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Abstract Green unicellular alga Acutodesmus obliquus
(Turpin) Hegewald et Hanagata (SAG strain no. 276-6)
(Chlorophyceae) was used for determination of phytotoxicity
of lead (Pb) at the range of concentrations 0.01–500 μM dur-
ing 7 days of culture. The accumulation of Pb in algal cells
was found to be increased in a concentration- and duration-
dependent manner. The highest Pb uptake value was obtained
in response to 500 μM Pb on the seventh day of cultivation.
The decrease in the number and the size of cells and the con-
tents of selected primary metabolites (photosynthetic pig-
ments, monosaccharides, and proteins) in A. obliquus cells
were observed under Pb stress. Heavy metal stimulated also
formation of reactive oxygen species (hydrogen peroxide) and
oxidative damage as evidenced by increased lipid peroxida-
tion. On the other hand, the deleterious effects of Pb resulting
from the cellular oxidative state can be alleviated by enzymat-
ic (superoxide dismutase, catalase, ascorbate peroxidase, and

glutathione reductase) and non-enzymatic (ascorbate, gluta-
thione) antioxidant systems. These results suggest that
A. obliquus is a promising bioindicator of heavy metal toxicity
in aquatic environment, and it has been identified as good
scavenger of Pb from aqueous solution.
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Introduction

Contamination of aquatic environment by heavy metals has
drawn the attention of a large number of researchers and en-
vironmentalists in the last decades. Environmental level of
lead (Pb) has been rising over this period as a result of various
human activities. Elevated contents of heavy metals in water
bodies elicit deleterious impact on microalgae, which are the
primary producers at the base of the aquatic food chain (Zhou
et al. 2011; Rajamani et al. 2014). They are one of the first
groups to be affected by heavy metal contamination, and
therefore, they provide important information for predicting
the environmental impact of pollution (Yang et al. 2014;
Polonini et al. 2015). Microalgae can sequester metal ions
because of the presence of cell wall, which is composed of a
fiber-like structure and amorphous embedding matrix of var-
ious polysaccharides (Hu et al. 2001; Peña-Castro et al. 2004;
Javanbakht et al. 2014). For example, heavy metals have been
effectively removed using green microalgae, such as
Chlorella vulgaris, Chlorella kesslerii, Scenedesmus
quadricauda, and Scenedesmus incrassatules (Gin et al.
2002; Wilde et al. 2006; Lourie et al. 2010; Bajguz 2011). In
this respect, study of the biosorption of Pb by Acutodesmus
obliquus (Chlorophyceae) as a crucial component of natural
phytocenoses seems to be extremely important.
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Previous studies indicate that Pb can cause adverse effects
on the growth and the content of primary metabolites in algal
cultures (Bajguz 2011; Piotrowska-Niczyporuk et al. 2012).
Moreover, Pb is a strongly phytotoxic metal generating reac-
tive oxygen species (ROS) such as hydrogen peroxide (H2O2)
that can react with lipids, proteins, photosynthetic pigments,
and nucleic acids leading to cell death (Piotrowska et al. 2010;
Bajguz 2011; Piotrowska-Niczyporuk et al. 2012). It is gener-
ally accepted that the overproduction of ROS is a universal
higher plant and algal response to abiotic stress factors, includ-
ing heavymetals (Tripathi and Gaur 2006; Tripathi et al. 2006;
Gill and Tuteja 2010). For example, the short-time influence
of three pollutants: cadmium (Cd), anthracene, and/or
chloridazone on algae in three Scenedesmus (Scenedesmus
microspina, Scenedesmus subspicatus, and Scenedesmus
obliquus) species may result from triggering the oxidative
stress by ROS production, which can simultaneously act as a
signal for the activation of stress response and defense path-
ways (Tukaj and Pokora 2006). Therefore, the effect of Pb on
the level of oxidative stress expressed as H2O2 content and
lipid peroxidation in A. obliquus culture was studied.

The cellular mechanisms, such as extracellular detoxifica-
tion, reduced uptake, efflux, sequestration by phytochelatins,
etc., have been proposed to explain algal tolerance to the pres-
ence of heavy metals in aquatic environment (Tripathi and
Gaur 2006; Tripathi et al. 2006). Algae contain also several
enzymatic (e.g., superoxide dismutase (SOD), ascorbate per-
oxidase (APX), catalase (CAT), glutathione reductase (GR))
and non-enzymatic (e.g., glutathione, ascorbate) antioxidant
defense systems protecting cells from oxidative damage
(Bajguz 2011; Piotrowska-Niczyporuk et al. 2012; Polonini
et al. 2015), which generally results at elevated levels of
metals. SOD constitutes the primary line of defense in this
system, as it dismutates superoxide radicals to H2O2.
Degradation of H2O2 to water and oxygen is mainly carried
out by CAT and also by APX via the glutathione/ascorbate
cycle (Radotic et al. 2000). GR catalyzes the reduction of
glutathione disulfide to the sulfhydryl form glutathione, which
is a critical molecule in resisting oxidative stress and main-
taining the reducing environment of the cell (Verma and
Dubey 2003; Gill and Tuteja 2010). The changes in enzyme
and non-enzymatic system have been the focus of several
algae stress studies (Pinto et al. 2003; Tripathi and Gaur
2006; Bajguz 2011; Piotrowska-Niczyporuk et al. 2012). For
example, Nagalakshmi and Prasad (2001) observed increases
in APX, SOD, and glutathione peroxidase (GPX) activities in
Scenedesmus bijugatus exposed to different copper (Cu) con-
centrations (0–100 μM). Moreover, they also observed a pro-
gressive depletion of glutathione content in the cells with in-
creasing concentrations of Cu. The alteration of the equilibri-
um between synthesis and utilization of glutathione was at-
tributed to its antioxidant role or its use as precursor in the
synthesis of phytochelatins (Nagalakshmi and Prasad 2001).

