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Abstract The toxic effects of Cu (II) on the freshwater green
algae Chlorella vulgaris and its chloroplast were investigated
by detecting the responses of photosynthesis and oxidant
stress. The results showed that Cu (1) arrested the growth of
C. vulgaris and presented in a concentration- and time-
dependent trend and the SRichards 2 model fitted the inhibi-
tion curve best. The chlorophyll fluorescence parameters, in-
cluding gP, Y (I), ETR, F,/F,,, and F,/F,, were stimulated at
low concentration of Cu (II) but declined at high concentra-
tion, indicating the photosystem II (PSII) of C. vulgaris was
destroyed by Cu (II). The chloroplasts were extracted, and the
Hill reaction activity (HRA) of chloroplast was significantly
decreased with the increasing Cu (II) concentration under both
illuminating and dark condition, and faster decline speed was
observed under dark condition. Activities of superoxide dis-
mutase (SOD) and catalase (CAT) and malondialdehyde
(MDA) content were also significantly decreased at high con-
centration Cu (II), companied with a large number of reactive
oxygen species (ROS) production. All these results indicated a
severe oxidative stress on algal cells occurred as well as the
effect on photosynthesis, thus inhibiting the growth of algae,
which providing sights to evaluate the phytotoxicity of Cu

.
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Introduction

Heavy metal pollution is a global problem that has gained
considerable attention because of the great toxicity to organ-
isms and cannot be biologically degraded (Luo et al. 2010,
Shen et al. 2013, Wen et al. 2015). Once released into the
environment, these heavy metals may bring about deleterious
effects on sensitive microorganisms. As a consequence, the
effect on microorganisms such as algae will extend to the
whole ecosystem. Therefore, the potential impact of these
heavy metals on the ecosystem must be evaluated as closely
as that of other hazardous chemicals. Photoautotrophic
microalgae are the primary producers in the ecosystem.
They are on the lowest level of the nutrient pyramid and con-
stitute the foundation of the entire food web in an aquatic
ecosystem. Consequently, toxicity of heavy metals to these
organisms is of great importance (Couderchet and Vernet
2003, Ma et al. 2002, Nie et al. 2008, Nystrom et al. 2002).
Copper is an essential micro element for numerous physi-
ological processes at low concentrations, but the beneficial
range for the growth and development of plants is particularly
narrow thus becomes toxic at high concentration (Gaetke and
Chow 2003). Due to the multiple oxidation state (Cu (I) and
Cu (II)) existence in vivo, copper plays an important role in
photosynthetic electron transport, where the transfer of elec-
trons takes place through plastocyanin, the most abundant of
Cu-protein in green tissue (Yamasaki et al. 2008), which gets
reduced and oxidized as the electron is transferred from the
cytochrome b6f complex to the photosystem I (PSI) reaction
center. On the other hand, Cu (II) can also combine with the
chlorophyll molecule instead of Mg>"; these altered
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chlorophylls are unsuitable for photosynthesis because of their
less stable singlet excited state and lower tendency to bind
axial ligands (Kiipper et al. 2006). The excited energy from
these altered chlorophylls may be accidentally transferred to
oxygen resulting in the production of singlet oxygen, one of
the reactive oxygen species (ROS), which causes oxidative
damage (Pinto et al. 2003). Potential participation of Cu (II)
in Fenton reaction would also result in ROS production
(Halliwell and Gutteridge, 1984).

