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The potential adverse effects of e-waste recycling activity on environment are getting increasing concern.
In this work, a model alga, Pseudokirchneriella subcapitata, was employed to assess the toxic effects of the
leachates of paddy soils and river sediments collected from e-waste dismantling sites. Chemical analysis
of the paddy soils and river sediments and their leachates were carried out and the growth rate,
chlorophyll a fluorescence and anti-oxidative systems of the alga were measured. Results showed that
two leachates decreased the amount of PSII active reaction centers and affected photosynthesis perfor-
mance, interfered with chlorophyll synthesis and inhibited algal growth. Some chemical pollutants in the
sediments and soils such as polybrominated diphenyl ethers (PBDEs) and metals derived from e-waste
recycling activity may impose oxidative stress on algae and affect the activity of anti-oxidative enzymes
such as GST, SOD, CAT and APX. The leachates of both river sediments and paddy soils are potentially
toxic to the primary producers, P. subcapitata and the leachate from sediments was more deleterious than
that from soils.

& Elsevier Inc. All rights reserved.
1. Introduction

Recently, the environmental impacts of pollutants derived from
electronic waste (e-waste) dismantling activity have been of in-
creasing concern (Leung et al., 2011; Ma et al., 2011), and the
problem is progressively worse, especially in some developing
countries like China. Large amounts of obsolete electronic pro-
ducts such as computers, TV, cell phones and breadboards are
exported to developing countries for recycling due to local lower
labor costs and less stringent environmental regulations (Wong
et al., 2007). Guiyu, a small town in Shantou city, located in
southeast Guangdong province, PR China, is one of the biggest
e-waste dismantling places in the world. The dismantling and
deposition activities are done with primitive methods such as
mechanical crushing, smelting, burning and acid washing in family
workshops scattering throughout the town. Because these small
workshops lack technical instruction and knowledge of environ-
mental protection, toxic compounds from the dismantling process
99@gig.ac.cn (T. An).
have been directly discharged into the circumjacent environment
without any further treatment.

Metals, polybrominated diphenyl ethers (PBDEs) and other
persistent toxic substances were frequently detected in the air,
waters, soils and biota within e-waste recycling sites (Leung et al.,
2006; de Wit, 2002; An et al., 2011). Wang et al. (2005) reported
that PBDEs ranged from 0.26 to 824 ng g�1 in sediments of brooks
and soils in Guiyu town. Luo et al. (2007) found that PBDEs were
very high (from 4434 to 16,088 ng g�1) in sediments from the
Nanyang river across Guiyu town. Ma et al. (2011) reported that
workers in e-waste workshops in Taizhou, eastern China, had high
concentrations of both PBDEs in their hair as compared with the
people living in uncontaminated areas, as well as elevated levels of
DNA damage (Wen et al., 2008). Huo et al. (2007) reported very
high blood lead levels in children born between 2001 and 2007 in
Guiyu. The low body weight ratio (6.5% vs 2.0%), premature births
(8.9% vs 4.9%) and death rates (4.7% vs 0.52%) were also sig-
nificantly higher in Guiyu town than those in the suburb in Xia-
men city, away from Guiyu (Wu et al., 2012).

Although many researches on the environmental impacts of
e-waste have been published, most of them focused on the che-
mical analysis of environmental samples. Very limited information
is available about the assessment of the potential ecological effects
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of e-waste cycling activities via the use of suitable biological
models. Information based only on chemical monitoring does not
address the total environmental problem. Documenting the re-
sponse of biota may not only help identify the effects of pollutants,
but also understand their mechanism of action. The Water Fra-
mework Directive (2000/60/EC) was the first report that defined
both the chemical and ecological assays useful to determine the
overall health of aquatic ecosystems (Wadhia and Thompson,
2007). Furthermore, the biota approach is cost-effective and an
essential complement to chemical analysis. Moreover, it is prac-
tical to use the standard methods to assess the toxicity of en-
vironmental pollutants. Turner and Rice (2010) assessed the toxi-
city of tire wear particle leachate to algae and found different di-
lutions significantly reducing the photosynthesis efficiency of
macroalgal. Wang et al (2009) utilized a multi-trophic approach to
characterize the acute toxicity of river sediments collected from an
e-waste site in Guiyu. These studies showed that the toxicity
testing approach using extractive or leachate from solid wastes is
valid and practicable in the environmental toxicity assessment.
Most works mentioned above focused on either the chemical
analysis or the toxic effects determination of samples from
e-waste sites. However, the combination of chemical analysis with
ecotoxicological assays to assess the toxic effects of leachate from
the e-waste recycling activity is still not attempted.
Fig. 1. The locations of sampling sites at Guiyu town in Guangdong Province, South Chi
The aim of the present study is to integrate both chemical
analysis and biota responses to assess the potential ecological
impacts of electronic products cycling activity. Algae as primary
producers constitute the base of the food webs in aquatic eco-
systems. Therefore, microalgae are often used as indicators for
environmental pollution and water quality monitoring. The ex-
periment was designed to determine and compare the response of
a model alga, Pseudokirchneriella subcapitata, to the leachates of
paddy soils and river sediments collected from Guiyu town. The
growth rate, chlorophyll a fluorescence and anti-oxidative system
of algae were investigated to assess the toxic effects of pollutants
derived from e-waste dismantling activity.
2. Materials and methods