Filamentous brown seaweed Ectocarpus siliculosus, the mod-
el organism for the algal class Phaeophyceae also exhibited
oxidative stress, with increases in hydrogen peroxide and lipid
peroxidation, and decreased concentrations of photosynthetic
pigments in response to Cu. Moreover, the activation of enzy-
matic (SOD, CAT, APX) and non-enzymatic (ascorbate, glu-
tathione, phenolics) antioxidants was observed in brown algae
treated with Cu (Sáez et al. 2015). The increase in SOD activ-
ity in S. microspina, S. subspicatus, and S. obliquus was ob-
served in response to three pollutants (Cd, anthracene, and/or
chloridazone) (Tukaj and Pokora 2006). For that reason, the
involvement of antioxidant response including enzymatic
(SOD, CAT, APX, GR) and non-enzymatic (ascorbate, gluta-
thione) antioxidants in the biochemical detoxification of H2O2

generated in response to Pb was examined in details in
A. obliquus culture. The aim of this study was also to evaluate
the effect of Pb on the growth expressed as cell number and
volume, the content of proteins, photosynthetic pigments, and
monosaccharides with special references to metal bioaccumu-
lation during 7 days of algal culture.

We tested the hypothesis that A. obliquus cells are able to
sequester Pb ions from aquatic environment, and accumula-
tion of this metal depends on its concentration in culture me-
dium. To monitor cellular responses to heavy metal at the
range of concentrations 0.01–500 μM, the growth rate, cell
size, and the contents of primary metabolites such as photo-
synthetic pigments, proteins, and monosaccharides as well as
the level of oxidative stress and antioxidant response were
followed. Here, we tested also the hypothesis that the toxic
effect of Pb enhances with increase of its concentration and
that low concentrations of Pb may induce cellular defense
against oxidative stress in algal cultures involved in the acti-
vation of various enzymatic and non-enzymatic antioxidants.

Material and methods

Algal material and growth conditions

The wild-type A. obliquus 276-6 (formerly named:
Scenedesmus obliquus (Turpin) Kützing, SAG strain no.
276-6) was purchased from the SAG Culture of Algae
Collection (Germany). The homogenous population of young
synchronous algal cells was collected by centrifugation
(1000×g, 10 min) and used for subsequent experiments.
Complete synchronization has been obtained by a regular
change of light and dark periods according to the method of
Pirson and Lorenzen (1966). Synchronization of the culture
was controlled by studying cell division and the diagrams of
cell size distribution every day at the beginning of light period
using microscope. Growth of cultures was initiated by intro-
duction of inoculums containing about 1.5×106 (about
22 mL) algal cells when the pre-cultures reached the
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exponential growth phase. The culture mineral medium used
was the pure mineral autoclaved bold basal medium (BBM).
The pH of the medium was adjusted to 7.0 with 1 M NaOH
prior to autoclaving. A. obliquus cells were cultured in an
Erlenmeyer flasks (250 mL) containing 100-mL medium.
The axenic cultures were cultivated for 7 days under con-
trolled sterile conditions at 25±0.5 °C. Illumination was sup-
plied during a 16-h photoperiod (8-h dark period) by a bank of
fluorescent lights yielding a photon flux 50 μmol m−2 s−1 at
the surface of the tubes. Using air pumps, cell suspension was
bubbled by atmospheric air at 1 L min−1 to provide necessary
CO2.

In the experiment, the effect of Pb at the range of
concentrations 0.01–500 μM on the metal biosorption,
growth, and biochemical response was analyzed on the
first, third, fifth, and seventh day of cultivation. Heavy
metal concentrations used in this work are chosen appro-
priately from the lowest algal exposure concentration
(0.01 μM) to moderate levels of Pb. The preliminary ex-
periment showed that the 96 h LC50 of Pb for A. obliquus
was approximately 10 μM. An exposure concentration
which is lower than LC50 is considered as sub-lethal con-
centration. In algal toxicity test, the LC50 value is affected
by the initial cellular density, culture medium, temperature
condition, etc., and even a small alteration in those con-
ditions may give rise to a different LC50 value, even if the
same algae and metal are used. Therefore, we choose as
0.01, 0.1, and 1 μM Pb as sub-lethal concentrations of
heavy metal as well as 10, 100, and 500 μM Pb as toxic
concentrations to algal growth. Higher concentrations of
Pb induced cell death during the first 12 h, and lower
than 0.01 μM Pb did not exert statistically significant
influence on algal growth (data not shown). In order to
that, appropriate amount of its nitrate form PbNO3)2
(Sigma-Aldrich Co., USA) was dissolved in distilled water
and then added in right concentrations to Erlenmeyer
flasks with BBM medium (100 mL).

