cell-free enzyme extract and stored at 4 °C
before any assay. The protein concentration of the extract was
determined according to the method described by Bradford
(1976) with bovine serum albumin (BSA) as the protein
standard.

Measurement of antioxidant parameters

All enzyme activities and GSH content were measured at
37 °C with assay kits purchased from Nanjing Jian Cheng
Bioengineering Institute (China). The superoxide dismutase
(SOD, EC 1.15.1.1) activity was determined as the inhibition
of cytochrome c reduction followed the principles as de-
scribed by Mishra et al. (1993), with some modifications.
The reaction mixture (total volume 3.0 mL) consisted of
50 mM potassium phosphate buffer (pH 7.8) containing
0.1 mM EDTA, 50 μM xanthine, 20 μM cytochrome c and
a suitable amount of enzyme extract. The reaction was initiat-
ed by the addition of 50 μL of 25 U mL−1 xanthine oxidase to
the reaction buffer, and the absorbance at 550 nm was record-
ed. One unit of SOD was defined as the amount of enzyme
required for 50% inhibition of cytochrome c reduction under
the specified conditions. The catalase (CAT, EC 1.11.1.6) ac-
tivity was determined according to Goth (1991), with some
modifications. In brief, 0.2 mL of the enzyme extract was
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added to 1.1 mL of the substrate solution made up of 100 μL
of 50 mM H2O2 and 1.0 mL of 60 mM sodium-potassium
phosphate buffer (pH 7.0) and incubated for 2 min. The enzy-
matic reaction was initiated by the addition of the enzyme
extract and stopped with addition of 1.0 mL of 50 mM am-
monium molybate. The absorbance of the reaction mixture at
405 nm was measured and one unit of CAT activity was
expressed as 1 μmol H2O2 L

−1 mg−1 protein s−1. The perox-
idase (POD, EC 1.11.1.7) activity was determined following
the method described by Montavon and Bortlik (2004) and
one unit of POD activity was expressed as 1 μg H2O2 mg−1

protein min−1. The reduced GSH content was determined
using 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB) as the sub-
strate as described by Anderson (1985), with some modifica-
tions. An aliquot of extract was deproteinized by adding an
equal volume of 4% (w/v) sulfosalicylic acid, and after centri-
fugation, 0.5 mL of the supernatant was mixed with 2 mL of
reaction buffer made up of 1.75 mL of 0.1 M phosphate buffer
(pH 7.5, containing 0.067 mM EDTA) and 0.25 mL of 6 mM
DTNB (in 1% citric acid); the absorbance at 412 nm was
measured after 5 min and the content of GSH was calculated
based on a linear standard curve. The glutathione S-transferase
(GST, EC 2.5.1.18) assay was performed according to a meth-
od modified by Grant et al. (1989), using 1-chloro, 2,4-dini-
trobenzene (CDNB) as the substrate and GSH as the cofactor.
One unit of GST activity was defined as the amount of the
enzyme that catalyses the conversion of 1 μMCDNB per min.
Glutathione reductase (GR, EC 1.6.4.2) activity was assayed
by the oxidation of NADPH, and a decrease in the absorbance
at 340 nm (extinction coefficient 6.2 mM cm−1) was deter-
mined, as described byRao (1992). GR activity was expressed
as nmol of NADPH oxidized mg−1 protein min−1. Glutathione
peroxidase (GPX, EC 1.11.1.9) assay was performed accord-
ing to the method modified from Splittgerber and Tappel
(1979). One unit of GPX activity was defined as the consump-
tion of 1 μmol GSH mg−1 protein min−1. The MDA concen-
tration was measured according to the method described by
Heath and Packer (1968), and the absorbances at 450, 532 and
600 nm were determined. The concentration of MDA was
calculated according to the formula described by Zhao et al.
(1991):

CMDA μmol L−1� � ¼ 6:45* A532−A600ð Þ−0:56A450

where A450, A532 and A600 refer to the absorbance of the reac-
tion mixture at wavelengths of 450, 532 and 600 nm,
respectively.