In addition, high concentration of Cu (II) inhibits pho-
tosynthesis including the mainly of the light reactions
thus damaging the photosynthetic organisms (Kupper
and Kroneck 2005). During photosynthesis, photosystem
IT (PSII) is essential to the regulation because it catalyzes
the oxidation of water into oxygen (oxygen-evolving
complex-Hill reaction) and supports electron transport
(Geiken et al. 1998). Chlorophyll fluorescence parameters
can be used as indicators of stress affecting photochemi-
cal pathway of utilization of absorbed light energy based
on chlorophyll fluorescence techniques (Branquinho et al.
1997, Krause and Weis, 1991). The induced chlorophyll
fluorescence technique and Hill reaction activity (HRA)
assessment can be the earlier detection of the effect on the
primary processes of photosynthesis. However, due to the
complex plant system, it is difficult to exactly and direct-
ly assess the phytotoxicity of Cu (II). As we know, chlo-
roplast is an organelle-specialized subunits in plant and
algal cells, and its main role is to conduct photosynthesis,
as well as fatty acid synthesis, much amino acid synthe-
sis, and the immune response in plants (Shtaida et al.
2015; Caplan et al. 2015). Thus, it is in urgently need
of the effect of Cu (II) on intact chloroplast in vitro. To
better evaluate its effect on photosynthesis and the phy-
totoxicity accurately, knowledge about the effects of Cu
(IT) on chloroplast in vivo and in vitro is therefore of
great importance and calls for combined in vivo and in
vitro studies. Therefore, in the present study, freshwater
algae Chlorella vulgaris was chosen as a representative
green microalga to evaluate the effect of Cu (II) on the
chlorophyll fluorescence characteristics, responses of an-
tioxidant system and HRA, and level of ROS of isolated
chloroplast and whole algal cell, in order to detect the
toxicity of Cu (II) to microalgae and provide possible
mechanisms from the perspective of oxidative damage
and photosynthesis.

Material and methods

Algal growth inhibition assay

The freshwater microalgae C. vulgaris were used as a test
organism, and the initial stock organisms were obtained from

the Institute of Hydrobiology, Chinese Academy of Sciences
(Wuhan, China). Before the assay, the algae were cultivated as
described previously (Wen et al. 2010) with minor modifica-
tion. Briefly, the algae were incubated in HB-4 medium at
25 £ 1.0 °C in an incubator under continuous illumination at
3000-4000 Ix with a 12-h light and 12-h dark cycle. In each
incubator, the cultures were shaken five times per day to en-
sure optimal growth. The algae were periodically inoculated
into fresh media to keep the cells in the logarithmic growth
phase and to prepare them for subsequent bioassays (Liu and
Xiong 2009). The sensitivity of the algae was tested using
copper dichloride (CuCl,). C. vulgaris were then exposed to
a series of concentrations of CuCl, (0.0, 1.0, 2.0, 3.0, 4.0, 5.0,
6.0, 8.0, 10.0, and 12.0 uM) for 72 h. Three replicates were
performed for each treatment and the control. After 72-h treat-
ment, the optical density at 680 nm (ODgg) of algae was
monitored with a Shimadzu UV-2401 spectrophotometer.
The algal growth inhibition rate was used as one of the indices
to evaluate the copper chloride toxicity. The inhibition of algal
growth was calculated by normalizing the data to the results of
the control cultures. In addition, to detect the intuitive effect of
Cu (I) on C. vulgaris, the electron microscopy analysis was
performed modified with previous study (Qian et al. 2008)
using transmission electron microscopy (TEM) (JEM-1230,
JEOL, Japan).

Chlorophyll fluorescence characteristics

Chlorophyll fluorescence characteristics were identified in a
96-well plate using a Maxi-PAM chlorophyll fluorometer
(L16400—40). The algal suspension of C. vulgaris (200 ul)
was pipetted into each well and then incubated in the dark
for 30 min. The maximum effective quantum yield of photo-
system II (PSII) was calculated as F,/F,,, = (F,,— Fo)/ F,,. F, is
the difference between F),, and F,,, which are the maximum
and minimum fluorescence of the dark-adapted stage of PSII,
respectively. The potential activity of PSII (F,/F)), the yield of
photochemical quantum (Y (II)), photochemical quenching
coefficient (¢gP), non-photochemical quenching coefficient
(gN), and the rate of photosynthetic electron transport (ETR)
are obtained automatically (Maxwell and Johnson 2000).