Determination of lead in A. obliquus cells

To determine the concentration of heavy metal in algal cells,
cultures of A. obliquus were centrifuged for 10 min at 10,
000×g (Bajguz 2011; Piotrowska-Niczyporuk et al. 2012).
The algal suspension was dried at 105 °C for 12 h and miner-
alized in 200 μL of 65 % nitric acid. Concentrations of Pb in
prepared samples were determined by flame atomic absorp-
tion spectrometry (AAS) using a Solaar M6 (Thermo Electron
Corporation, UK) spectrometer with deuterium background
correction system. The absorbance of Pb was measured in
air-acetylene flame with 0.5 nm spectral bandpass at wave-
length λ=217.0 nm. Heavy metal level in algal cells was
determined on the first, third, fifth, and seventh day of culture.

Determination of cell number, cell size, proteins,
monosaccharides, and photosynthetic pigments

The number of A. obliquus cells was determined by direct
counting of cells in the growth medium using a Bürker cham-
ber using the standard procedure (Andersen 2005). To verify
the volume of A. obliquus cells (μm3), we employed light
microscope (Leica, Germany) and MultiScanBase v.14
(Computer Scanning System CSS) for imaging analysis. The
content of protein in algal cells was determined following the
Bradford (1976) method, using bovine serum albumin as the
standard. The monosaccharide content was estimated accord-
ing to the Somogyi (1954) method. Wellburn (1994) method
was used for the determination of the content of photosynthet-
ic pigments (chlorophyll a and b as well as total carotenoids)
inA. obliquus. All parameters were analyzed on the first, third,
fifth, and seventh day of culture.

Stress marker determination

One of the major consequences of the Pb treatment is the
enhanced production of ROS, such as H2O2, which can dam-
age cell membranes and induce lipid peroxidation, protein
denaturation, and DNA mutation (Aliexieva et al. 2001).
Heavy metals disrupt cellular membranes resulting in the con-
version of unsaturated fatty acids into small hydrocarbon frag-
ments such as malondialdehyde (MDA). MDA is a cytotoxic
product of lipid peroxidation and an indicator of free radical
production and consequent tissue damage. Thus, cell mem-
brane stability has widely been utilized to study effects of
stress on plants (Tripathi and Gaur 2006; Tripathi et al.
2006; Gill and Tuteja 2010). The amount of total MDA was
determined using Heath and Packer (1968) method. Algal
cells were harvested by centrifugation at 10,000×g for
10 min, and the resulting pellet was treated with 0.25 % (w/
v) thiobarbituric acid in 10% (w/v) trichloroacetic acid (TCA).
After heating at 95 °C for 30 min, the mixture was cooled and
centrifuged. The absorbance of the supernatant at 532 nm was
recorded and corrected for unspecific turbidity by subtracting
the value at 600 nm. The level of H2O2 in A. obliquus cells
was measured spectrophotometrically at 390 nm by reaction
with KI. The results were calculated using a standard curve
prepared with fresh H2O2 solutions (Aliexieva et al. 2001).
Stress markers were determined on the first, third, fifth, and
seventh day of algal culture.

Determination of antioxidants

For extraction of total ascorbate, A. obliquus cells were har-
vested by filtration and quickly homogenized in liquid N2 and
5 % (w/v) TCA (Kampfenkel et al. 1995). The homogenate
was centrifuged for 5 min at 15,600×g (4 °C), and the super-
natant was assayed for the ascorbate content in a reaction
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mixture with 10 mM dithiothreitol, 0.2 M phosphate buffer
(pH 7.4), 0.5 % N-ethylmaleimide, 10 % TCA, 42 % H3PO4,
4 % 2,2′-dipyridyl, and 3 % FeCl3.

Determination of total glutathione (oxidized and reduced)
in A. obliquus cells was essentially as described by de Kok
et al. (1986). Glutathione was extracted from algal cells in
extracting buffer (2 % sulfosalicylic acid, 1 mM Na2EDTA,
and 0.15 % ascorbate) and homogenized. The homogenate
was centrifuged at 12,000×g for 5 min. An aliquot of super-
natant was then used for the measurement of the glutathione
content by glutathione assay kit (Sigma Chemical Co. USA;
product number CS0260-1KT). The samples were first
deproteinized with the 5 % 5-sulfosalicylic acid solution.
Glutathione content of the sample was then assayed using a
kinetic assay in which catalytic amounts of glutathione cause a
continuous reduction of 5,5′-dithiobis-(2-nitrobenzoic) acid
(DTNB) to 2-nitro-5-thiobenzoate (TNB). The oxidized glu-
tathione formed was recycled by GR and NADPH. The prod-
uct, TNB, was assayed colorimetrically at 412 nm. Non-
enzymatic antioxidants were determined on the first, third,
fifth, and seventh day of algal culture.

