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The wide presence of polycyclic aromatic hydrocarbons (PAHs) in lakes necessitates a better understanding of
cyanobacteria metabolites under the contamination of PAHs. The M. aeruginosa strain PCC7806 was selected to
investigate the eﬀects of naphthalene and pyrene on the physiological and biochemical reactions of cyanobacteria, including antioxidant defense system (superoxide dismutase, catalase), intracellular microcystin (MC)
content, phycobiliprotein (phycocyanin, allophycocyanin) contents, and speciﬁc growth rate. Naphthalene and
pyrene altered the growth of the M. aeruginosa strain, reduced the contents of phycocyanin and allophycocyanin,
and stimulated the activities of antioxidant enzymes without lipid peroxidation. Remarkably, the intracellular
MC content was signiﬁcantly increased by 68.1% upon exposure of M. aeruginosa to 0.45 mg L−1 naphthalene,
and increased by 51.5% and 77.9% upon exposure of M. aeruginosa to 0.45 mg L−1 pyrene and 1.35 mg L−1
pyrene, respectively (P＜0.05). Moreover, signiﬁcant correlations were observed between these physiological
reactions, referring that a series of physiological and biochemical reactions in M. aeruginosa worked together
against the PAH contamination. Considering that MCs are the most studied cyanobacterial toxins, our results
clariﬁed that the promoting MC production by PAH contamination cannot be neglected when making related
risk assessments of eutrophic waters.

1. Introduction
Toxic cyanobacterial bloom, which not only causes taste and odor
problems but also produces toxins, has become a widespread and critical problem in aquatic environments all over the world (Ding et al.,
1999). Among the dominant cyanobacteria, Microcystis is the most
widespread cyanobacterial genus in eutrophic lakes and is known to
produce cyanobacterial hepatotoxins termed microcystins (MCs)
(Carmichael, 1992). MC contamination in eutrophic lakes can be accumulated in ﬁsh, bivalves and other invertebrates and then cause
harmful eﬀects to human health by transference through the food web.
Previous research has suggested that MCs can cause liver damage by
inhibiting essential enzymatic functions in hepatic tissue (Yoshizawa
et al., 1990).
MC concentrations in water bodies depend not only on the abundance of toxin-producing Microcystis strains but also on the MC production by toxigenic strains (Yang et al., 2015). The population of cyanobacteria (Pomati et al., 2004; Parsons et al., 2015) and MC
production (Wang et al., 2007; Al-Ammara et al., 2015) can be aﬀected
by some environmental stresses, including pollutants. Al-Ammara et al.
(2015) noted that some environmental factors could alter MC concentrations by aﬀecting the abundance of toxin-producing strains in a
cyanobacterial population and/or their toxin production (Al-Ammara
et al., 2015). As a ubiquitous toxic freshwater cyanobacterium isolated
from a lake in China, the M. aeruginosa strain PCC7806 has usually been
used to investigate the ecophysiology of M. aeruginosa (Downing et al.,
2005; Frangeul et al., 2008).
Signiﬁcant levels of PAHs, which are common constituents of
combustion residues, have been detected in lakes in China (Lu et al.,
2010). Even at low dosages, the exposure of M. aeruginosa to PAHs
would have eﬀects on its growth (Stoichev et al., 2011). In the surface

layers of Taihu lake, corresponding to sedimentation from 1980 to
1990, the surface sediments of ∑PAHs concentrations were 1180 and
530 μg kg−1 in Meiliang Bay and Xukou Bay, respectively (Liu et al.,
2009). Meanwhile, PAHs in sediments have a profound deleterious effect on benthic communities (Bennett et al., 2000). Although growth
inhibition (in term of speciﬁc growth rates) of M. aeruginosa by several
contaminations has been widely recognized as direct evidence of contamination (Cerezo et al., 2015), reduction of cell growth was only
observed at speciﬁc levels of PAHs. PAHs could promote the growth of
M. aeruginosa at speciﬁc levels (Zhu et al., 2012), suggesting that colonies of M. aeruginosa have a high tolerance to PAH contamination.
Thus, increasing PAH contamination in an aquatic system might alter
the occurrence of cyanobacterial blooms and MC contamination in
lakes, which could not be neglected as making risk assessments of eutrophic waters.
Due to the poor understanding of the eﬀects of PAHs on M. aeruginosa, related risk assessments for PAHs and cyanobacterial blooms are
signiﬁcantly complicated. To better elucidate the bloom sustainment of
colonial M. aeruginosa in eutrophic reservoirs and lakes, the physiological and biochemical responses of M. aeruginosa to PAH contamination
should be clariﬁed. The present study investigated the eﬀects of PAHs
on a series of physiological and biochemical processes of the M. aeruginosa strain PCC7806 to determine the main factors of PAHs aﬀecting
cyanobacterial blooms.
2. Material and methods
2.1. Experimental design
The M. aeruginosa strain PCC7806 used in this study was provided
by the Institute of Hydrobiology, Chinese Academy of Sciences.
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Fig. 1. The growth of the M. aeruginosa strain PCC7806 exposed to naphthalene (A) and pyrene (B). Data are means ± SD of the three replicates. Diﬀerent lowercase
letters indicate signiﬁcant diﬀerences between the treatments (P < 0.05).