2.1. Sampling and materials preparation

2.1.1. Collection of samples
River sediments and paddy soils in the margins of the river

were collected from three different sites within Guiyu town,
where many small e-waste dismantling workshops and factories
are scattered along the river (Fig. 1). Samples were collected by
using an Ekman-Bridge grab sampler for surface sediments and a
na (S1, S2 and S3 indicated the sampling sites of river sediments and paddy soils).
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shovel for paddy soils and kept at �5 °C in polypropylene con-
tainers until they were transported to the laboratory. Later, sam-
ples were freeze-dried and ground into a powder and sieved
through a 100 μm mesh and then put into 500 mL brown bottles
and stored at 4 °C for later use.

2.1.2. Extraction of leachates
Equal amounts of samples from three sites were taken and

mixed homogenously. The 500 g of mixture was used for extrac-
tion. Three replicates were carried out. Samples were weighed and
put into distilled water with a 1:1 ratio of sample:water (%, w:v),
extracted on a horizontal oscillator with bubbling nitrogen for 6 h
and then allowed to stand statically for 24 h. The leachates were
first filtered (0.45 mm porosity filter paper) and then through a
0.22 μmmembrane filter using a vacuum pump and then prepared
for toxicity testing. The average pH of leachates was 6.9870.16 for
river sediment and 7.2270.21 for paddy soil. The TOC was
1.8670.64% for sediment and 2.8671.26% for paddy soil.

2.2. Analysis of metals and PBDEs

2.2.1. Determination of metals
For soil, sediment and their corresponding leachate samples,

Pb, Zn, Cu, Cd and Cr were analyzed by using inductively coupled
Plasma-Atomic Emission Spectrometry (ICP-AES) (OPTIMA
2000DV, Perkin-Elmer, USA).

2.2.2. Determination of PBDEs
PBDEs were analyzed following US EPA method 1614 (US EPA,

2007) with minor modifications. Briefly, the samples were spiked
with 1 ng of a 13C-PCB141 (Cambridge Isotope Laboratories Inc.,
Andover, MA, US), and mixed with anhydrous sodium sulfate and
allowed to equilibrate for 2 h. The samples were extracted using
50:50 methylene chloride:hexane (v/v) in a sonication extractor;
the extracts were purified and fractionated in silica gel and Florisil
columns. The fraction extractions were concentrated to 2.0 mL
under a gentle N2 stream. Identification and quantification of in-
dividual PBDEs congeners were accomplished using a QP2010 GC–
MS (Shimadzu, Japan). A gas chromatography column of DB-XLB
ms fused-silica capillaries (30 m�0.25 mm�0.25 mm) (J&W Sci-
entific) was used for PBDEs analysis. The injector and interface
temperatures were 275 °C and 300 °C, respectively, and 2 mL
samples were injected with the pulsed splitless mode (345 kPa).
Recoveries of surrogate with spiked samples with 13C-PCB141 (m/z
¼372, 374), PCB209 (m/z¼498, 500) were in the range of 65–
120%, RSDo 20%.

2.3. Algal exposure

Pseudokirchneriella subcapitata (Korshikov) Hindak, (Formerly
Selenastrum capricornutum), commonly used as a freshwater
model alga in standard toxicity tests, was provided by the Fresh-
water Algae Culture Collection Center of the Institute of Hydro-
biology (FACHB-Collection), Wuhan City, China.