Determination of the antioxidant enzymes’ activities

The antioxidant enzymes were extracted in 50 mM phosphate
buffer, pH 7.0, containing 1 mM EDTA, 0.05 % (v/v) Triton
X-100, 2 % (w/v) polyvinylpyrrolidone, and 1 mM ascorbic
acid. Superoxide dismutase (SOD) (EC 1.15.1.1) activity of
A. obliquus was determined by measuring the inhibition of
photochemical reduction of nitroblue tetrazolium (NBT) at
560 nm as suggested by Beauchamp and Fridovich (1971).
One unit of SOD (per milligram protein) was defined as the
amount causing 50 % inhibition of the photochemical reduc-
tion of NBT. Catalase (CAT) (EC 1.11.1.6) activity was esti-
mated by recording the decrease in absorbance of H2O2 at
240 nm (Aebi 1984). One unit of CAT activity (U) was as-
sumed as the amount of enzyme that decomposes 1 μmol of
H2O2 per milligram of soluble protein per minute at 30 °C.
The method given by Nakano and Asada (1981) was followed
for determining ascorbate peroxidase (APX) (EC 1.11.1.1)
activity of A. obliquus. The enzyme activity (U) was calculat-
ed as the amount of the enzyme that oxidizes 1 μmol of ascor-
bate consumed per milligram of soluble protein per minute at
30 °C. Glutathione reductase (GR) (EC 1.8.1.7) activity was
determined from the rate of NADPH oxidation as measured
by the decrease of absorbance at 340 nm (extinction coeffi-
cient 6.2 mmol L−1 cm−1), following the procedure of
Schaedle and Bassham (1977). Reaction mixture was com-
posed of 100 mmol L−1 potassium phosphate (pH 7.8),
2 mmol L−1 EDTA, 0.2 mmol L−1 NADPH, 0.5 mmol L−1

glutathione disulfide (Sigma, USA), and the appropriate vol-
ume of enzyme extract. The reaction was initiated by the ad-
dition of NADPH at 25 °C. The activity of activities of

antioxidant enzymes in A. obliquus cells were analyzed on
the first, third, fifth, and seventh day of culture.

Replication and statistical analysis

Each treatment consisted of four replicates, and each experi-
ment was carried out at least twice at different times. The data
were analyzed by one-way analysis of variance (ANOVA),
and the means were separated using Duncan’s multiple-
range test (IBM SPSS Statistics 21, USA). The level of sig-
nificance in all comparisons was p<0.05.

Results

Heavy metal uptake and algal growth

Green unicellular alga A. obliquus accumulated Pb in a
concentration- and exposure-dependent manner (Table 1).
Algae treated with the highest concentration of Pb (500 μM)
contained the highest amounts of this heavy metal (2557.3 fg
cel−1) after 7 days of culture. As shown in Fig. 1a, the number
of algal cells decreased proportionally with increasing intra-
cellular Pb accumulation. The most phytotoxic effect of ex-
amined heavy metal on A. obliquus growth was observed at
concentration 500 μM on the seventh day of cultivation. In
these conditions, the number of cells decreased by 67 % in
relation to control. In the presence of the lowest concentration
of Pb, only a slight inhibition of algal growth occurred. For
example, Pb at concentration of 0.01 μM did not affect statis-
tically significant effect on algal growth, except fifth day of
cultivation when cell number decreased by 10 % in relation to
control. When treated with Pb especially at 1–500 μM, the
whole cell volume decreased by 5–18 % compared to untreat-
ed cells (Fig. 2) on the seventh day of cultivation. Pb at lower
concentrations was not characterized by statistical significant
effect on the size of algal cells, except cultures exposed to
1 μM Pb on the fifth and seventh day of experiment, when
cell volume has been reduced by 6–7 %.

The effect of Pb on protein, photosynthetic pigments,
and monosaccharide content in A. obliquus cells

The protein content (Fig. 1b) in A. obliquus cells decreased
proportionally with the increase in Pb concentration in the
medium at all exposure periods. The maximum decline in this
biochemical parameter was recorded as 61 % on the seventh
day of cultivation under the influence of 500 μM Pb. On the
other hand, Pb at 0.01 μM provoked slight (3 %) but statisti-
cally insignificant increase in protein level on the fifth day of
culture.

A. obliquus cultures exposed to Pb displayed chlorosis be-
cause significant loss in the content of both chlorophylls
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(chlorophyll a and b) was observed during 7 days of culture
(Fig. 1c–d). Therefore, the maximum decrease by 27 and 37%
in chlorophyll a and b, respectively, was obtained after appli-
cation of 500 μM Pb on the seventh day of cultivation. Heavy
metal at lower concentrations did little harm to these chloro-
plast pigments in A. obliquus cells.

On the other hand, carotenoids were less sensitive than
chlorophylls toward Pb presence in the medium probably
protecting the photosynthetic apparatus against toxic effect
of abiotic stress on algal cells (Fig. 1e). The external
supply of 500 μM Pb induced 43 % decrease in their
content on the seventh day of experiment. By contrast,
this heavy metal at lower concentrations (0.01–0.1 μM)
were characterized by stimulating effect by 6–12 % on
the carotenoid content compared to the control on the fifth
day of algal cultivation.

Pb inhibited the monosaccharide accumulation in a
concentration- and time-dependent manner (Fig. 1f).
Therefore, the significant decrease by 70 % in the monosac-
charide level on the seventh day of A. obliquus cultivation
was obtained under the highest concentration (500 μM) of
Pb. The application of Pb at 0.01 μM did not exhibit toxic
effect on sugar level in algal cells during the whole period of
cultivation.

The effect of Pb on stress markers in A. obliquus cells

Pb enhanced lipid peroxidation, measured as total MDA con-
tent, which is the phytotoxic product of lipid peroxidation.
MDA level in A. obliquus cells increased gradually propor-
tionally to increased concentration of Pb in the medium
(Fig. 3a). The highest stimulation by 65 % in MDA level
was recorded under the influence of 500 μM Pb on the sev-
enth day of A. obliquus culture compared to control. The ap-
plication of Pb ions at the lowest concentration of 0.01 μM
provoked weaker response leading to 7–12 % increase in
MDA accumulation during the whole period of experiment.