Extraction of chloroplast and determination of Hill
reaction activity

Extraction of chloroplast was performed with enzyme solution
(0.5 M mannitol, 0.2 % bovine serum albumin (BSA), 50 mM
2-(N-morpholino) ethanesulfonic acid (MES) (pH 5.8), 2 %
cellulase, 2 % macerozyme) after the previous studies (Braun
and Aach 1975, Nishimura et al. 1982). In detail, it was done
by taking a certain amount of C. vulgaris and spinning in
microfuge at 5000g for 5 min, then removing supernatant
and adding 10-ml enzyme solution. The final density of
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Fig 1 Concentration-response curves for Chlorella vulgaris at different
Cu (1) concentrations for 24, 48, and 72 h

C. vulgaris was about 4.5 x 10°/ml. The solution was shaken
in dark at 37 °C, 60—70 rpm for 24 h. Then, the filtrate obtain-
ed from filtering with 400-mesh cell strainer was spun in
microfuge at 120g for 5 min. The supernatant was removed,
and the pellet was washed with distilled water, after which the
pellet was kept suspended in buffer solution (0.33 M manni-
tol, 5 mM CaCl,, 2 mM EDTA, 10 mM NaCl, 50 mM Tricine,
pH 7.5 ). Syringe was used to break it down, and chloroplast
was obtained after being spun in microfuge at 1000g for
1 min. Samples are stored at 4 °C until analysis. The HRA
was detected with 2,6-dichlorophenol indophenol (DCPIP)
(Wu et al. 2015). In detail, 2 ml 20 pM DCPIP was added to
0.1-ml chlorophyll solution (final concentration, 10 pg chl/
ml), and after reaction under light (4000-5000 1x) for
10 min, the absorbance at 590 nm was read. Reaction of chlo-
rophyll solution with buffer solution was set as control. The
HRA was defined according to the difference of DCPIP be-
tween the control and treated groups.

Determination of reactive oxygen species production

The production of ROS was measured using the cell-
permeable indicator 2,7-dichlorodihydrofluorescein diacetate
(H,DCFDA) (Knauert and Knauer 2008). For the quantitative
determination of ROS, an aliquot of 200 ul of the suspended
algal solution was transferred to a 96-well microplate. The 2,
7-dichlorodihydrofluorescein (DCF) fluorescence was mea-
sured using a SpectraMax M35 multi-label microplate reader,
with excitation and emission filters of 485 and 530 nm, re-
spectively. The production of ROS was defined as absolute
fluorescent units of DCF by 10° algae cells. H,O, and -OH
production were determined with Amplex red agent and
Coumarin-3-carboxylic acid (3-CCA), respectively, according
previous studies (Manevich et al. 1997, Mohanty et al. 1997).
In addition, the ROS production in the chloroplast of algae
was also determined after the extraction chloroplast described
above.

Analysis of antioxidant response

The algal suspension of C. vulgaris (35 ml) after 72-h expo-
sure was spun in microfuge at 10,000g for 15 min at4 °C, after
which the supernatant was discarded. The pellet was washed
twice with phosphate buffered saline (PBS) (50 mM, pH 7.4)
buffer and then grinded with 5-ml buffer and quartz powder
on the ice. The grinding solution was spun in microfuge at 10,
000g for 5 min at 4 °C, and the supernatant was used for
enzyme activity assays. The total soluble protein (TSP) was
determined with Coomassie blue dye (G-250) binding method
(Bradford 1976). In detail, 3 ml G-250 was added to 1-ml
algal sample, and the absorbance at 595 nm was detected.
TSP contents are obtained by referring to the standard curve.

The determination of superoxide dismutase (SOD) was per-
formed with the nitro blue tetrazolium (NBT) (Choo et al.,
2004). One unit of SOD activity was defined as the amount
of enzyme that caused a 50 % decrease of the SOD-inhibited

Table 1 Parameters of three

different fitting models for the Model EXPOS‘JY@ a XC d k R ECso
effect of Cu (II) on the growth of time (h) (uM)
Chlorella vulgaris
SRichards 2 48 73.84 +£035 223+0.06 1.18+0.12 120+0.07 1.000 3.02
72 8323+ 041 3.06+0.06 272+026 2.00+0.17 0999 3.16
Slogistic 1 48 7321 +0.68 2.53+0.04 \ 1.66 + 0.10  0.998  3.00
72 83.66 + 0.61 2.88+0.03 \ 1.57£0.07 0999 3.15
SGompertz 48 74.01 £ 037 2.14+0.02 \ 1.12+£0.03 0999 3.00
72 8439+ 1.60 248 +£0.08 \ 1.09£0.12 0992 3.04