Exposure experiments were undertaken following the guide-
lines of the Organization for Economic Cooperation and Develop-
ment (OECD) for testing chemicals no. 201 with minor modifica-
tions (OECD, 1984). Aliquots of leachates prepared at diluted ratio
of 25%, 50% and 100% of the original leachate mentioned above
were dispensed into a series of 250 mL culture flasks and distilled
water was served as a control. The volume was brought up to
200 mL with the autoclaved algal medium. Then 20 mL of algae
culture in the exponential growth phase were inoculated into
treated flasks with initial cell densities of 1�105 cell mL�1. The
flasks were covered with perforated polyethylene film to avoid
contamination. All flasks were placed into a plant incubator (FPG-
3, Ningbo, China) at 2471 °C with a light:dark period of 12:12 h at
60 μmol m�2 s�1 illumination. Flasks were shaken by hand three
times daily to minimize cell sedimentation. Three replicates were
conducted for each treatment. Each replicate was sampled at fixed
intervals for cell counts, chlorophyll a content, fluorescence para-
meters; and the biochemical analysis were performed only at 96 h
exposure.

2.4. Bioassay tests

2.4.1. Growth rate inhibition determination
The growth rate was measured by directly counting the num-

ber of cells in a Goryaev hemocytometer at 24, 48, 72 and 96 h
after inoculation. The growth rates were calculated according to
the OECD guideline (OECD, 1984).

2.4.2. Chlorophyll a content analysis and chlorophyll a fluorescence
measurement

Samples of the algal culture (50 mL) were collected at 24, 48, 72
and 96 h exposure and centrifuged at 10,000g for 10 min. The
chlorophyll a contents were measured by a UV/vis spectro-
photometer (Shimadzu Ltd., Japan).

One mL of algal solution under different treatments was taken
at 96 h and diluted 5 times with the sterilized medium. Samples
then underwent the step of dark adaptation for at least 30 min
before measurement. Chlorophyll a fluorescence was measured by
a Plant Efficiency Analyzer (PEA, Hansatech Ltd., England) with an
excitation light intensity of 3000 μmol m�2 s�1.

The fluorescence transient was analyzed according to Strasser
and Strasser (1995) and Appenroth et al. (2001) by using the
fluorescence intensities at 300 ms (K-step), 2 ms (J-step) and 30 ms
(I-step). Selected JIP-test parameters quantifying PSII behavior
were derived from the fluorescence induction kinetics according
to Strasser et al. (2000) as following: Fo: the fluorescence intensity
at 0 s; FM: the maximum fluorescence intensity; PIabs: perfor-
mance index (on an absorption basis); φPo: maximum yield of
primary photochemistry; φEo: quantum yield of electron trans-
port; Ψo: efficiency with which a trapped excitation can move an
electron into the electron transport chain further than QA; φDo:
Quantum yield of dissipation; ABS/RC: absorption flux per reaction
center; TRo/RC: trapping flux per reaction center (at t¼0); ETo/RC:
electron transport flux per reaction center (at t¼0); DIo/RC: Dis-
sipated energy flux per reaction center (at t¼0); RC/CSo: the
amount of active PSII reaction centers per excited cross section (at
t¼0).

2.4.3. Measurement of enzyme activity
The antioxidant enzymes extraction methods were modified

from Knörzer et al. (1996). Algae cells from 100 mL culture media
after 96 h exposure were re-suspended into 4 mL ice-cold ex-
traction buffer containing 50 mM Hepes–KOH (pH 7.5), 1 mM
EDTA, 1 mM dithiothreitol, 20% (v/v) glycerol and 2% (w/v) PVPP.
The suspension was kept in an ice bath and ultra-sonicated (UH-
950B, Tianjing, China) for 15 min with 5 second intervals per
minute in a 4 °C ice-bath, and then centrifuged at 12,000 rpm for
10 min at 2 °C. The supernatant was immediately used for the
measurement of the antioxidant enzymes. Soluble protein content
was measured according to Bradford (1976).

Ascorbate peroxidase (APX) activity was measured by mon-
itoring the decrease of absorbance at 290 nm (extinction coeffi-
cient of 2.8 mM�1 cm�1) for 1 min (20 s lag period) using the
method described in Nakano and Asada (1981).