Compared to unstressed algal cells, the significant increase
in the content of H2O2 was observed in the presence of Pb in
the culture (Fig. 3b). H2O2 production was proportional with
external heavy metal concentration. For example, the increase
in H2O2 level by 73% was observed in algal cells treated with
500 μM Pb on the seventh day of culture in relation to the
control. Heavy metal even at the lowest concentration
(0.01 μM Pb) provoked oxidative stress, because 0.01 μM
Pb induced 4–11 % increase in H2O2 level during 7 days of
cultivation.

The effect of Pb on non-enzymatic antioxidants
in A. obliquus cells

The highest enhancement in the ascorbate content by 25 %
was observed in A. obliquus cells treated with 0.1 μM Pb on
the seventh day of cultivation in relation to control. By con-
trast, Pb at higher concentration range of 10–500 μM pos-
sessed toxic effect on the ascorbate level. Pb, especially at
500 μM, induced the significant decrease by 50 % in the
content of this antioxidant on the seventh day of experiment
(Fig. 4a). Similarly, Pb at lower concentration range of 0.01–
0.1 μM stimulated (9–38 %) the glutathione level upon long-
term exposure compared to control. However, the application
of Pb at 500 μM resulted in the highest decline in glutathione
level by 70 % compared to the control on the seventh day of
experiment (Fig. 4b). Heavy metal at the concentration of
1μMdid not possess statistically significant effect on the level
of both studied antioxidants.

The effect of Pb on antioxidant enzymes in A. obliquus
cells

Heavy metal affected also the activity of antioxidant enzymes
involved in antioxidant defense (Fig. 5a–d). Pb at small con-
centration range of 0.01–1 μM stimulated the activity of anti-
oxidant enzymes responsible for ROS removing in

Table 1 Content of lead (Pb) in
S. obliquus cells treated with
heavy metal on the first, third,
fifth, and seventh day of culture

Pb contents (fg cell−1)

Pb concentration First day Third day Fifth day Seventh day

0 M 0 0 0 0

0.01 μM 0.5 (±0.02)a 3.6 (±0.4)b 8.4 (±1.2)b 19.4 (±3.2)c

0.1 μM 6.8 (±0.6)b 27.3 (±2.5)g 56.6 (±3.7)h 94.5 (±3.5)e

1 μM 15.4 (±2.1)c 60.5 (±5.6)h 108.9 (±2.2)e 364.1 (±5.0)k

10 μM 38.9 (±2.6)d 129.1 (±1.9)e 297.5 (±8.9)k 607.6 (±13.9)i

100 μM 100.6 (±5.7)e 711.6 (±12.1)i 1646.7 (±22.3)l 2013.3 (±19.4)m

500 μM 176.2 (±4.8)f 954.9 (±15.2)j 1985.2 (±39.1)m 2557.3 (±20.1)p

Data are the means of two independent experiments ± SD. Treatment with at least one letter the same are not
significantly different according to Duncan’s test
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A. obliquus cells. Moreover, it was found that the presence of
0.1 μM Pb in the nutrient solution resulted in the highest
activities of SOD, CAT, APX, and GR activity in
A. obliquus culture. The SOD activity increased by 11 % on
the third day of cultivation in algal cells treated with 0.1 μM
Pb. Heavy metal at concentration of 0.1 μM elevated CAT
activity by 38 % on the seventh day of experiment in relation
to control. Enhancement of APX activity by 32 % in compar-
ison with control was observed in algal cells exposed to
0.1 μM Pb on the fifth day of cultivation. GR activity was
the most stimulated by 95% on the seventh day of experiment
in response to 0.1 μM Pb. However, Pb at higher

concentration range of 10–500 μM inhibited all studied anti-
oxidant enzymes’ activities involved in scavenging of ROS.
For example, the activity of SOD, CAT, APX, and GR de-
creased by 33, 74, 75, and 88 %, respectively, in A. obliquus
culture treated with 500 μM Pb.

Discussion

Microalgae, the primary producers at the base of the aquatic
food chain, are the first target affected by heavy metal pollu-
tion. Pb is a non-essential and very toxic heavymetal for many

Fig. 1 The number of cells (a) and the contents of proteins (b),
chlorophyll a (c), chlorophyll b (d), carotenoids (e), and
monosaccharides (f) in Acutodesmus obliquus cultures under the
influence of Pb at range of concentrations 0.01–500 μM on the first,

third, fifth, and seventh day of culture. Data are the means of four
independent experiments ± SD. Treatment with at least one letter the
same are not significantly different according to Duncan’s test
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living organisms, accumulates in algae (Bajguz 2011). In fact,
microalgae could be used to clean up contaminated water and
waste streams by removing metals or solubilizing them in
order to facilitate their extraction (Andrade et al. 2005;
Yoshida et al. 2006). Therefore, we utilized a strain of
A. obliquus, an unicellular chlorophyte, as a model system
for growth and biochemical studies including heavy metal
accumulation.