1.81; ZnSO4·7H2O, 0.222; Na2MoO4·2H2O, 0.39; CuSO4·5H2O, 0.079;
and Co(NO3)2·6H2O, 0.0494) (Stanier et al., 1971).

Naphthalene and pyrene were selected as representative PAHs. The
exposure media were prepared by adding diﬀerent levels of naphthalene (0 mg L−1, 0.05 mg L−1, 0.15 mg L−1, 0.45 mg L−1, 1.35 mg L−1,
4.05 mg L−1, respectively) or pyrene (0 mg L−1, 0.002 mg L−1,
0.15 mg L−1, 0.45 mg L−1, 1.35 mg L−1, 4.05 mg L−1, respectively) in
500-mL ﬂasks containing 300 mL of blue-green medium (BG11). The
lowest exposure levels of PAHs were designed based on the average
PAH levels in lakes in China (Liu et al., 2009), and the NOEC values of
PAHs were measured in terms of their population growth inhibition of
Scenedesmus subspicatus, a green alga (Djomo et al., 2004). The stock
solution of PAHs was prepared in methanol and used in all the exposure
experiments. The methanol level in the blue-green medium (BG11) did
not exceed 0.01%, at which level methanol has no eﬀects on the growth
of M. aeruginosa. The same methanol levels were added to the control.
Each treatment was performed in triplicate. The exponentially growing
cells were used as inocula for the start of the experiments (the initial
cell density was approximately 104 cells·mL−1). For testing the acute
toxicity of the PAHs, after 120 h of incubation, speciﬁc volumes of algal
suspensions were retrieved for further measurement (Chen et al.,
2016a, 2016b).
All cultures were incubated at 25 ± 1 °C under cool white ﬂuorescent light at an intensity of 1600 lx with a light: dark period of
12 h:12 h. The BG11 medium contained 0.075 g L−1 MgSO4·7H2O,
0.036 g L−1 CaCl2·2H2O, 0.006 g L−1 citric acid, 0.006 g L−1 ferric citrate, 0.001 g L−1 EDTA sodium salt, 0.02 g L−1 Na2CO3, and 1 mL of
trace elements mix (containing in g·L−1: H3BO3, 2.86; MnCl2·2H2O,

2.2. Cell density analyses
The biomass of M. aeruginosa was determined by measuring their
optical density (OD) at 450 nm with a spectrophotometer (Downing
et al., 2005; Wang et al., 2017), as the Eq. (1):

N = 70.575 OD450 +6.323,

(1)

where N represents the cell numbers (cells mL−1), and OD450 are the
optical density (OD) at 450 nm with a spectrophotometer.
For testing the growth rate of M. aeruginosa, speciﬁc volumes of
algal suspensions were retrieved for measuring the density of cells at 0,
24, 48, 72, 96, 120, 144 h after cultivation. The speciﬁc growth rate of
the M. aeruginosa strain is identiﬁed as the correlation slope of cell
densities and the cultivation time, and was computed by the regression
analysis as Eq. (2) (Al-Ammara et al., 2015) for the period between
samplings therefore representing the mean μ for that period.

μ=

ln Nn − ln N0
,
tn − t0

(2)

where μ represents the algal speciﬁc growth rate, d−1, and N0 and Nn
are the cell numbers at time t0 (beginning of the test) and time tn, respectively (cells mL−1).
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Fig. 2. The levels of PC and APC in the M. aeruginosa strain PCC7806 exposed to naphthalene (A) and pyrene (B). Data are means ± SD of the three replicates.
Diﬀerent lowercase letters indicate signiﬁcant diﬀerences between the treatments (P < 0.05).

et al., 2005; Vichi et al., 2012; Yang et al., 2014).
The amount of MC-LR was quantiﬁed by the external standard
quantiﬁcation procedure, referring to a calibration curve (correlation
coeﬃcient R2 =0.9997), obtained with 7 known amounts ( from 0.1 to
5 mg L−1 in duplicate) of the MC-LR analytical standards (Sigma,
München, Germany).