Statistical analysis

The mean and standard deviation of three replicates from each
treatment, as well as the control, at each sampling time of each
species, were calculated. A parametric three-way analysis of

variance (ANOVA) was used to test any differences of each
antioxidant parameter among different microalgal species,
sampling times and NP concentrations. If the interaction fac-
tors of algal species and the other two factors were significant,
the effect of NP concentrations on antioxidant parameters of
each microalgal species was determined by a two-way
ANOVA, with times and NP concentrations as the two main
factors. If the interaction factor was significant, a one-way
ANOVA was used to test the NP effect. If the statistical test
was significant at p ≤ 0.05, a Tukey test was employed to find
out where the difference occurred. All tests were carried out
using SPSS 16.0 for Windows (SPSS Inc., USA).

Results

Effect of NP on growth

Figure 1 shows the effects of different NP concentrations on
the growth of C. vulgaris, Chlorella sp., Se. capricornutum
and Sc. quadricauda. The effects of NP on growth varied
significantly among species, exposure times and NP concen-
trations (Tables 1 and 2). At low NP concentration
(0.1 mg L−1), no significant inhibitory effect on the growth
of C. vulgaris, Chlorella sp. and Se. capricornutum was ob-
served during all the experiment periods, while the growth of
Sc. quadricauda, under low NP treatment, slightly decreased
as compared to its control after 4 days. However, when the NP
concentration was increased to 1.0 mg L−1, different patterns
were observed among the four species. For C. vulgaris and
Chlorella sp., the chlorophyll concentration of the culture at
1 mg L−1 NP treatment after a 4-day exposure decreased to 89
and 52% of their corresponding controls, respectively, while
no significant effect was found between the 1.0 mg L−1 NP
treatment and the control on both day 1 and day 7. For Se.
capricornutum and Sc. quadricauda, the decreases in growth
were found at all exposure times at the high NP concentration
(1.0 mg L−1). Even after 7 days, the growth of Se.
capricornutum and Sc. quadricauda under high NP treatment
could not recover to the control level (Fig. 2 and Table 2).
These results demonstrated that C. vulgaris was the most tol-
erant to NP, followed by Chlorella sp., while Sc. quadricauda
and Se. capricornutumweremore sensitive to NP than the two
Chlorella species.

Effect of NP on SOD activity

Under the control condition, the SOD activity varied among
species (p < 0.001), as well as times (p < 0.001). On the first
day of the experiment, the highest SOD activity was observed in
Sc. quadricauda, followed by Se. capricornutum and
C. vulgaris, and Chlorella sp. displayed the lowest SOD activity
(Fig. 2). NP treatments changed the SOD activity of algal cells,
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and these changes were highly dependent on microalgal species,
NP concentrations and exposure times (Table 1). ForC. vulgaris
and Chlorella sp. under the high NP concentration (1.0 mg L−1),
the SOD activity increased significantly after a 1-day exposure,
with increases of 64 and 214%, as compared to their control,
respectively (Fig. 2). After prolonged exposure time (4 and
7 days), the effects of NP at 1 mg L−1 on the SOD activity of
these two Chlorella species disappeared. For Sc. quadricauda,
although no apparent change was observed among control, low
and highNP treatments after 1- and 4-day exposure, a significant
increase was found after a 7-day exposure at 1 mg L−1 NP
concentration. In Se. capricornutum, the SOD activity increased

gradually with the increase of NP concentrations after a 1-day
exposure, but after 4 days, the SOD activities of both low and
high NP treatments were significantly inhibited by NP in com-
parison with that of control (Fig. 2).

Effect of NP on CAT activity

Similar to SOD, the CATactivity of the four species under the
control condition varied significantly from species to species
(p < 0.001) and times (p < 0.001) (Table 1). On the first day of
the experiment, the highest CAT activity was observed in the
control of C. vulgaris, followed by Sc. quadricauda, while

Table 1 F values of three-way
ANOVA showing the effects of
different NP concentrations on
growth (chl a conc.) and
antioxidant parameters of
different microalgal species after
1, 4 and 7 days of experiment (df
for species, times and treatments
were 3, 2 and 2, respectively; p
value for all F were <0.05 except
marked)