The intracellular accumulation of Pb by A. obliquus is ac-
companied by an induction of a variety of metabolic changes,
some of which directly contribute to metal tolerance capacity
of the microalga. Results showed that A. obliquus accumulat-
ed Pb in a concentration- and time-dependent manner. This is
in agreement with the earlier reports on algae, such as
C. vulgaris (Bajguz 2011, Piotrowska-Niczyporuk et al.
2012), C. kesslerii (Andrade et al. 2005), Scenedesmus

incrassatulus ( Peña-Castro et al. 2004), and Spyrogyra as
well as Cladophora filamentous macroalgae (Lee and Chang
2011). Green algae have attracted the attention of many re-
searchers and environmentalists as organisms to be tested and
used as a new analytical reagent to concentrate and adsorb
metal ions such as Cu, Cd, Pb, chromium (Cr), and gold
(Au) (Fargasova 1993). Fathi et al. (2008) reported that the
uptake of cobalt (Co), Cu, and zinc (Zn) from the surrounding
medium by water phytoplankton is seldom exactly propor-
tional to the amount present in the environment. Such organ-
isms have been shown to perform very well for this type of
application because they have a uniform cell size and a num-
ber of different metal binding sites on their cell walls (Wang
and Chen 2009). Green algae are mainly cellulose, and a high
percentage of the cell wall are proteins bonded to polysaccha-
rides to form glycoproteins. Some functional groups in cell
wall have been found to bind metal ions, especially carboxyl
group. There are some evidence to confirm that the O-, N-, S-,
or P-containing groups participate directly in binding a certain
metals. Heavy metal ions such as Pb form strong bond with
ligands present in cell wall structure such as CN−, R-S−, −SH−,
NH2−, and imidazol, which are groups containing nitrogen
and sulfur atoms (Hamdy 2000; Wang and Chen 2009).
Toxic metals may also bind in algal cells through low-
molecular proteins (e.g., phytochelatins), which are one of
the cell’s mechanisms for the detoxification of heavy
(Vacchina et al. 1999).

It was determined that toxic effect of Pb on growth and
some key metabolic processes in A. obliquus cells is caused
by its intracellular accumulation. The most dramatic symptom
of phytotoxicity of Pb in green algae was the cessation of
culture growth expressed as cell number. As the growth re-
flects the metabolism of the cell, it has been used as a key
indicator of the toxicity of heavymetal ions in microalgae, and
it depends on the proper functioning of various metabolic
processes, such as photosynthesis, respiration, and nutrient
uptake, etc. (Poskuta et al. 1996; Tripathi and Gaur 2006;
Tripathi et al. 2006). Growth inhibition in microalgae is

Fig. 3 The effect of Pb at range
of concentrations 0.01–500 μM
on lipid peroxidation, expressed
as MDA content (a) and
hydrogen peroxide (b) level in
Acutodesmus obliquus cells on
the first, third, fifth, and seventh
day of culture. Data are the means
of four independent experiments
± SD. Treatment with at least one
letter the same are not
significantly different according
to Duncan’s test

Fig. 2 The effect of Pb at range of concentrations 0.01–500 μM on the
cell size expressed as cell volume (μm3) of Acutodesmus obliquus on the
first, third, fifth, and seventh day of culture. Data are the means of four
independent experiments ± SD. Treatment with at least one letter the same
are not significantly different according to Duncan’s test
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related to the amount of heavy metal ions bound to the algal
cell surface, in some cases, to the amount of intracellular
heavymetal ions and to the chemical nature of the heavymetal
ions (Tripathi and Gaur 2006; Yang et al. 2014; Polonini et al.
2015). The suppression of growth by heavy metals was also
observed in experiments performed on C. vulgaris cultures
treated with Cd, Pb, and Cu (Bajguz 2011; Piotrowska-
Niczyporuk et al. 2012). Changes in cell size are common
effect of heavy metal toxicity in unicellular eukaryotic algae.
However, the kind and intensity of the effects depends on the
algal species, the metal, and its concentrations. Our results
indicate that Pb at higher concentrations 1–500 μM reduces
the size of algal cells, especially at long-term exposure (fifth to
seventh day of culture). Similar observations have been doc-
umented for algae exposed to pollutants. After pollutant

treatment (e.g., Cu; nickel, Ni), the cell size of algal cells
Chlorococcum infusionum was reduced during 6 days of cul-
ture (Nam and An 2015) and the cell size was far more sensi-
tive than other parameters of algal viability such as cell
granularity and autofluorescence of chlorophyll. Similarly,
Jamers et al. (2009) reported that Chlamydomonas reinhardtii
exhibited a decline in cell size under 5 and 100 mM Cd expo-
sure during 72 h of culture. The decrease in cell volume in
response to Pb may be connected with toxic effect of heavy
metals on the structure of cell wall and the leakage of ions or
cell components through plasma membrane leading to irre-
versible cell damage and necrosis (Jamers et al. 2009; Nam
and An 2015).

The decrease in the content of chlorophylls can be used to
monitor the heavy metal-induced cellular damage in

Fig. 5 The effect of Pb at range
of concentrations 0.01–500 μM
on the activity of superoxide
dismutase (a), catalase (b),
ascorbate peroxidase (c), and
glutathione reductase (d) activity
in Acutodesmus obliquus cells on
the first, third, fifth, and seventh
day of culture. Data are the means
of four independent experiments
± SD. Treatment with at least one
letter the same are not
significantly different according
to Duncan’s test