2.3. Intracellular microcystin extraction and analyses
Cells were harvested by centrifugation at 6000 rpm for 15 min,
frozen in liquid N2, and thawed at 4 °C for 3 cycles in methanol-water
solution (75:25, v-v). The cells were then sonicated for 30 min and
centrifuged for 10 min at 6000 rpm. The cell pellets were extracted
thrice. All the supernatants were pooled and diluted with distilled
water. The distilled supernatants were ﬁltered through Mixed Cellulose
Ester-Microporous Filtering Membranes (0.45 µm) and then concentrated using solid phase extraction cartridges (C18, 0.5 g), eluted
with 100% (0.1% TFA) methanol. These were then blown dry using
nitrogen at 40 °C, following which the residue was re-suspended in 2 mL
of methanol-water solution (75:25, v-v) prior to HPLC analysis (Yu
et al., 2015).
MCs were analyzed using high-performance liquid chromatography
(HPLC, LC-20AT; Shimadzu, Kyoto, Japan) equipped with a 4.6 × 250mm Zorbax SB2C18 column with methanol-water (75:25, v-v) as the
mobile phase at a ﬂow rate of 0.6 mL min−1. The chromatography was
performed at 40 °C using a detection wavelength of 238 nm (Barco

2.4. Oxidative damage and antioxidant responses
The cells were homogenized in a 0.05 mol mL−1 phosphate buﬀer
(pH 7.4) by an ultrasonic cell pulverizer at 200 W for 10 min under icebath cooling. Then, the homogenate was centrifuged at 10000 rpm for
10 min at 4 °C. The supernatant, cell-free enzyme extract, was used for
enzymatic and non-enzymatic antioxidant measurements. Superoxide
dismutase (SOD) and catalase (CAT), which accompanied the oxidative
stress on cyanobacteria elicited by PAHs (Vega-López et al., 2013), were
selected to assess the antioxidant defenses in this study. SOD activity
was measured using a total superoxide dismutase assay kit with WST-1
(Dojindo, China) according to the manufacturer's instructions. CAT
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Fig. 3. Levels of intracellular MC-LR in the M. aeruginosa strain PCC7806 exposed to naphthalene (A) and pyrene (B). Data are means ± SD of the three replicates.
Diﬀerent lowercase letters indicate signiﬁcant diﬀerences between the treatments (P < 0.05).

repeatedly frozen 3 times in liquid N2 and thawed at 4 °C in the presence of a 0.05 mol mL−1 phosphate buﬀer (pH 6.7). The samples were
centrifuged at 10,000 rpm for 10 min, and after the samples were kept
in the dark for 24 h, the absorbance of the supernatant was determined.
The concentrations of phycocyanin (PC) and allophycocyanin (APC)
were calculated according to Bennett and Bogorad (1973).

activity was measured by H2O2 decomposition at 240 nm according to
(Hong et al., 2009). One unit of CAT was deﬁned as the decrease in
absorbance at 240 nm up to 0.1 per min. The activities of these enzymes
were expressed on a basis of protein content to eliminate the measurement deviation caused by the varied extraction eﬃciency of protein. The total protein content of the supernatant was determined according to the method of Bradford (1976) using bovine serum albumin
(BSA) as the protein standard (Bradford, 1976).
The level of lipid peroxidation was expressed as the content of
malondialdehyde (MDA) (Hong et al., 2009). The algal cells from each
treatment were homogenized in 5 mL of 10% (w: v) trichloroacetic acid
(TCA), centrifuged at 4000 rpm for 10 min. Then, 2 mL of thiobarbituric
acid (TBA) reagent (0.6% in 10% TCA) was added to each 2-mL aliquot
of the supernatant. The mixtures were heated at 100 °C for 30 min and
then quickly cooled in an ice bath. After centrifugation at 4000 rpm for
10 min, the absorbance of the supernatant was read at 450 nm, 532 nm
and 600 nm. The MDA content was calculated using Eq. (3).

(4)

C(APC) = [1000·(A 652 − 0.208 × A 615)/5.09]/Nn

(5)

where C(PC) and C(APC) represents the concentration of PC and APC
(μg·10−8cells), respectively, Nn represents cell density values
(cells·mL−1), and A615 and A652 represent the absorbance values detected at 615 nm and 652 nm, respectively.

2.6. Statistical analyses

(3)

CMDA = 6.45 × (A532−A 600) − 0.56 × A 450

C(PC) = [1000·(A 615 − 0.474 × A 652)/5.34]/Nn

−1

where CMDA represents the MDA content (μmol L ) and A450, A532, and
A600 represent the absorbance values detected at 450 nm, 532 nm and
652 nm, respectively.

The statistical analysis of data was performed using SPSS 16.0 for
Windows (SPSS Inc. Chicago, USA). The statistical signiﬁcance of the
data was tested with one-way analysis of variance (ANOVA), with the
signiﬁcance level set at 0.05. Pearson correlation coeﬃcients were
calculated between the growth parameters and the concentrations of
PAHs.