Parameters Sources of variations

Species (S) Times (T) NP conc. (C) S*T S*C T*C S*T*C

Chl a conc. 46.3 806.2 97.8 83.6 25.6 31.3 18.9

SOD 1067.0 96.6 37.8 78.8 11.1 14.5 9.2

CAT 1050.0 72.1 26.0 226.1 36.2 34.5 29.9

POD 624.3 192.8 12.1 112.9 20.2 23.1 24.7

GSH 1516.0 13.8 54.3 13.1 45.6 26.1 20.4

GR 374.2 12.6 24.1 20.3 38.7 5.2 12.6

GPX 184.2 151.0 3.3 71.3 NS 41.4 10.1

GST 168.8 12.8 17.3 16.1 19.3 8.2 2.9

MDA 1661.0 44.0 54.4 5.8 25.3 7.3 8.2
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sp., Se. capricornutum and Sc.
quadricauda after 1, 4 and 7 days
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deviation of three replicates are
shown. The mean with different
letters at each exposure time for
each algal species indicated that
they were significantly different at
p ≤ 0.05 according to one-way
ANOVA test. NS not significant)
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Chlorella sp. and Se. capricornutum displayed similar low
CAT activity (Fig. 3). The NP concentrations and exposure
time exerted different influences on the CAT activity of all
the four species (Tables 1 and 2 and Fig. 3). The most signif-
icant changes in CAT activity following NP exposure were
found in C. vulgaris and Chlorella sp. at high NP treatment
(1.0 mg L−1) on the first day of the experiment, with 2.16- and
1.89-fold increases as compared to that of their corresponding
control, respectively. No significant change was found at the

low NP treatment (0.1 mg L−1) as compared to control in all
the four species during the experiment. For C. vulgaris, the
increase in CAT activity following NP exposure at both low
and high NP concentrations disappeared after 4 and 7 days.
Similarly, the CAT activity of Chlorella sp. between two NP
treatments and control was also comparable after 7 days
(Fig. 3).

On the other hand, although the CAT activity of Se.
capricornutum treated with low NP was comparable to the
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of exposure (mean and standard
deviation of three replicates are
shown. The mean with different
letters at each exposure time for
each algal species indicated that
they were significantly different at
p ≤ 0.05 according to one-way
ANOVA test. NS not significant)

Table 2 Changes of the growth and antioxidant parameters in different microalgae exposed to NP

Growth/antioxidant
parameters

Microalgal species

C. vulgaris Chlorella sp. Se. capricornutum Sc. quadricauda

Changes Time recovered
(d)

Changes Time recovered
(d)

Changes Time recovered
(d)

Changes Time recovered
(d)

Growth ↓ 7 ↓ 7 ↓ NR ↓ NR

SOD ↑ 4 ↑ 4 ↑/↓ 7 ↑ NR

CAT ↑ 4 ↑/↓ 7 ↑ NR ↓ 7

POD ↑ 4 ↑ 4 ↑ 7 ↓ 7

GSH ↑ 4 ↑ 7 ↓ NR - NA

GR ↑ NR ↓ 4 ↓ 4 ↑/↓ 7

GPX ↓/↑ 7 ↓ 4 ↓ 4 ↓ 4

GST - NA ↑ 7 ↑ 7 ↑ 7

MDA ↓ 7 ↓ NR ↓ NR ↓ NR

NR not recovered, NA not applicable, ↑ increase, ↓ decrease, − no change
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control, the CAT activity was significantly stimulated at the
high NP concentration during the experiment. On the contrary,
a significant decrease in the CAT activity of Sc. quadricauda
at 1.0 mg L−1 NP treatment after 1- and 4-day exposures was
found, but no significant difference was observed among con-
trol, low and high NP treatment on day 7 (Fig. 3).

Effect of NP on POD activity

The POD activity of the four species under the control condition
varied greatly from species to species (p < 0.001), as well as
with times (p < 0.001) (Table 1). On day 1, the highest and
similar POD activity was observed in the control of Sc.
quadricauda, and C. vulgaris, followed by Se. capricornutum.
Chlorella sp. was shown to have the lowest POD activity under
the control condition (Fig. 3). Upon exposed to different NP
concentrations, the four species displayed different responses
in POD activity. The POD activity of C. vulgaris increased
gradually with the increase in NP concentrations after 1 day of
exposure, but such an increase disappeared after both 4- and 7-
day exposures. Compared to C. vulgaris, the increase in POD
activity of Chlorella sp. and Se. capricornutum was only ob-
served at the high NP concentration (1.0 mg L−1) after a 1-day
exposure. Similar to C. vulgaris, the increase in POD activity of
Chlorella sp. was not observed after prolonged exposure time
(days 4 and 7). For Se. capricornutum, the increase in POD
activity under 1mg L−1 NP concentration after a 4-day exposure
was more obvious than that after a 1-day exposure. On the
contrary, the POD activity of Sc. quadricauda was significantly
inhibited by both low and high NP concentrations after 1 and
4 days of exposure, and such inhibitory effect of NP on POD

activities disappeared after 7 days (Fig. 3). These results sug-
gested that the effect of NP on POD activity varied significantly
with NP concentration, species and exposure time (p < 0.001).