Fig. 4 The effect of Pb at range
of concentrations 0.01–500 μM
on the ascorbate (a) and
glutathione (b) content in
Acutodesmus obliquus cells on
the first, third, fifth, and seventh
day of culture. Data are the means
of four independent experiments
± SD. Treatment with at least one
letter the same are not
significantly different according
to Duncan’s test
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A. obliquus cells. Reduction in the contents of chlorophylls
might be owing to several reasons such as inhibition of chlo-
rophyll biosynthesis, breakdown of pigments or their precur-
sors, and destruction of chloroplast membrane by lipid perox-
idation due to lack of antioxidants. Heavy metals have been
found to decrease the total chlorophyll content, and the chlo-
rophyll a/b ratio, and decrease the chlorophyll/carotenoid ratio
in plants. Pb may inhibit the biosynthesis of chlorophyll pig-
ments and enzymes involved in this process in higher plants
(Pahlsson 1989) as well as green alga Chlorella pyrenoidosa
(Poskuta et al. 1996) and C. vulgaris (Bajguz 2011;
Piotrowska-Niczyporuk et al. 2012). Studies with in the fila-
mentous green alga Cladophora fracta reported that Pb at
high concentrations can destroy the chloroplasts (Lamaia
et al. 2005). Moreover, an enhancement of chlorophyll dam-
age occurs in the plants growing in the presence of Pb ions due
to increased chlorophyllase activity (Drążkiewicz 1994). The
inhibition in photosynthetic pigment accumulation in re-
sponse to heavy metal stress may be also a consequence of
peroxidation of chloroplast membranes via increased rate of
ROS production. This observation is in good agreement with
the increased rate of H2O2 and lipid peroxidation in
A. obliquus cultures treated with Pb. However, the increased
carotenoid level in A. obliquus cells exposed to Pb is probably
the part of strategy adopted by the green alga to counteract the
toxic effect of free radicals generated under abiotic stress,
which is in agreement with other reports on higher plants
(Singh et al. 2006; Hou et al. 2007) and algae (Bajguz 2011;
Piotrowska-Niczyporuk et al. 2012). Carotenoids, which play
the part of guard of chlorophyll, serve also as antioxidants to
quench or scavenge the free radicals and reduce the damage of
cell induced by heavy metal stress (Artetxe et al. 2002).

The reduction in monosaccharide content in A. obliquus
cells growing in the presence of Pbmay be due to the enhance-
ment in the degradation of photosynthetic pigments contribut-
ing to decline in photosynthesis and sugar accumulation. The
significant decrease in activities of enzymes involved in CO2

fixation in field grown Avena sativa exposed to heavy metals
was reported byMoustakas et al. (1994). Soluble-protein con-
tent in plants, an important indicator of reversible and irrevers-
ible changes in metabolism, is known to respond to a wide
variety of abiotic stressors (Singh et al. 2006). The inability of
A. obliquus cells to accumulate proteins in response to Pb
application might be caused by acute oxidative stress induced
by heavy metal excess in algal cells. The toxicity of this heavy
metal may be also explained by their effect on nucleic acid
degradation. For example, Cd pollution induces DNA damage
such as single- and double-strand breaks, modified bases,
abasic sites, DNA-protein cross-links, oxidized bases, 8-
hydroxyguanine, and even bulky adducts inHordeum vulgare
seedlings (Liu et al. 2005).

Exposure to heavy metal in general, and to Pb in particular,
increases the production of ROS, including H2O2, thereby

unbalancing the cellular redox status (Hegedüs et al. 2001;
Verma and Dubey 2003; Phang et al. 2011). At high levels,
or following acute increases of metal pollutants, algal cells are
injured because the resulting ROS levels exceed the capacities
of cellular antioxidant protection systems. ROS can react with
cellular components, such as lipids, proteins, pigments, and
nucleic acids to cause lipid peroxidation, membrane damage,
and enzyme inactivation, thus affecting many physiological
processes as well as cell viability. Therefore, metal-induced
oxidative stress in algae is now receiving increasing attention
(Pinto et al. 2003; Tripathi and Gaur 2006; Tripathi et al. 2006;
Bajguz 2011; Piotrowska-Niczyporuk et al. 2012). The level
of oxidative stress was, in our study, shown directly by in-
creases in MDA level and the content of H2O2 in
A. obliquus cells exposed to Pb. MDA production in plants
exposed to adverse environmental conditions is an indicator of
free radical formation in the tissues and is commonly used as
an index of lipid peroxidation in biological systems (Heath
and Packer 1968). Probably, the binding of Pb to thiols dis-
rupts redox status of the algal cells thereby enhancing the
production of ROS and lipid peroxidation. Additionally, high
levels of H2O2 can accelerate processes like Haber-Weiss re-
action, resulting in the formation of hydroxyl radicals that can
cause lipid peroxidation (Hegedüs et al. 2001; Verma and
Dubey 2003). This is clear from the greater degree of lipid
peroxidation in A. obliquus up on exposure to Pb stress. A
concentration-dependent increase in the level of lipid perox-
ides occurred in spruce (Picea abies) needles (Radotic et al.
2003), barley (Hordeum vulgare) seedlings (Hegedüs et al.
2001), rice (Oriza sativa) shoots (Verma and Dubey 2003),
water hyssop (Bacopa monnieri) (Singh et al. 2006), Wolffia
arrhiza fronds (Piotrowska et al. 2010), and green alga
C. vulgaris (Bajguz 2011; Piotrowska-Niczyporuk et al.
2012) growing in the presence of increased concentrations
of heavy metals. Moreover, in cells, H2O2 may be produced
by SOD because this enzyme catalyzes the dismutation of O2