Superoxide dismutase (SOD) activity was assayed by monitor-
ing the inhibition of the photochemical reduction of nitro blue
tetrazolium (NBT) according to the protocol of Yu and Rengel
(1999) with minor modifications.



Table 2
Growth rate inhibition (ρti, as a percentage of control) of Pseudokirchneriella. sub-
capitata exposed to the various dilution ratio leachate solutions of paddy fields soils
and river sediments collected from e-waste sites over exposure time.

Concentra-
tion (per-
centage %)

Growth rate inhibition (ρti, %)

24 h 48 h 72 h 96 h

Soils leachate
25 19.0271.57 17.2771.23 13.2771.68 13.2171.26
50 21.1271.09 21.6771.53 17.0272.88 16.1770.81

100 28.7571.76n 31.7973.25n 24.6672.49n 23.4671.24

Sediments leachate
25 43.5672.09n 41.9675.87n 40.7875.76n 41.6176.94n

50 45.4971.53n 47.8776.29n 48.2677.57n 50.11711.70n

100 55.0171.94n 61.3376.84n 56.8276.24n 58.9279.38n

a Values are mean7standard deviation. bρti¼ Inhibition ratio.
n Po0.05.
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Catalase (CAT) activity was measured by monitoring the de-
crease the absorbance at 240 nm (extinction coefficient of
36 M�1 cm�1) for 3 min (1 min lag period), according to the
method described in Aebi (1984).

Glutathione-S-transferase (GST) activity was measured by uti-
lizing the tissue GPX/GST activity quantitative assay kit (Jiancheng
Bioengineering Institute, Nanjing, China) with the enzyme extract
prepared according to the method described above.

2.4.4. Determination of lipid peroxidation and total GSH
Lipid peroxidation in the algal cells was determined by mea-

suring the concentration of malondialdehyde (MDA) (Buege and
Aust, 1972). GSH was measured using the tissue GSH quantitative
assay kit (Jiancheng Bioengineering Institute, Nanjing, China).

2.5. Statistical analyses

The experimental data were reported as mean values of three
measurements7standard deviation (SD). The differences in the
means of the various treatments were tested with a one-way
ANOVA. Significance is accepted at Po0.05.
3. Results

3.1. Chemical analysis of leachates from paddy soils and river
sediments

According to the previous studies (Wong et al. 2007; Luo et al.,
2007), PBDEs and metals are very typical pollutants in environ-
mental matrices from e-waste recycling activity. Therefore,
they were chosen as priority monitoring targets of analysis in
present investigation. PBDEs and metals analysis of paddy soils,
river sediments and their corresponding leachates were shown in
Table 1. The average of total PBDEs in the paddy soils was
433.857284.4 ng g�1 (dw, the same afterwards), much lower
than the content in sediments (7349.3271103.8 ng g�1). Major
congeners of PBDEs in paddy soil were BDE209, 207, 206 and
BDE208. Among them, BDE 209 represented 90% of the total
Table 1
Concentrations of PBDEs and heavy metals in sediments and soils and their
counterpart leachates.

Paddy fields soils Leachates of
paddy soils

River sediments Leachates of
river
sediments

PBDEs congeners (ng g�1, dw or ng L�1 )
BDE28 0.24370.31 0.09370.08 21.965718.86 0.28170.09
BDE47 1.57771.61 0.05770.05 155.8287125.53 0.54270.21
BDE66 0.33370.26 0.00770.01 51.333745.03 0.01970.02
BDE99 1.86371.81 0.13470.12 228.2657182.32 0.95170.13
BDE100 0.25070.09 0.00770.01 25.518718.24 0.01770.01
BDE153 0.42070.14 nd 85.232761.44 0.01270.01
BDE154 0.19170.04 nd 17.59579.97 0.01470.01
BDE138 0.31670.06 0.00470.01 11.19974.78 0.02270.01
BDE183 2.38471.51 0.00770.01 478.4267231.43 0.09170.05
BDE206 10.74877.79 0.95270.58 309.123774.33 0.85170.05
BDE207 18.436713.75 0.26470.21 482.997763.89 3.62772.12
BDE208 6.37474.34 0.03270.06 147.635726.27 1.04971.08
BDE209 390.6747159.11 0.58970.38 5319.05771276.47 17.06476.46
∑PBDE 433.8597284.48 2.14671.33 7349.32071103.86 24.08078.21