Effect of NP on GSH content

The levels of reduced GSH content varied significantly among
the four species grown under the control condition (p < 0.001)
and times (p < 0.001). Under the control condition, Chlorella
sp. displayed the highest GSH content, followed by
C. vulgaris, while the other two species, Se. capricornutum
and Sc. quadricauda, displayed much lower GSH level in
comparison to the two Chlorella species (Fig. 4). Exposed to
NP led to significant changes in GSH content, depending on
algal species and exposure times (Fig. 4 and Tables 1 and 2).
For C. vulgaris, the GSH content increased by about 70% as
compared to that of control when exposed to high NP concen-
tration (1.0 mg L−1) after a 1-day exposure, but no significant
difference was observed between the control and two NP
treatments thereafter. ForChlorella sp., the GSH content grad-
ually increased with the increase of NP concentrations after 1-
and 4-day exposures, while the GSH content at these two NP
treatments was comparable to that of control on day 7.
Compared to the response of two Chlorella species, the effect
of NP treatments on GSH content of Se. capricornutum was
not significant after the first day of exposure but decreased
significantly after 4- and 7-day exposures under both low
and high NP concentrations. NP treatments had no notable
effect on the GSH content of Sc. quadricauda throughout
the experiment (Fig. 4).
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Fig. 3 Effect of NP on the CAT and POD activity of C. vulgaris,
Chlorella sp., Se. capricornutum and Sc. quadricauda after 1, 4 and
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shown. The mean with different letters at each exposure time for each
algal species indicated that they were significantly different at p ≤ 0.05
according to one-way ANOVA test. NS not significant)

J Appl Phycol (2017) 29:1317–1329 1323



Effect of NP on GR activity

Under the control condition, GR levels varied significantly
among different species (p < 0.001), but remained relatively
constant with growth time. On the first day of the experiment,
C. vulgaris and Chlorella sp. grown under the control condi-
tion showed similar and relatively high GR activities as com-
pared to Se. capricornutum and Sc. quadricauda (Fig. 4).
When exposed to NP for 1 day, the GR activities of
C. vulgaris and Sc. quadricauda increased significantly under
the high NP concentration (1mg L−1), with an increase by 120
and 96% as compared to that of their corresponding control,
respectively. After 4 and 7 days of exposure, increases in the
GR activity of C. vulgariswere still observed, but GR activity
of Sc. quadricauda was inhibited by both low and high NP
concentrations as compared to their control on day 4. After
7 days of exposure, no significant effect on the GR activity
was found in Sc. quadricauda. On the other hand, the GR
activities of Chlorella sp. and Se. capricornutum decreased
significantly under both low and high NP concentrations after
a 1-day exposure, but the NP effect on GR activities of these
two species became insignificant thereafter (after 4 and 7 days
of exposure) (Fig. 4). These results displayed that the NP
effect on GR activity was dependent on microalgal species,
NP exposure times and NP concentrations (p < 0.001).

Effect of NP on GPX activity

Under the control condition, the levels of GPX activity varied
significantly among the four algal species (p < 0.001) and
times (p < 0.001). On the first day of the experiment,

C. vulgaris demonstrated the highest GPX activity, followed
by Chlorella sp. and Se. capricornutum, while Sc.
quadricauda showed the lowest GPX activity (Fig. 5).
When exposed to NP, the GPX activities of all four microalgal
species decreased significantly after 1 day of exposure but to
different magnitude. The GPX activities ofC. vulgaris and Se.
capricornutum declined gradually with the increase of NP
concentrations, while the decrease in GPX activities of
Chlorella sp. and Sc. quadricauda under both low and high
NP concentrations was comparable, indicating that high NP
concentrations did not showmore adverse effects than the low
one in Chlorella sp. and Sc. quadricauda. With prolonged
exposure times, the GPX activities of Chlorella sp., Se.
capricornutum and Sc. quadricauda were comparable to that
of their corresponding control. However, an increase in GPX
activity of C. vulgaris was observed on day 4 (Fig. 5).