2.5. Phycocyanin and allophycocyanin
For phycobiliprotein analysis, the exponentially grown cells were
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Fig. 4. Levels of protein in M. aeruginosa strain PCC7806 exposed to naphthalene (A) and pyrene (B). Data are means ± SD of the three replicates. Diﬀerent lowercase
letters indicate signiﬁcant diﬀerences between the treatments (P < 0.05).

control, high level of naphthalene (8 mg L−1) signiﬁcantly reduced the
content of PC by 22.3%, and the content of APC by 22.3%. High levels
of pyrene (4.05 mg L−1, 8 mg L−1) signiﬁcantly decreased the content
of APC by 16.6–19.0%. Moreover, the ratio of APC/PC was also increased by both naphthalene and pyrene.

3. Results
3.1. Growth of M. aeruginosa
The growth of the M. aeruginosa strain was signiﬁcantly inhibited
for the strain grown in the media containing 0.15 mg L−1 naphthalene
or more than 0.45 mg L−1 pyrene (Fig. 1). The maximum inhibition was
observed for those M. aeruginosa grown in the media containing
0.45 mg L−1 naphthalene or 0.15 mg L−1 pyrene. Compared to the
control, the speciﬁc growth rate of the M. aeruginosa exposed to
0.45 mg L−1 naphthalene was signiﬁcantly decreased by 55%, and the
speciﬁc growth rate of M. aeruginosa exposed to 0.15 mg L−1 pyrene
was also signiﬁcantly decreased by 42.2% (P < 0.05).

3.3. Intracellular Microcystin
The MC content ranged from 4.974 fg cell−1 to 11.397 fg cell−1 in
the M. aeruginosa cells grown in the medium containing pyrene. It
should be noted that the MC content was increased with the increasing
pyrene level (ρ = 0.777**), as the pyrene concentration was less than
1.35 mg L−1. Meanwhile, the intracellular MC content was signiﬁcantly
increased by 68.1% upon exposure of M. aeruginosa to 0.45 mg L−1
naphthalene, and increased by 51.5% and 77.9% upon exposure of M.
aeruginosa to 0.45 mg L−1 pyrene and 1.35 mg L−1 pyrene, respectively
(P＜0.05). Under high-level contamination of PAHs, the content of MC
increased more in the M. aeruginosa cells exposed to pyrene than that in
the M. aeruginosa cells exposed to naphthalene (Fig. 3).

3.2. Phycocyanin (PC) and allophycocyanin (APC)
The quantity and composition of phycobiliproteins were signiﬁcantly modiﬁed by naphthalene and pyrene, when their concentrations were higher than 4.05 mg L−1 in the media (Fig. 2). There were
signiﬁcant negative correlations between the concentrations of naphthalene/pyrene and the levels of PC/APC in M. aeruginosa (P < 0.05).
APC content was signiﬁcantly negatively correlated with the levels of
naphthalene (ρ = −0.695**) and pyrene (ρ = −0.445**), and PC content was signiﬁcantly negatively correlated with the levels of naphthalene (ρ = −0.700**) and pyrene (ρ = −0.555**). Compared to the

3.4. Oxidative damage and antioxidant responses
The protein content in the M. aeruginosa strain was signiﬁcantly
increased by the low level of naphthalene and signiﬁcantly decreased
by the high levels of naphthalene and pyrene (Fig. 4) (P＜0.05). The
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Fig. 5. The activities of SOD and CAT in M. aeruginosa strain PCC7806 exposed to naphthalene (A) and pyrene (B). Data are means ± SD of the three replicates.
Diﬀerent lowercase letters indicate signiﬁcant diﬀerences between the treatments (P < 0.05).

4. Discussion

lowest protein content was observed in the M. aeruginosa strain exposed
to 8.0 mg L−1 pyrene. The total protein contents in M. aeruginosa were
signiﬁcantly reduced by exposure to naphthalene (≥4.05 mg L−1) or
pyrene (≥4.05 mg L−1) and were negatively correlated to the levels of
naphthalene (ρ = −0.731**) and pyrene (ρ = −0.659**). On the other
hand, the concentration of protein was signiﬁcantly increased by 14.5%
after exposure to 1.35 mg L−1 naphthalene (P＜0.05). Phycobiliproteins were also reduced with the decreasing total protein in M. aeruginosa, and their co-relations were signiﬁcant.
As antioxidant defense enzymes, the activities of SOD and CAT were
signiﬁcantly enhanced in the M. aeruginosa cells (Fig. 5). In particular, a
signiﬁcant positive correlation was found between the activity of CAT
and the pyrene level (ρ = 0.749**). The activity of SOD signiﬁcantly
increased by 60.4% (P ≤ 0.05) upon exposure to 1.35 mg L−1 naphthalene and by 36.9% (P ≤ 0.05) upon exposure to 1.35 mg L−1 pyrene.
The maximal activity of CAT in M. aeruginosa was 17.89 U·μg−1 protein
(increased by 164.5%) upon exposure to 4.05 mg L−1 pyrene
(P ≤ 0.05).
The malondialdehyde (MDA) content remained stable in the M.
aeruginosa strain exposed to naphthalene and pyrene (Fig. 6). The stable
MDA content, which is an important index of lipid peroxidation to reﬂect cellular oxidative damage, suggested that naphthalene and pyrene
did not initiate lipid peroxidation in M. aeruginosa. The results also
referred that the stimulated antioxidant defense in the M. aeruginosa
strain was eﬃcient in eliminating ROS, and preventing the algal cells
from oxidative damage (as shown in Fig. 5).