Heavy metal (mg kg�1, dw or mg L�1)
Pb 71.631715.72 nd 385.150743.12 0.15370.06
Zn 99.322719.54 0.11270.03 744.691736.54 0.18170.05
Cu 25.83179.83 0.24170.03 2977.4327358.63 1.55170.68
Cd 1.31370.56 nd 14.08171.22 0.02270.01
Cr 31.99175.82 0.02170.02 40.93177.93 0.03370.02

Note: nd means no detection.
PBDEs. As for sediments samples, BDE209, 183, 207, 206, 99 and
BDE47 constituted most of the PBDEs, and BDE 209 contributed to
72% relatively to the total PBDEs. The low brominated BDEs such as
BDE47 and 99 in sediments were much higher than in paddy soils.
In terms of leachates, similar patterns were found for PBDEs, but
the ratio of low-brominated BDEs to total PBDEs increased.
BDE183, accounted for about 5.6% of total PBDEs in sediments, but
decreased greatly in leachates.

Copper in sediment averaged 2977.43 mg g�1 (dw), about 115
times that in paddy soil (Table 1). Pb, Zn and Cd content in sedi-
ments were also higher but that not significant as copper. No
significant difference was found in leachates between river sedi-
ments and paddy soils for Pb, Zn and Cd. But copper was 6.5 times
higher in sediment than that in paddy soil.

3.2. Growth inhibition effects of leachates on P. subcapitata

The growth of P. subcapitata under different dilutions of the
leachates was shown in Table 2. No significant inhibition was
found in the 25% dilution of paddy soils (P40.05), but really did in
100% of leachates from paddy soils with the 28.7% of growth in-
hibition. However, with longer exposure time, the cell density of
algal gradually increased in the paddy soil leachates and the
growth inhibition was lowered. The inhibition of growth was more
obvious in leachates of sediments than that at paddy soils. In the
25% dilution of sediments, the growth was inhibited by 43.5% after
24 h exposure. Furthermore the growth inhibition increased with
the increasing concentration of leachates. Algae growth was in-
creasingly inhibited in the 50% and 100% leachates along the ex-
posure time. At the 96 h of exposure, 100% sediment leachates
inhibited 58.9% of growth, being noticed the morphological
changes of the cells such as swelling and fragmentation.

3.3. Effects of leachates on the chlorophyll a content of P. subcapitata

A similar change was found for the content of chlorophyll a
under exposure to various ratios of leachates. No significant re-
duction was observed in chlorophyll a in 25% of paddy soil lea-
chate. But the amount of chlorophyll a gradually decreased under
higher concentration leachates with prolonged exposure time
(Fig. 2). After 96 h, the chlorophyll a content was about one-third
of the control in the 100% exposure groups and characterized with
a yellow-green color.



Fig. 2. Effects of leachates on the growth of Pseudokirchneriella subcapitata.
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3.4. Toxicity of leachates on the chlorophyll a fluorescence para-
meters of P. subcapitata

Fig. 3 showed that all leachates can induce a significant de-
crease of RC/CSo and PIabs but increase of ABS/RC and DIO/RC. And
φEo and ψo, also decreased slightly. However, φPo and ETO/RC did
not show significant variation statistically compared to the control.
Generally, similar response patterns of chlorophyll a fluorescence
parameters were observed for both leachates from paddy soil and
sediments, but variation levels of algae chlorophyll a fluorescence
performances were different.

RC/CSo significantly decreased by 37% and 31% in the leachates of
the river sediments and paddy soils compared to the control, re-
spectively, while ABS/RC increased by 9% and 12%, respectively. It
suggested that the exposure to leachates mainly inhibited the density
of reaction centers and increased the dissipated energy. A large
Fig. 3. Effects of leachates on the chlorophyll a fluoresc
quantity of the superfluous light energy can be released off in form of
only heat dissipation, so the DIo/RC was significantly elevated. Fi-
nally, PIabs, the performance index of PSII, was significantly reduced.

As mentioned above, PIabs were reduced under leachate
treatments, no matter from paddy soil or sediments. When the
concentration of leachates was 100%, PIabs of P. subcapitata was
75% of the control value for sediment and 65% of the control value
for paddy soil, respectively.