Effect of NP on GST activity

The GST activity of the cells of the four species grown under
the control condition varied significantly among the four spe-
cies (p < 0.001), but its activity remained relatively constant
over time (Fig. 5). When grown under control conditions,
C. vulgaris had the highest GST level, followed by
Chlorella sp., while Se. capricornutum and Sc. quadricauda
had the similar but much lower GST levels as compared to
that of the two Chlorella species. After being exposed to NP,
no significant changes in GST activities were observed in
C. vulgaris throughout the experiment, but significant in-
creases in GST activities of Chlorella sp. and Se.
capricornutum were observed when exposed to NP after 1
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Fig. 4 Effect of NP on the GSH content and GR activity of C. vulgaris,
Chlorella sp., Se. capricornutum and Sc. quadricauda after 1, 4 and
7 days of exposure (mean and standard deviation of three replicates are

shown. The mean with different letters at each exposure time for each
algal species indicated that they were significantly different at p ≤ 0.05
according to one-way ANOVA test. NS not significant)
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and 4 days of exposure. The increase in the GST activity of
Chlorella sp. was dose-dependent, while the increases in Se.
capricornutum and Sc. quadricauda were observed only un-
der the high NP concentration after 1 and/or 4 days of expo-
sure (Fig. 5). Table 1 shows the effects of microalgal species,
exposure times and NP concentrations on GST. Their interac-
tions were all significant (p < 0.001), indicating that the GST
response in microalgae was very complicated.

Effect of NP on lipid peroxidation

Under the control condition, the MDA content, an indicator of
lipid peroxidation level, varied significantly among differ-
ent species (p < 0.001) and times (p < 0.001). Chlorella
vulgaris had a much higher MDA content than the other three
species, followed by Se. capricornutum, while Chlorella sp.
and Sc. quadricauda contained the lowest and similar MDA
content (Fig. 6). Following exposure to NP, the changes of
MDA content were species-specific and time-dependent. In
C. vulgaris, the MDA content decreased gradually with the
increase of NP concentrations after 1 day but such decrease
was only observed at the high NP concentration on day 4 and
the NP effect disappeared at the end of experiment (day 7). On
the other hand, after a 1-day exposure, no significant change
was observed in Chlorella sp. and Se. capricornutum under
both low and high NP concentration as compared to their
control, while theMDA content of Sc. quadricauda decreased
under 1.0 mg L−1 NP. After 4 and 7 days, the MDA content of
Chlorella sp., Se. capricornutum and Sc. quadricauda de-
creased under both low and high NP concentrations as

compared to control, although no significant difference was
observed between low and high NP treatments in these two
species (Fig. 6).

Discussion

Antioxidant responses of microalgae to NP exposure The
modification of antioxidant parameters of the four microalgal
species following the NP exposure in the present study sug-
gested that microalgal cells suffered from oxidative stress
when exposed to NP, although to different extent (Figs. 1, 2,
3, 4, 5 and 6 and Table 2). The changes in SOD activities of
microalgal species indicated that SOD contributed to the elim-
ination of the toxic effects of superoxide resulted from NP
exposure. The increase in the activities of CAT and POD in
C. vulgaris, Chlorella sp. and Se. capricornutum demonstrat-
ed that these enzymes were also involved in the removal of
H2O2 produced from the dismutation of superoxide catalysed
by SOD or direct production via photorespiration. This was in
agreement with the observation from Wang and Xie (2007).
CAT is present in peroxisomes and mitochondria, while POD
is located in cytosol, cell wall, vacuole and extracellular
spaces (Reddy et al. 2005). The function of CAT is to decom-
pose H2O2 to water and oxygen, whereas POD consumes
H2O2 to generate phenoxy compounds that are polymerized
to produce cell wall components, which have a broad specific
for phenolic substrate and a high affinity to H2O2 than CAT
(Reddy et al. 2005; Mishra et al. 2006). In the present study,
the POD and CAT activities, as well as the chlorophyll
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Fig. 5 Effect of NP on the GST and GPX activity of C. vulgaris,
Chlorella sp., Se. capricornutum and Sc. quadricauda after 1, 4 and
7 days of exposure (mean and standard deviation of three replicates are