Fitting model formulas:

Ysricharas 2 = @ X (1 +(d = 1) x exp. (=k x (x = xo)"(1/(1 = d));
YSlogistic 1=a / (1 + €xp. (_k % (x - XC)));

YSGompcnz =ax eXP-(_eXP- (_k x (X - XC)))
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Fig 2 Ultrastructure of Chlorella

vulgaris cell after exposure to 1 to

5 uM Cu (II): (a) control; (b)

1 uM; (¢) 2 uM; (d) 3 pM; (e)

4 uM; and () 5 uM. CW cell wall

of C. vulgaris 3

NBT reduction. The content of malondialdehyde (MDA), prod-
uct of lipid hydroperoxide, is determined with thiobarbituric
acid (TBA) (Fraga et al. 1988). Briefly, 3 ml 0.5 % TBA (con-
tain 20 % trichloroacetic acid, TCA) and samples were reacting
in boiling water for 30 min and cooling down at room temper-
ature, after which the absorbance at 600, 532, and 450 nm
respectively is read. The content of MDA can be formulated
mathematically as follows:

C (MDA) = 645 x (OD532 - ODGOO) - 0.56

X ODysp, uM

Where ODys0, ODs3;, and ODgq are the optical density at
specific wavelengths, and C (MDA) is the content of
malondialdehyde.

Statistical analysis

The data were analyzed using Origin 8.0 software (OriginLab,
Northampton, MA, USA) according to the methods provided by
the manufacturer in the test kit. Comparisons were made using
one-way analyses of variance (ANOVA), followed by a multiple
comparison test of means (Tukey test). The differences were
considered statistically significant when p was less than 0.05.

Table 2 Effect of Cu (II) on the chlorophyll fluorescence parameters
(Fo, Fyy F\JF,,, F\JFp) of Chlorella vulgaris

Cu (II) treatment (uM) 0 1 2 3 4 5

Fy 0.024 0.023 0.027 0.029 0.019 0.007
F, 0.059 0.064 0.075 0.079 0.038 0.008
FJF, 0.595 0.642 0.640 0.630 0.493 0.051
F/F, 1.471 1.791 1.778 1.701 0.974 0.054

Results and discussion

Toxicity of Cu (I) to C. vulgaris

The effects of Cu (II) on the inhibition ratio of C. vulgaris
were depicted in Fig. 1. As shown in Fig. 1, after 24-h expo-
sure, the treatments exhibited an increasing inhibition rate as
the Cu (II) concentration increased, showing 10.10, 23.18,
29.63, 33.20, 35.30, and 36.74 %, respectively. The greatest
inhibition rate was less than 40 % and changed little when Cu
(IT) concentration was larger than 5 uM. Significant increasing
inhibition rates occurred when C. vulgaris exposed to another
24-h and 48-h treatments, exhibiting more than 70 and 80 %
inhibition rate at high Cu (II) concentration, and the ECs, was
3.02 and 3.16 uM, respectively. In addition, to best fit the
effect of Cu (II) on the growth of C. vulgaris, three different
fitting models were compared. The parameters of SRichards 2
model, Slogistic 1 model, and SGompertz model have been
shown in Table 1. As it shown, the SRichards 2 model fitted
the growth effect curve best, where R* was 1.000 and 0.999
for 48-h and 72-h exposure, respectively.