However, the primary photochemistry reactions like φPo and
ETO/RC were affected by leachate from neither sediment nor
paddy soil. RC/ABS and ψo, two main components constituted of
PIabs, could be slightly decreased under leachates treatments. This
suggested that the concentration of active reaction centers was
highly sensitive to leachate treatment. Generally, the effects of
leachate treatments from paddy soils on PS II of P. subcapitatawere
much smaller than that from river sediment.
ence parameters of Pseudokirchneriella subcapitata.



Fig. 4. Effects of leachates on the antioxidative system of Pseudokirchneriella subcapitata. Significance of differences to control is indicated by * (po0.05).

X. Nie et al. / Ecotoxicology and Environmental Safety 111 (2015) 168–176 173
3.5. Toxicity of leachates on the antioxidative system of P.
subcapitata

As shown in Fig. 4, the 25% and 50% of leachates from paddy
soils and 25% of leachate from sediments caused obvious inhibi-
tion of GST activity, but 100% of leachate from paddy soil and 50%
and 100% of leachates from river sediments stimulated GST ac-
tivity. SOD exhibited significant induction effects in all treatments
of both paddy soil and river sediment leachates (Po0.05). In 100%
of sediment leachate exposure, SOD activity was 1.8 folds higher
than the control.

Soil leachates caused no obvious changes in CAT at low and
middle concentrations (25% and 50% dilutions), but CAT was sig-
nificantly inhibited by 43.6% compared with the control at high
concentrations (100%). On the other hand, CAT displayed weak
induction at low and middle concentrations and strong inhibition
at high concentrations (100%) for the leachates of river sediments.

A significant increase of APX activity was observed at the
middle and high concentrations for the two types of leachates,
being 2.3 folds of the control for soils and 3.2 folds for sediments,
but not at low concentrations groups (25%).

GSH was not affected by both leachates types. For all paddy soil
leachates treatments, MDA contents were lower than the control,
but no significant differences (P40.05) were observed. Similarly,
for the sediments leachates treatments, no significant changes
were observed in MDA content.
4. Discussion

4.1. Toxic comparison of two leachates on the growth of P.
subcapitata

The sediments and soils are undoubtedly sinks of many lipo-
philic or hydrophobic compounds like PBDEs (Zhang et al., 2009).
High concentrations of PBDEs and heavy metals in river sediments
and paddy soils samples indicated that local environment has
been strongly contaminated by the e-waste dismantling activities.

However, in sharp contrast, very low PBDEs and metals were
detected in two types of leachates, which may be related to the
intrinsic hydrophobic characteristics of pollutants and other fac-
tors such as humic acid content, pH and TOC etc. (Chen et al.,
2011). Breitholtz and Wollenberger (2003) reported that only
minor fractions (0.4–2.34%) were found in solutions and instead
major fractions were remained in the particulate material smaller
than 0.3 mm. This is in agreement with many other studies in
which high levels of PBDEs could be detected in sediments but
immeasurable levels of PBDEs in water (Law et al., 2006; Allchin
et al., 1999).

In our experiment, although the PBDEs and metals in leachates
were lower than that in their parent samples, the growth inhibi-
tion aggravated significantly with the increasing concentrations of
two leachates, indicating that leachates of river sediments and
paddy soils are toxic to algal growth. Also the toxicity was higher
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in river sediments than in paddy soils, which is parallel to higher
content of pollutants like PBDEs and metals in the leachates. We
supposed that the difference in algal responses to two leachates
might be primarily attributed to heavy metals especially copper
rather than PBDEs. It is well known that copper is a strong in-
hibitor of photosystem II (PSII) electron transport activity asso-
ciated with photolysis of water. Copper may alter the energy sto-
rage capacity in algae during photosynthesis and decrease chlor-
ophyll a content (Mallick and Mohn, 2003; Sabatini et al., 2009).
Bossuyt and Janssen (2004) reported that the exposure of 100 m
g L�1 of copper led to an obvious decrease of algal biomass as well
as in the growth rate. Our study also showed a great decrease in
chlorophyll a content and growth rate with the increase of lea-
chates concentration. This trend is much stronger in leachate from
river sediments than that from paddy soils.