M. aeruginosa cells could eliminate or reduce the toxicity of superoxide radicals produced by PAH contamination as Giannuzzi et al.
(2016) reported. Naphthalene and pyrene increased the levels of ROS
due to the increased activities of SOD and CAT, according to the research reported by Turja (Turja et al., 2014). And MDA is an important
index of lipid peroxidation to reﬂect cellular oxidative damage (Zhang
et al., 2011; Chen et al., 2016a). The stable MDA content indicated that
there was no cellular oxidative damage in the M. aeruginosa cells exposed to PAHs. Meanwhile, these results also suggested that the increased activities of SOD and CAT in M. aeruginosa cells are eﬀective in
eliminating ROS and protecting the M. aeruginosa strain from the oxidative damage caused by naphthalene and pyrene.
In this study, the alteration diﬀered slightly between SOD and CAT.
Compared to the activity of CAT, no signiﬁcant eﬀects of high level
PAHs on the activity of SOD might result from increasing hydrogen
peroxide, which would inhibit the SOD activity of M. aeruginosa cells
(Wang et al., 2016). SOD, which is responsible for converting superoxide radicals into either ordinary molecular oxygen or hydrogen peroxide, is normally regarded as the ﬁrst defense against ROS. CAT catalyzes the decomposition of hydrogen peroxide to water and oxygen.
Moreover, in the M. aeruginosa strain exposed to pyrene, there were
signiﬁcant correlations between the phycobiliproteins and the activity
of SOD (ρ = 0.587** for PC, ρ = 0.694** for APC) / CAT (ρ = −0.685**
for PC, ρ = −0.525** for APC) and signiﬁcantly negative correlations
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M. aeruginosa strain exposed to naphthalene (ρ = −0.731**) / pyrene
(ρ = −0.659**) showed that, similar to other pollutants (Carfagna
et al., 2013; Chia et al., 2015), naphthalene and pyrene inhibited the
protein synthesis in cyanobacteria. Since sub-lethal concentrations of
PAHs could disturb cyanobacteria cell division by reducing DNA
synthesis and decreasing the percentage of cells entering mitosis and
then reducing population growth and protein production (Cerezo and
Agustí, 2015), the decreased growth observed in this study might also
result from the inhibition of protein synthesis in the M. aeruginosa
strain. Additionally, with the addition of the negative eﬀects of naphthalene and pyrene on APC/PC, which are the principal light-harvesting
antenna pigments of cyanobacteria (Sampath-Wiley et al., 2008),
naphthalene and pyrene would reduce carbon dioxide assimilation and
thus inhibit the growth of M. aeruginosa.
It can be concluded that exposure of M. aeruginosa to pyrene would
elevate the levels of ROS in algae cells without lipid peroxidation but
that the increasing ROS would result in a decrease in phycobiliproteins
and an increase in intracellular MC contents.

between intracellular MCs and APC (ρ = −0.400**) / TP
(ρ = −0.567**), which referred that phycobiliproteins and MCs were
also involved in the antioxidant defense of M. aeruginosa to pyrene
contamination. The reduction of phycobiliproteins is a general acclimation response occurring under PAH contamination as various stress
conditions reported by Lafabrie (Lafabrie et al., 2013). Phycobiliproteins are reported to be good antioxidants under oxidative stress due to
their nucleophilic ability to neutralize reactive oxidants (Cano-Europa
et al., 2010), and they are both sources and targets of singlet oxygen
(1O2), with consequent loss of the macromolecular biological functions
(Giannuzzi et al., 2016). In this study, MCs in the M. aeruginosa cells
played a role as a protectant against oxidative stress, stabilizing the
photosynthetic apparatus, and protein-modulating metabolites as previous reports (Zilliges et al., 2011; Yang et al., 2015). Remarkably, the
intracellular MC content was found to be increased with increasing
pyrene contamination (р=0.777**), which inferred that the increasing
production of MC and the reduction of PC and APC in M. aeruginosa
cells were attributable to the protection against the stress caused by
pyrene. Unfortunately, MCs are the most commonly occurring class of
cyanobacterial toxins (Carmichael, 1992) and can cause serious health
problems (Yoshizawa et al., 1990; Nishiwaki-Matsushima et al., 1992).
Moreover, some other signiﬁcant correlations showed that many
physiological reactions worked together against the PAH contamination. The concentration-dependent decrease in the total protein in the