shown. The mean with different letters at each exposure time for each
algal species indicated that they were significantly different at p ≤ 0.05
according to one-way ANOVA test. NS not significant)
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concentration, in Sc. quadricauda, decreased when exposed to
NP and did not show any recovery, even at the end of the
experiment (day 7) (Figs. 1 and 3 and Table 2), indicating that
CATand POD were very sensitive to NP-induced toxicity and
failed to produce more antioxidant enzymes to remove H2O2

in this microalgal species. H2O2 can also be removed by GPX
or ascorbate peroxidase (APX) in Asc-GSH cycle. However,
the GPX activities of all the four species declined under both
low and high NP concentrations, suggesting that this enzyme
was sensitive to NP-induced toxicity and might not be in-
volved in the ROS scavenging process. However, the down-
regulation of GPX might lead to the upregulation of other
H2O2-scanvenging enzymes, such as CAT, POD and APX
(Selote and Khanna-Chopra 2010), as indicated by the in-
crease in CAT and POD activities in C. vulgaris and
Chlorella sp. and Se. capricornutum, following NP exposure
in the present study.

GSH is one of the most important components of the anti-
oxidant defence systems in cells. GSH not only directly reacts
with ROS under oxidative stress conditions but is also a sub-
strate in the GPX and Asc-GSH cycle (Mittler 2002; Mishra
et al. 2006). GSH is also involved in the detoxification process
of xenobiotics in microalgae, catalysed by GST (Lei et al.
2003). In the present study, the GSH levels in C. vulgaris
and Chlorella sp. increased significantly, but they remained
unchanged in Sc. quadricauda, or even declined in Se.
capricornutum, when exposed to NP, suggesting that the
responses of GSH to NP-induced oxidative stress varied
among different microalgal species. When exposed to an

oxidative stress, GSH is utilized by cells and/or converted to
GSSG by either the GPX of Asc-GSH cycle to combat the
excessive ROS. It may also be used for the detoxification
process, independently or in addition to combating excessive
ROS. This, then, may lead to a depletion of GSH and to the
decline of the GSH/GSSG ratio, which in turn may trigger the
synthesis of more GR. The function of GR is to reduce GSSG
back to reduced GSH, maintaining GSH/GSSG ratio, which is
crucial for functioning of the antioxidant system, as well as for
the primary detoxification pathways in plant cells (Mishra
et al. 2006). In the present study, the GSH content increased
significantly in the NP-tolerant species, namely, C. vulgaris
and Chlorella sp., but significantly decreased, or remained
unchanged, in the NP-sensitive species, including Se.
capricornutum and Sc. quadricauda (Fig. 4 and Table 2).
The GR activity increased significantly in C. vulgaris but
declined inChlorella sp. and Se. capricornutum. These results
suggested that the antioxidant enzymes of microalgal cells
responded in a coordinated way to combat NP-induced stress,
to some extent, allowing the cells to tolerate NP toxicity. The
increase in GSH content of C. vulgaris, an NP-tolerant spe-
cies, was probably due to the increase in GR activity, accom-
panied with the decrease in GPX activity, while the decrease
in GSH content of Se. capricornutum, an NP-sensitive spe-
cies, might be caused by a decline in GR activity and an
increased GSH consumption, as indicated by the increase in
GSTactivity. The unchanged GSH content in Sc. quadricauda
might result from the balance between the production of GSH
by GR and NP consumption by GPX and GST; therefore, it
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Fig. 6 Effect of NP on the MDA
content of C. vulgaris, Chlorella
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they were significantly different at
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did not produce more GSH to combat excessive ROS. The
present study suggested that more GSH could be produced in
the NP-tolerant species through increased GR activity (Figs. 4
and 5).