As one of essential micro nutrition elements, the promoting
role of Cu (II) may be reversed as the concentration going up.
Previous studies have revealed that at high concentration, Cu
(II) has deleterious effects on C. vulgaris including the ROS
production and chlorophyll synthesis (Mehta and Gaur 1999,
Qian et al. 2009). In this study, the effect of Cu (II) on the

1M 2uyM 3puyM 4uM 5pM

control

Fig 3 Image of maximum photochemical yields of PSII (F,/F,,) in the
dark-adapted state of Chlorella vulgaris under Cu (II) stress
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Fig 4 Effect of Cu (II) on o7 @)
chlorophyll fluorescence
characteristics of Chlorella
vulgaris. a Photochemical
quenching coefficient gP. b
Photochemical quenching
coefficient gN. ¢ The yield of
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growth of C. vulgaris exhibited a concentration-dependent
manner as Fig.2 depicted. As for the control group (Fig
2(a)), algal cell was presented in a healthy state, but when
the concentration of Cu (II) increased (Fig. 2(b)—(f), 1-
5 uM), plasmolysis occurred in a concentration-dependent
manner, indicating that alga cells suffered under Cu (II)
stresses.

On the whole, the stress on C. vulgaris increased with the
increasing concentration of Cu (II) and the inhibition present-
ed in a concentration- and time-dependent trend. Therefore, to
evaluate the toxicity of Cu (II) and further impacts to
C. vulgaris, we choose Cu (II) concentrations of 1, 2, 3, 4,
and 5 uM.

Effect of Cu (II) on chlorophyll fluorescence

Algae cannot grow without photosynthesis; once the photo-
synthetic system is affected by contaminants, the growth of
algae will be affected inevitably (Bernal et al. 2006). The
chlorophyll fluorescence reflects the absorption, distribution,
and utilization efficiency of energy by cells (Cid Blanco et al.

Fig 5 The image of chloroplast
in Chlorella vulgaris extracted
with enzyme solutions. a Image
pictured by phase contrast
microscope. b Image pictured by
UV fluorescence microscope with
Brightner 28

@ Springer
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1995, Pitsikkd et al. 1998, 2002). The fluorescence kinetic
analysis can be used as a tool to identify changes in photosyn-
thetic light reactions, because environmental stress can reduce
the ability of plants to metabolize normally, resulting to an
imbalance between the absorption of light energy by chloro-
phyll and the use of energy in photosynthesis. The effect of Cu
(II) on the chlorophyll fluorescence was depicted in Table 2
and Fig 3. At low Cu (I) concentration, the minimum fluo-
rescence (Fy) value and maximum fluorescence (F,,,) value of
dark-adapted samples had a slight increase comparing the
control, as well as the photosynthetic quantum efficiency of
photosystem II (PSII) in dark-adapted state (measured as F,/
F,,) and the potential activity of PSII (measured as F, / Fy,
which represents the potential of energy, absorbed by antenna
pigment, transferring to PSII). These slight increases may due
to the fact that Cu is an essential trace element in plants that
low dose of Cu (II) ions may exhibit a promoting effect on
plants. As the concentration of Cu (II) increased, the Fy and
F,, values had a significant decreasing trend towards Cu (II)
concentration at 4 and 5 uM. Additionally, both the F,/F,,
value and the F,/F, value, were maximal at 1 uM Cu (1),
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Fig 6 Effect of Cu (II) on the HRA of isolated chloroplast under illuminate
and dark conditions

followed a significant decreasing trend towards Cu (II) con-
centration of 3 uM, and almost zero at 4 and 5 uM (Table 2).
The negative effect of high-dose Cu (II) on the F,/F,, and F,/
Fy values may due to Cu (II) harmful effects on the oxidation
transport chain in PSII or PSII primary electron acceptor, in-
dicating that the photo-damage of PSII under Cu (II) stress
may be accompanied with an increase in energy dissipation as
heat and increasing of photo-damage to the photosynthetic
apparatus (Huang et al. 2013).

As for the other photochemical and non-photochemical
quenching coefficients shown in Fig. 4, the photochemical
activity of PSII in actinic light (¢P) was optimal at around
1 uM Cu (1), but a sharp decrease occurred at high concen-
tration of Cu (II) (Fig 4a). The non-photochemical quenching
(gN, measured as 1 — F,/ / F,), a parameter related to the
capacity of dissipating excess photon energy in the form of
thermal, had a significant decreasing trend towards Cu (II)
concentration of 3 uM, almost zero at 4 and 5 M (Fig 4b).
As shown in Fig. 4c, low concentrations (1 and 2 uM) of Cu
(II) did not significantly affect the yield of photochemical
quantum (Y (II)), the parameter defined as actual photochem-
ical efficiency of PSII in the light and measured as (Fm' — F)/
Fm' (Bilger and Bjorkman, 1990), and there is a slight boost.