5. Conclusions
Overall, both naphthalene and pyrene signiﬁcantly aﬀected the
growth of the M. aeruginosa strain PCC7806 and promoted MC production, which resulted from the decreasing levels of phycobiliproteins
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and increasing activities of antioxidant enzymes. Since MCs are the
most commonly occurring class of cyanobacterial toxins and can cause
serious health problems, the eﬀects of PAH contamination on cyanobacterial bloom cannot be neglected when assessing eutrophic lakes.

China. Environ. Pollut. 157, 2994–3000.
Lu, G.H., Ji, Y., Zhang, H.Z., Wu, H., Qin, J., Wang, C., 2010. Active biomonitoring of
complex pollution in Taihu Lake with Carassius auratus. Chemosphere 79, 588–594.
Nishiwaki-Matsushima, R., Ohta, T., Nishiwaki, S., Suganuma, M., Kohyama, K.,
Ishikawa, T., Carmichael, W.W., Fujiki, H., 1992. Liver tumour promotion by cyanobacterial cyclic peptide toxin microcystin-LR. J. Cancer Res. Clin. Oncol. 118,
420–424.
Parsons, M.L., Morrison, W., Rabalais, N.N., Turner, R.E., Tyre, K.N., 2015.
Phytoplankton and the Macondo oil spill: a comparison of the 2010 phytoplankton
assemblage to baseline conditions on the Louisiana shelf. Environ. Pollut. 207,
152–160.
Pomati, F., Netting, A.G., Calamari, D., Neilan, B.A., 2004. Eﬀects of erythromycin, tetracycline and ibuprofen on the growth of Synechocystis sp. and Lemna minor. Aquat.
Toxicol. 67, 387–396.
Sampath-Wiley, P., Neefus, C.D., Jahnke, L.S., 2008. Seasonal eﬀects of sun exposure and
emersion on intertidal seaweed physiology: ﬂuctuation in antioxidant contents,
photosynthetic pigments and photosynthetic eﬃciency in the red algae Porphyra
umbilicalis Kutzing (Rhodophyta, Bangiales). J. Exp. Mar. Biol. Ecol. 361, 83–91.
Stanier, R.Y., Kunisawa, R., Mandel, M., Cohen-Bazire, G., 1971. Puriﬁcation and
Properties of Unicellular Blue-Green Algae (Order Chroococcales). Am. Soc. Microbiol.
35, 171–205.
Stoichev, T., Baptista, M.S., Basto, M.C.P., Vasconcelos, V.M., Vasconcelos, M.T.S.D.,
2011. Eﬀects of minocycline and its degradation products on the growth of
Microcystis aeruginosa. Ecotox. Environ. Safe. 74, 219–224.
Turja, R., Guimarães, L., Nevala, A., Kankaanpää, H., Korpinen, S., Lehtonen, K.K., 2014.
Cumulative eﬀects of exposure to cyanobacteria bloom extracts and benzo[a]pyrene
on antioxidant defence biomarkers in Gammarus oceanicus (Crustacea: amphipoda).
Toxicon 78, 68–77.
Vega-López, A., Ayala-López, G., Posadas-Espadas, B.P., Olivares-Rubio, H.F., DzulCaamal, R., 2013. Relations of oxidative stress in freshwater phytoplankton with
heavy metals and polycyclic aromatic hydrocarbons. Comp. Biochem. Physiol. A:
Physiol. 165, 498–507.
Vichi, S., Lavorini, P., Funari, E., Scardala, S., Testai, E., 2012. Contamination by
Microcystis and microcystins of blue–green algae food supplements (BGAS) on the
italian market and possible risk for the exposed population. Food Chem. Toxicol. 50,
4493–4499.
Wang, C., Wang, X., Wang, P.F., Chen, B., Hou, J., Qian, J., Yang, Y.Y., 2016. Eﬀects of
iron on growth, antioxidant enzyme activity, bound extracellular polymeric substances and microcystin production of Microcystis aeruginosa FACHB-905. Ecotoxicol.
Environ. Saf. 132, 231–239.
Wang, J.X., Xie, P., Guo, N.C., 2007. Eﬀects of nonylphenol on the growth and microcystin production of Microcystis strains. Environ. Res. 103, 70–78.
Wang, L.C., Zi, J.M., Xu, R.B., Hilt, S., Hou, X.L., Chang, X.X., 2017. Allelopathic eﬀects of
Microcystis aeruginosa on green algae and a diatom: evidence from exudates addition
and co-culturing. Harmful Algae 61, 56–62.
Yang, J., Deng, X., Xian, Q.M., Qian, X., Li, A.M., 2014. Allelopathic eﬀect of Microcystis
aeruginosa on Microcystis wesenbergii: microcystin-lr as a potential allelochemical.
Hydrobiologia 727, 65–73.
Yang, Z., Kong, F.X., Shi, X.L., Yu, Y., Zhang, M., 2015. Eﬀects of UV-B radiation on
microcystin production of a toxic strain of Microcystis aeruginosa and its competitiveness against a non-toxicstrain. J. Hazard. Mater. 283, 447–453.
Yoshizawa, S., Matsushima, R., Watanabe, M.F., Harada, K., Ichihara, A., Carmichael,
W.W., Fujiki, H., 1990. Inhibition of protein phosphatases by microcystis and nodularin associated with hepatotoxicity. J. Cancer Res. Clin. Oncol. 116, 609–614.
Yu, L., Kong, F.X., Shi, X.L., Yang, Z., Zhang, M., Yu, Y., 2015. Eﬀects of elevated CO2 on
dynamics of microcystin-producing and non-microcystin-producing strains during
Microcystis blooms. J. Environ. Sci. 27, 251–258.
Zhang, S.L., Zhang, B., Dai, W., Zhang, X.M., 2011. Oxidative damage and antioxidant
responses in Microcystis aeruginosa exposed to the allelochemical berberine isolated
from golden thread. J. Plant Physiol. 168, 639–643.
Zhu, X.Z., Kong, H.L., Gao, Y.Z., Wu, M.F., Kong, F.X., 2012. Low concentrations of
polycyclic aromatic hydrocarbons promote the growth of Microcystis aeruginosa. J.
Hazard. Mater. 237–238, 371–375.
Zilliges, Y., Kehr, J.C., Meissner, S., Ishida, K., Mikkat, S., Hagemann, M., Kaplan, A.,
Borner, T., Dittmann, E., 2011. The cyanobacterial hepatotoxin microcystin binds to
proteins and increases the ﬁtness of Microcystis under oxidative stress conditions.
PLoS One 6, e17615. http://dx.doi.org/10.1371/journal.pone.0017615.