The relationships among different antioxidant parameters,
under NP stress, varied among different microalgal species
(Figs. 2, 3, 4, 5 and 6 and Tables 1 and 2). After 24 h of
exposure, the SOD, CAT and POD activities in all species
increased except in Sc. quadricauda, which had relatively
higher constitutive SOD activity as compared to Se.
capricornutum and Chlorella sp. The GSTactivities increased
in Se. capricornutum, Sc. quadricauda and Chlorella sp. ex-
cept inC. vulgaris, which had a high constitutive GSTactivity
than the two NP-sensitive species, namely, Se. capricornutum
and Sc. quadricauda. The GSH content in the two NP-tolerant
species, i.e., C. vulgaris and Chlorella sp., increased follow-
ing NP exposure, while the GSH content in the two NP-
sensitive species remained unchanged. The increase in GSH
content in C. vulgaris and Chlorella sp. was accompanied
with the increase in GR activities. The GPX activities in all
these species decreased. After a prolonged exposure time,
these antioxidant parameters recovered gradually but the de-
gree of recovery differed among microalgal species (Table 2).

One of the important consequences of excessive ROS is to
induce chain-like peroxidation of polyunsaturated fatty acid
chains of membrane lipids, resulting in the increased forma-
tion of MDA, a product of lipid peroxidation (Chitra et al.
2002). However, in the present study, the MDA content of
the four microalgal cells, particularly C. vulgaris and
Chlorella sp., declined gradually with increases in NP concen-
trations (Fig. 6), indicating that ROS, including O2

−· and H2O2

generated, following the NP exposure could be efficiently
scavenged by the antioxidant defence system and prevented
the peroxidation of lipid. This also explained why the NP-
induced decline in growth (chlorophyll a concentration) in
these two NP-tolerant species was recovered at the end of
the experiment. However, in NP-sensitive species, although
the MDA content also declined following the NP exposure,
their growth did not recover at the end of the experiment (day
7) (Fig. 1 and Table 2), suggesting that the accumulation of
ROS and lipid peroxidation might not have been the main
reasons involved in the NP-induced injury to Sc. quadricauda
and Se. capricornutum.

The present study also demonstrated that the changes in the
antioxidant parameters in microalgal cells displayed a time-
dependent recovery, especially in NP-tolerant species, with
most of the antioxidant parameters recovering completely at
the end of the experiment (Table 2 and Figs. 2, 3, 4, 5 and 6).
These results suggested that the NP detoxification mecha-
nisms, in addition to the ROS defence systems, may occur in
C. vulgaris and Chlorella sp., leading to the gradual elimina-
tion of NP in the cells with time. The increase in GST activity
in cells of Chlorella sp., Se. capricornutum and Sc.

quadricauda suggested that the main detoxification process
of NP in the cells of these microalgal species was likely
through GSH conjugation by GST, a major phase II detoxifi-
cation enzyme (Tang et al. 1998; Lei et al. 2003). Although the
GST activity of C. vulgaris remained unchanged following
NP exposure, the recovery of growth and antioxidant param-
eters after prolonged NP exposure indicated the decrease of
NP toxicity with time, which might be due to its high consti-
tutive GST activities. C. vulgaris showed the highest GST
activities among the four microalgal species under the control
condition (Fig. 5). It is also possible that other enzymes might
be involved in the NP detoxification process. For instance,
Nakajima et al. (2007) found that phenol glucosyl transferase
(GTs), in addition to GST, was involved in the metabolism of
xenobiotics in the phase II detoxification process in
microalgae. Recently, POD was also suggested to be involved
in the xenobiotics detoxification process (Stiborova et al.
2000). Therefore, the enzymes involved in the degradation/
transformation of NP in C. vulgaris should be further
investigated.

Relationships between antioxidant defence system and tol-
erance of microalgae to NP In photosynthetic organisms,
environmental factors, such as excess irradiation, aberrant
temperatures and various pollutants, would create oxidative
stresses through the increased production of ROS (Asada
1996). Under the oxidative stress condition, higher plants
and algae respond to the oxidative stress by increasing their
antioxidant defence systems, notably the antioxidant en-
zymes, such as SOD, APX or CAT, and antioxidant sub-
stances, including low-molecular-weight compounds like
GSH (Bartosz 1997). It is believed that the tolerance of plants
to environmental stress is closely related to their ability to
scavenge ROS (Rao 1992; Choo et al. 2004). Generally, the
stress-tolerant species have more effective defence systems
against ROS than the stress-sensitive species (Buchanan
et al. 2000), and many studies demonstrated that, in most
cases, a series of antioxidant enzymes in the oxidative defence
system works in combination to maintain the steady-state lev-
el of all types of ROS (Choo et al. 2004). This explains why
the relationships between cell growth and individual antioxi-
dant parameters were complicated and might not follow sim-
ple correlations in the present study. Nevertheless, the present
study displayed that the NP-tolerant species generally
responded to, and recovered more rapidly from NP-induced
oxidative stress than the NP-sensitive species, as indicated by
the changes in both growth and antioxidant parameters
(Figs. 1, 2, 3, 4, 5 and 6 and Table 2).