350 22

This is probably because Cu is one kind of essential trace
elements. The value of Y (II) had significant decline under
the concentration of 3 uM, to almost zero at the concentration
more than 4 uM. The electron transport rate (ETR) increased
with the increasing light intensity from 0 to 600 umol m s ™",
then decreased and fluctuated (Fig 4d).

The parameter ¢gP, an index to indicate the ratio of the
opened reaction center in PSII, reflects the reducing state of
primary electron acceptor (Q,). The greater gP, the more en-
ergetic electron transfer (Genty et al. 1989). Thus, the decreas-
ing trend of gP under high concentration Cu (II) suggested
that a larger percentage of the PSII reaction centers was
closed. These results showed that the balance between excita-
tion rate and electron transfer rate had changed, thus leading to
a more reduced state of the PSII reaction center and more
luminous energy dissipated by heat or other way (Efeoglu
et al. 2009).

Chloroplast extraction and Hill reaction activity
of isolated chloroplast

The extraction of chloroplasts in C. vulgaris was performed
with enzyme solution based on previous studies (Braun and
Aach 1975, Nishimura et al. 1982). The extraction results
were depicted in Fig. 5. The photo in Fig 5a was pictured by
phase contrast microscope, and the photo in Fig 5b was taken
by UV fluorescence microscope with fluorescence-whitening
agent Brightner 28. From the aspect of luster and the integrity
of dual membrane structure, the chloroplast extracted with
enzyme solution belonged to class A according to the classi-
fication (Hall 1972).

The Hill reaction is known as the first step of photosynthesis,
splitting of water to donate two electrons to the reaction center
and can be used to evaluate photosynthetic capability (Ye et al.
2009). Followed the extraction, the Hill reaction activity (HRA)
of isolated chloroplasts under illuminating and dark condition in
different concentrations was determined and compared. In the
results, after exposure to Cu (II) for 2 h, the HRA significantly
decreased with the increasing Cu (II) concentration under both
illuminating and dark conditions (Fig 6). In detail, the HRA
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declined more than 50 % at the Cu concentration of 20 M
under the light condition, which occurred to 10-uM treatment
under the dark condition. The largest decrease amplitude of
HRA under the illuminating and dark conditions was 60 and
83 %, respectively. It suggested that Cu (II) inhibited the photo-
chemical activity of isolated chloroplast, as well as the photo-
synthetic ability of C. vulgaris was disturbed with increasing
concentration of Cu (I) and may due to the damage of thyla-
koids in the chloroplast. In fact, the effects of Cu (I) on the
photosynthesis of algae have been frequently reported (Shioi
et al. 1978, Singh and Singh, 1987). The Hill reaction was
inhibited, which leads to the generation of singlet oxygen and
oxidative damage of photosynthesis apparatus (thylakoids). In
addition, the speed of HRA decline with or without light condi-
tion exhibited a different manner, in which HRA decreased
faster without light than that with light, indicating that light
condition plays an important role in the effect of Cu (II) on the
HRA of chloroplasts in C. vulgaris.

Cu (IT)-induced ROS production of whole algal cell
and isolated chloroplast

Environmental stresses can provoke an oxidative burden by
overproducing reactive oxygen species (ROS), which is highly
reactive to cellular constituents, thus fatally disturbing plant
metabolism and influencing the growth of plants. Excessive
ROS production may be produced when organisms are exposed

to external stress, leading to oxidative stress and cause lipid
peroxidation and resulting in random target attack and toxic
effects (Finkel and Holbrook, 2000, Wen et al. 2011). In this
study, the level of ROS of the whole algal cell and isolated
chloroplast was determined at Cu (I stress for 2 h. In the whole
algal cell, as Fig. 7 depicted, ROS increased with the increasing
Cu (I) stress and remained stable when the concentration was
larger than 5 uM (Fig 7a). As for the H,O, production, Cu
treatments at low concentration did not show significantly ef-
fect, but as Cu (II) increased, the effects showed up and the
production of H,O, increased accordingly (Fig 7b). In addition,
the ‘OH production of C. vulgaris under Cu (II) stress exhibited
similar trend (Fig 7c). Similar phenomenon took place in the
ROS production of isolated chloroplast in C. vulgaris under Cu
(ID) stress (Fig. 8).