Acknowledgements
This work was ﬁnancially supported by the National Natural Science
Foundation of China (31670514, 31470520). Shanghai science and
technology innovation action plan-Joint project of science and technology in Yangtze River Delta (17295810600).
Conﬂicts of Interest
The authors declare no conﬂict of interest.
References
Al-Ammara, R., Naboka, A., Hashima, A., Smithb, T., 2015. Microcystin-LR produced by
bacterial algae: optical detection andpuriﬁcation of contaminated substances. Sens.
Actuat. B-Chem. 209, 1070–1076.
Barco, M., Lawton, L.A., Rivera, J., Caixac, J., 2005. Optimization of intracellular microcystin extraction for their subsequent analysis by high-performance liquid chromatography. J. Chromatogr. A 1074 (1–2), 23–30.
Bennett, A., Bogorad, L., 1973. Complementary chromatic adaptation in a ﬁlamentous
blue-green alga. J. Cell Biol. 58, 419–435.
Bennett, A., Bianchi, T.S., Means, J.C., 2000. The eﬀects of PAH contamination and
grazing on the abundance and composition of microphytobenthos in salt marsh sediments (Pass Fourchon, LA, USA.): ii: The use of plant pigments as biomarkers.
Estuar. Coast. Shelf Sci. 50, 425–439.
Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72,
248–254.
Cano-Europa, E., Ortiz-Butrón, R., Gallardo-Casas, C.A., Blas-Valdivia, V., PinedaReynoso, M., Olvera-Ramírez, R., Franco-Colin, M., 2010. Phycobiliproteins from
Pseudanabaena tenuis rich in c-phycoerythrin protect against HgCl2 caused oxidative
stress and cellular damage in the kidney. J. Appl. Phycol. 22, 495–501.
Carmichael, W.W., 1992. Cyanobacteria secondary metabolites-the cyanotoxins. J. Appl.
Bacteriol. 72, 445–459.
Carfagna, S., Lanza, N., Salbitani, G., Basile, A., Sorbo, S., Vona, V., 2013. Physiological
and morphological response of lead or cadmium exposed Chlorella sorokiniana
211–8K (Chlorophyceae). SpringerPlus 2, 147.
Cerezo, M.I., Agustí, S., 2015. PAHs reduce DNA synthesis and delay cell division in the
widespread primary producer Prochlorococcus. Environ. Pollut. 196, 147–155.
Chen, C., Yang, Z., Kong, F.X., Zhang, M., Yu, Y., Shi, X.L., 2016a. Growth, physiochemical and antioxidant responses of overwintering benthic cyanobacteria to hydrogen peroxide. Environ. Pollut. 219, 649–655.
Chen, R.Q., Li, F.F., Liu, J.D., Zheng, H.Y., Shen, F., Xue, Y.R., Liu, C.H., 2016b. The
combined eﬀects of Dolichospermum ﬂos-aquae, light, and temperature on microcystin
production by Microcystis aeruginosa. Chin. J. Oceanol. Limn. 34, 1173–1182.
Chia, A.M., Chimdirim, P.K., Japhet, W.S., 2015. Lead induced antioxidant response and
phenotypic plasticity of Scenedesmus quadricauda (Turp.) de Brebisson under diﬀerent
nitrogen conditions. J. Appl. Phycol. 27, 293–302.
Ding, W.X., Shen, H.M., Zhu, H.G., Lee, B.L., Ong, C.N., 1999. Genotoxicity of microcystic
cyanobacteria extract of a water source in China. Mutat. Res. 442, 69–77.
Djomo, J.E., Dauta, A., Ferrier, V., Narbonne, J.F., Monkiedje, A., Njine, T., Garrigues, P.,
2004. Toxic eﬀects of some major polyaromatic hydrocarbons found in crude oil and
aquatic sediments on Scenedesmus subspicatus. Water Res. 38, 1817–1821.
Downing, T.G., Sember, C.S., Gehringer, M.M., Leukes, W., 2005. Medium N:P ratios and
speciﬁc growth rate comodulate microcystin and protein content in Microcystis aeruginosa PCC7806 and M. aeruginosa UV027. Microb. Ecol. 49, 468–473.
Frangeul, L., Quillardet, P., Castets, A.M., Humbert, J.F., Matthijs, H.C.P., Cortez, D.,
Tolonen, A., Zhang, C.C., Gribaldo, S., Kehr, J.C., Zilliges, Y., Ziemert, N., Becker, S.,
Talla, E., Latiﬁ, A., Billault, A., Lepelletier, A., Dittmann, E., Bouchier, C., de Marsac,
N.T., 2008. Highly plastic genome of Microcystis aeruginosa PCC 7806, a ubiquitous
toxic freshwater cyanobacterium. BMC Genom. 9, 274.
Giannuzzi, L., Krock, B., Minaglia, M.C.C., Rosso, L., Houghton, C., Sedan, D., Malanga,
G., Espinosa, M., Andrinolo, D., Hernando, M., 2016. Growth, toxin production, active oxygen species and catalase activity of Microcystis aeruginosa (Cyanophyceae)
exposed to temperature stress. Comp. Biochem. Physiol. C: Pharmacol. Toxicol. 189,
22–30.
Hong, Y., Hu, H.Y., Xie, X., Sakoda, A., Sagehashi, M., Li, F.M., 2009. Gramine-induced
growth inhibition, oxidative damage and antioxidant responses in freshwater cyanobacterium Microcystis aeruginosa. Aquat. Toxicol. 91, 262–269.
Lafabrie, C., Garrido, M., Leboulanger, C., Cecchi, P., Grégori, G., Pasqualini, V.,
Pringault, O., 2013. Impact of contaminated-sediment resuspension on phytoplankton in the Biguglia lagoon (Corsica, Mediterranean Sea). Estuar. Coast. Shelf Sci.
130, 70–80.
Liu, G.Q., Zhang, G., Jin, Z.D., Li, J., 2009. Sedimentary record of hydrophobic organic
compounds in relation to regional economic development: a study of Taihu Lake, East