As the major ROS scavenging mechanisms in plants in-
clude SOD, APX or CAT, the balance of SOD and CAT or
APX is crucial for determining the steady-state levels of O2

−·

and H2O2 (Mittler 2002). The present study showed that the
ability of a microalga to remove O2

· was not directly related to

J Appl Phycol (2017) 29:1317–1329 1327



its tolerance to NP-induced oxidative stress, as the two NP-
sensitive species, Se. capricornutum and Sc. quadricauda, not
only showed higher constitutive SOD activities than the two
NP-tolerant species (C. vulgaris and Chlorella sp.) but also
displayed similar responses under the NP-induced oxidative
stress (Fig. 2), indicating that both NP-sensitive and tolerant
species could remove superoxide efficiently. The present
study demonstrated that CAT might play an important role
in the tolerance of microalgal cells to the NP-induced oxida-
tive stress, as its activity was highly correlated to the tolerance
of microalgae to NP-induced stress. The NP-tolerant species,
C. vulgaris and Chlorella sp., not only displayed a more rapid
increase in CATactivity when exposed to NP but also showed
a much higher increase in CAT activity than the two NP-
sensitive species (Se. capricornutum and Sc. quadricauda)
(Fig. 3 and Table 2).

The positive relation coefficient between GSH content and
chl a concentrations (data not shown) suggested that GSH,
together with the functioning of the GSH-related enzymes,
played an important role in the microalgae’s tolerance to
NP-induced oxidative stress. Under both control and two NP
treatments, the two NP-tolerant species (C. vulgaris and
Chlorella sp.) had a significantly higher GSH content than
the two NP-sensitive species (Se. capricornutum and Sc.
quadricauda), which were highly correlated to their higher
constitutive and/or enhanced GR activities in NP-tolerant spe-
cies when exposed to NP (Fig. 4). These results implied that
the ability of microalgae to remove H2O2 through both enzy-
matic and non-enzymatic antioxidant defence systems might
play a vital role in the NP-induced oxidative stress tolerance of
microalgal cells (Figs. 3 and 4). It was also found that GST
activity was related to the tolerance of microalgae, as the NP-
tolerant species (C. vulgaris and Chlorella sp.) had much
higher constitutive GST activities (Fig. 5). However, among
the GSH-related enzymes, GPX and POD, the two H2O2-
scavenging enzymes, seemed to have only a minor role in
the tolerance of microalgal cells to NP-induced oxidative
stress, probably due to their low ROS-removal ability as com-
pared to CAT and APX (Figs. 3 and 5). In addition to ROS
scavenging by antioxidant defence systems, plant cells
responded to the oxidative stress by avoiding the production
of ROS through physiological acclimation strategies or by
excreting H2O2 into the surrounding environment (Choo
et al. 2004; Gao and Tam 2011). The ROS accumulation in
the microalgal cells following NP exposure should be further
investigated for a more in-depth understanding of the relation-
ship between the tolerance level of microalgae to NP and their
ability to defend NP-induced oxidative stress.

Conclusions The present study demonstrated that the antiox-
idant parameters not only differed significantly among
C. vulgaris, Se. capricornutum, Sc. quadricauda and
Chlorella sp. under the control condition (without NP

addition), the responses of microalgae to NP also depended
on NP concentrations and exposure times. The changes of the
antioxidant parameters following NP exposure indicated that
NP induced an oxidative stress to microalgal cells, and the
effects of NP on the antioxidant responses were most obvious
after the first day of exposure but gradually decreased with
prolonged exposure times. Various antioxidant mechanisms
were involved in the microalgae to combat NP toxicity. The
two NP-tolerant species, C. vulgaris and Chlorella sp.
displayed more evident and rapid changes in antioxidant re-
sponses than the two NP-sensitive ones, Se. capricornutum
and Sc. quadricauda, especially under the high NP
concentration.
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