Remarkably, a great difference was observed in copper ion
concentration between two leachates, 1.55 mg L�1 in leachates
from river sediments and 0.24 mg L�1 from paddy soils. Although
there was also higher concentration of total PBDEs in sediments
(24.1 ng L�1) than in soils (2.15 ng L�1 ), the majority of PBDEs
belongs to high-brominated substituted diphenyl ethers like
BDE209, 207 and 208, it was reported that these high-brominated
substituted diphenyl ethers are less toxic to organisms (de Wit,
2002). Of course, other compounds like PAHs etc in leachates may
also contribute to the performance of tested organisms. Kum-
merová et al. (2008) reported that PAHs caused the inhibition of
the photosystem II and led to the decrease of cell growth. But in
present study PAHs were not analyzed. Therefore further in-
vestigation should be required.

4.2. Toxic effects of the leachates to the chlorophyll a fluorescence of
P. subcapitata

Medium and high concentration of leachates (50% and 100%)
both from river sediments and paddy soils could cause inhibition
of algal growth and pigment synthesis. The adverse effects were
also displayed in the photosynthetic activities. The chlorophyll a
fluorescence parameters reflect different aspects of photosynthetic
performance. So the fluorescence transients test is a useful method
to detect the impacts of pollutants on the energy fluxes and the
transportation of electron in PSII (Strasser et al., 2000).

Leachates, neither from sediment or soil, decreased the quan-
tity of active reaction centers, which was embodied as the de-
crease of RC/CSo and the increase of the ABS/RC. These changes
may be attributed to many pathways, such as the reversible in-
activation of reaction centers and conversion of PS II units into
heat sink units (Ivanov et al., 2008). Diminished amount of active
PSII center may provoke the activation of light energy dissipation
via non-photochemical pathway (Müller et al., 2001). It was re-
ported that non-photochemical energy dissipation became an
important part of the regulatory system in energy transfer when
the photosynthetic electron transport system was inhibited by
chemicals (Singh and Jajoo, 2013; Eullaffroy et al., 2009). In present
study, it was also demonstrated indirectly through the analysis of
chemicals like Copper and PBDEs in leachates. It was reported that
Cu prevent the conversion of light energy absorbed by chlorophyll
antenna complex into photosystem II electron transport and in-
creases non-photochemical quenching (Oukarroum et al., 2012). It
means that excess excitation energy has been converted into
thermal dissipation in order to keep the energy balance between
absorption and utilization, and minimize the potential of photo-
oxidative damage. Otherwise, the excess excited chlorophyll mo-
lecules can induce the formation of reactive oxygen species (ROS)
if the excess excitation energy could not be converted timely
(Müller et al., 2001; Foyer and Noctor, 2009). Therefore, the lack of
PS II reaction centers should also be regarded as a protection
mechanisms with which algae avoid the damage of photosynthetic
structure via the reversible inactivation of PS II reaction centers
and decrease the utilization efficiency of light energy under stress
conditions (Sing and Jajoo, 2013). More energy was dissipated to
maintain the cellular homeostasis, which may be used to explain
the decrease of cell growth under various environment stresses
(Eullaffroy et al., 2009; Ivanov et al., 2008). This may be the pos-
sible mechanism of leachates function on the reaction centers of P.
subcapitata.

In addition, due to the lack of PS II reaction centers, the main
process of the primary photochemistry could be inhibited, ex-
pressing in the form of the decrease of parameters φEo, ψo and
PIabs. Finally, the decrease of photosynthesis performance caused
by leachates exposure also reflected in the growth of algae and
chlorophyll a content as mentioned above.

4.3. Toxic effects of the leachates to antioxidative system of P.
subcapitata

The antioxidative defense systems play a very important role in
the detoxification process of xenobiotics. Therefore the use of
antioxidative enzymes has gained recognition and related para-
meters are well-documented as biomarkers in pollution biomo-
nitoring and risk assessment.

In present study, there was no significant difference for GST,
APX and CAT (just for soil leachates) at low concentration of lea-
chates compared to the control, but with the increasing of the
concentrations, significant induction of GST, SOD and APX were
observed at high concentration leachates of river sediments and
paddy soils, suggesting that oxidative stress occurred within algae.
Many pollutants can disturb the electron transfer flow of the
photosynthesis electronic transfer chain in chloroplasts (Lemaire
and Livingstone, 1997) and consequently lead to the generation of
ROS. It was reported that copper exposure may lead to the al-
teration of PSII activity and caused the formation of superoxide
and hydroxyl radicals in wheat (Navari-Izzo et al., 1998) and also
induce the activities of CAT, APX and GST in Scenedesmus obliquus
(Dewez et al., 2005). Similar performance was also found at high
concentration leachates. As mentioned previously, the anti-
oxidative systems may be ignited with increasing of ROS, but once
the defense system can no long cope with the excess ROS, oxida-
tive stress will occur and subsequently the physiological process
will subsequently be disrupted (Winston and Giulio, 1991).