ROS, as the chemically reactive molecules containing oxy-
gen, are formed as a natural byproduct of the normal metabo-
lism of oxygen and play important roles in cell signaling and
homeostasis (Devasagayam et al. 2004). However, environ-
mental stress, such as UV or heat can increase the ROS levels
dramatically (Devasagayam et al. 2004); therefore, ROS can be
triggered by external contaminants like heavy metals, and their
harmful effects have long been recognized (Halliwell and
Gutteridge, 1999). These results obtained in present study con-
firmed that Cu (II) induced the algae to produce reactive oxy-
gen species, providing a sight to explain the mechanism of Cu
(II) toxicity to plants.
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Fig 9 Effect of Cu (II) on the antioxidant response of Chlorella vulgaris: a SOD activity; b MDA content; ¢ CAT activity
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Activity of superoxide dismutase, catalase, and lipid
peroxidation

Under non-stress condition, SOD can prevent cells from oxida-
tive damage by eliminating O, (Halliwell and Gutteridge,
1999). As it shown in Fig. 9, under Cu (II) stress, SOD activity
in C. vulgaris first increased, maximal at 2 M, then decreased
with the increasing Cu (1) stress. SOD activity of the treated
group was significantly higher than that of the control (Fig 9a). It
indicated that as Cu (II) stress intensity is raised, the level of
SOD activity might be firstly increased as a defense mechanism
against Cu (II)-induced O2- , then decreased as a result of
enzyme inactivation. Similar phenomenon occurred in the effect
on CAT activities (Fig 9c¢).

As Cu () stress intensity is raised, antioxidant system can-
not remove ROS completely to prevent cells from oxidative
damage, such as lipid peroxidation (Xu et al. 2013, Wen et al.
2009). MDA, the product of lipid peroxidation, reflects the
degree of lipid hydroperoxide and cell damage (Box et al.
2008). With the increasing Cu (II) stress, MDA content firstly
increased then decreased. The contents of the treated group (2,
3, and 4 pM) were significantly higher than those of the con-
trol, but lower at 5 uM. It indicated that Cu (II) caused lipid
hydro peroxide damage to algae (Fig 9b).

Conclusion

Our experiments showed that high Cu (II) stress (larger than
3 uM) caused PSII damage, leading to weak capacity of photo-
synthetic and self-protection. However, low Cu (II) stress (less
than 2 uM) stimulated PSII starting the self-protection mecha-
nism thus enhancing actual photochemical efficiency of PSII in
the light (Y(I)),the photochemical activity of PSII in actinic light
(¢P) and electron transport rate (ETR). Similar trends of ROS
production in the whole algal cell and isolated chloroplast were
observed. As Cu (II) stress intensity was raised, the level of
antioxidant response might be firstly increased as a defense
mechanism against Cu (II)-induced ROS, then decreased as a
result of enzyme inactivation. Low Cu (II) stress (less than
1 uM) did not cause lipid peroxidation; high Cu (II) stress (larger
than 2 uM) caused lipid peroxidation obviously. Cu (II) could
reduce HRA ofisolated chloroplast significantly at Cu (II) stress
(larger than 20 uM) for 2 h. The change of the level of ROS and
HRA presents a good negative correlation, suggesting ROS
might damage the chloroplast to conduct photosynthesis.
Results obtained in the present study may provide sights to
evaluate the mechanism of heavy metal phytotoxicity, and the
extraction of chloroplast may also offer the direct evidence of
deleterious effects to plant caused by external contaminants.
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