Min Zhang
State Key Laboratory of Lake Science and Environment, Nanjing Institute of
Geography and Limnology, Chinese Academy of Sciences, 73 East Beijing
Road, Nanjing 210008, PR China
Xiucui Wang
College of Environmental Science and Engineering, Ministry of Education
Key Laboratory of Marine Environment and Ecology, Ocean University of
China, Qingdao 266100 PR China
Jiayu Tao
College of Resources and Environmental Sciences, Nanjing Agricultural
University, Nanjing 210095, PR China

141

Ecotoxicology and Environmental Safety 157 (2018) 134–142

Xuezhu Zhu*
College of Resources and Environmental Sciences, Nanjing Agricultural
University, Nanjing 210095, PR China
E-mail address: zhuxuezhu@njau.edu.cn

Shuang Li
College of Resources and Environmental Sciences, Nanjing Agricultural
University, Nanjing 210095, PR China
Shupeng Hao
College of Resources and Environmental Sciences, Nanjing Agricultural
University, Nanjing 210095, PR China

Yajun Hong
College of Resources and Environmental Sciences, Nanjing Agricultural
University, Nanjing 210095, P.R. China

*
Correspondence to: College of Resources and Environmental Sciences, Nanjing
Agricultural University, 1 Weigang Road, Nanjing 210095, China.

142