It is well known that GST participates in the elimination of
pollutants from cells (Torres et al., 2008; Mittler, 2002). GST di-
rectly detoxifies pollutants with electrophilic groups by con-
jugating with GSH. It was reported that PBDEs and its metabolites
like OH-PBDEs could cause the increase of ROS after short time
exposure in organism (Ji et al., 2011). The increase of GST activity
was observed in high concentration leachates exposure to P. sub-
capitata may indicate the detoxification of PBDEs or metals.

SOD is an essential component as the first line of antioxidative
defense system in plants to scavenge superoxide, which serves as a
precursor to some highly reactive species (Foyer and Noctor,
2009). Accumulation of superoxidate both derived from the nor-
mal metabolism process such as photosynthesis and environment
pollutant exposure (Liu et al., 2014) will initiate the SOD response.
Enhanced SOD activity resulted in the increase of H2O2, Thus the
induction of SOD coincided with an increase in the activity of
enzymes removing H2O2. CAT activity may be induced by oxidative
stress and remove most of H2O2 in cells (Willekens et al., 1997).
But many reports about CAT responses to pollutants exposure
were contradictory. Both enzyme activation and inhibition have
been described in the exposure of different pollutants (Contreras
et al., 2009). In this study, the decrease in CAT activity was ob-
served in P. subcapitata under high concentrations exposure of
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leachates. It is generally recognized that ROS accumulate when the
subtle balance between SOD and CAT is disrupted.

However, there are other regulation pathways for H2O2 besides
CAT. GSH and AsA are well known as reductant in the ROS
scavenging pathway in plant. The H2O2 can be also reduced into
H2O and O2 by APX and subsequently generates mono-
dehydroascorbate, which is (non-enzymatically) converted to de-
hydroascorbate and then reduced to ascorbate by dehy-
droascorbate reductase with consumption of GSH or from mono-
dehydroascorbate to ascorbate by monodehydroascorbate re-
ductase without consumption of GSH (Torres et al., 2008). In
present study, no obvious change of GSH was observed in all
leachates exposures. However, interestingly, significantly induc-
tion of APX was found in middle and high concentration leachates
groups. APX was also in accordance with increased SOD activity in
P. subcapitata, thus the substantial decline in CAT activity at high
concentration leachates may likely be compensated by the APX
activity induction. Therefore, we suppose that APX play an im-
portant role in the reduction process of H2O2. This is a reasonable
explanation for why GSH content stays relatively constant.

Although it was reported that MDA in macro phytoplankton
tissues was a useful index to evaluate pollution levels and could be
used to assess the toxic effects of pollutants such as metals and
other pollutants (Liao et al., 2005), in this study, MDA levels did
not show significant change at various dilution ratio leachates. As
previously mentioned, the responses of some parameters like GSH
and MDA were not completely in agreement with the literatures
(Sabatini et al., 2009). The regulation of the antioxidative system
with SOD, CAT, APX, and GST activities and non-enzyme anti-
oxidants appeared to be complex involving in the fine balance
between production and quenching of ROS in algae and need
further investigations.
5. Conclusion

The leachates of river sediments and paddy soils collected from
e-waste dismantling sites are potentially toxic to the primary
producers, P. subcapitata. The chemical pollutants in leachates may
decrease the amount of PSII active reaction centers of algae, in-
terfere with the electron transfer process and subsequently affect
the photosynthesis performance of algae, meanwhile they may
also lead to the generation of ROS, disturb GST, SOD and APX etc
antioxidant enzyme activity and furthermore cause the inhibition
of algal growth. The sediment leachate is capable of higher dele-
terious effects on the algae than that of paddy soils. Copper and
PBDEs as well as its metabolites in the leachates of both river se-
diments and paddy soil might be partially responsible for the
adverse effects on P. subcapitata. However, further investigations
and analysis are required to understand exactly the toxic me-
chanisms of leachates on algae.
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