•

− into H2O2 in higher plants exposed as well as in
Scenedesmus sp. during short- and long-term exposure to Cu
and Zn (Tripathi et al. 2006). Therefore, the present results
suggest positive correlation between the high activity of
SOD and the generation of H2O2 in A. obliquus cells in re-
sponse to Pb, especially at low concentration of 0.1 μM. But,
the enhancement of activity of SOD alone cannot alleviate the
burden of ROS. H2O2 is a highly toxic ROS and must be
sequestered by the action of APX and CAT. Our results indi-
cate that the activities of these two key antioxidant enzymes
increased significantly in response to 0.1 μM Pb, when the
oxidative stress was rather mild. Therefore, increased activity
of antioxidant enzymes can be expected to reduce oxidative
stress in algal cells induced by the presence of low concentra-
tions of Pb in the medium. In fact, other green algae
C. vulgaris with enhanced activities of antioxidant enzymes
have been shown to be tolerant to oxidative stress induced by
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heavy metal, such as Cd, Cu, and Pb pollution (Bajguz 2011;
Piotrowska-Niczyporuk et al. 2012). Our data show that also
GR activity was stimulated appreciably inA. obliquus cultures
exposed to Pb stress. GR is connected to APX activity in the
Halliwell-Asada cycle, in which glutathione and NAPDH are
used to restore the reduced ascorbate pool. Thus, it should be
expected that GR activity changes together with that of APX.
In addition, we found the increase in the total cellular gluta-
thione pool in A. obliquus cells exposed to 0.1 μM Pb. Taken
together, these results suggest that glutathione and related en-
zymatic pathways seems to be involved in the defense mech-
anisms of this alga upon heavy metal exposure, under our
experimental conditions. These results agree with those of
Kumar et al. (2010), who demonstrated that the green alga
Ulva lactuca also increased in GR activity after exposure to
Cd. On the other hand, Pb at higher concentration range of 10–
500 μM inhibited the activity of all studied antioxidant en-
zymes in A. obliquus culture, which is probably due to the
harmful effect of H2O2 overproduction or its poisonous ROS
derivatives on proteins.

Whenever ROS are produced, algae accumulate also
non-enzymatic antioxidants, such as ascorbate and gluta-
thione responsible for directing removing these highly re-
active molecules. The highest increase in ascorbate and
glutathione level was found in A. obliquus cells treated
with Pb at low concentration (0.1 μM). This is in an
accordance with previous results obtained on C. vulgaris
treated with heavy metals ( Piotrowska-Niczyporuk et al.
2012). Glutathione can act as a messenger molecule in
cellular signal transduction and as a factor in plant defense
against oxidative stress (Gill and Tuteja 2010). Our results
support the hypotheses that cells of algae elevated gluta-
thione level in response to Pb which induce oxidative
stress expressed as H2O2 and lipid peroxidation. Hence,
oxidative stress enhanced the ability to synthesis glutathi-
one which may induce the development of resistant cells.
High cellular glutathione level in algal cells is associated
to mild Pb stress (0.1 μM). In other words, heavy metal
exposure has been shown to lead to accelerated glutathi-
one accumulation in A. obliquus cells. Similarly, glutathi-
one accumulation is found to compensate for decreases in
the capacity of other antioxidants, and depletion of gluta-
thione increased the sensitivity to oxidative. Hence, the
increasing in both of cellular ascorbate and glutathione
contents are correlated with algal tolerance to heavy
metal-induced stress (Gill and Tuteja 2010). This may be
due to the role of ascorbate in reductive detoxification of
ROS generated in response of Pb stress, which must there-
fore, be continuously regenerated from its oxidized form.
A major function of glutathione in protection against oxi-
dative stress is reduction of ascorbate in ascorbate-
glutathione cycle. In this pathway, glutathione act as a
recycled intermediate in the reduction of H2O2 using

electrons derived, ultimately from H2O2 (Nakano and
Asada 1981; Kampfenkel et al. 1995). In spite of the fact
that neither reduced/oxidized ratio of ascorbate and gluta-
thione were assayed in this study, studies of APX and GR
activity as well as ascorbate and glutathione level lends
support to hypothesis that the H2O2 scavenging
ascorbate-glutathione cycle is activated in green microalga
under mild Pb stress. Similar results obtained by Artetxe
et al. (2002), Rucińska-Sobkowiak and Pukacki (2006) as
well as Singh et al. (2006) confirmed that ascorbate accu-
mulation led to enhancement of plant tolerance toward
heavy metal stress.

The present study shows that antioxidant enzymes and
non-enzymatic antioxidants provide protection to
A. obliquus only when Pb-induced oxidative stress is mild,
which occurs at low concentrations of this heavy metal. The
redox status of cells is maintained by an integrated net consti-
tutive and inducible antioxidant enzyme (e.g., SOD, CAT,
APX, and GR) in coordination with fluctuating intercellular
levels of low-molecular weight of antioxidant compounds
such as glutathione and ascorbate. Algae response to mild
heavy metal stress by the increased accumulation of both an-
tioxidants or elevated activity of protective enzymes. If the
protective and repair capacities are exceeded, proteins, lipids,
and photosynthetic pigment suffer oxidation damage resulting
in inhibition of algal growth. On the other hand, green alga
A. obliquus exhibited different tolerance and strategies against
Pb exposure, which are not only dose dependent, but also,
strongly correlated with antioxidant enzyme activities.

Conclusion

In the present study, the accumulation of Pb in green alga
A. obliquus resulted in considerable biochemical changes.
The data confirm the inhibitory effect of Pb on the growth
expressed as the number and the size of cells and the contents
of selected primary metabolites in algal cells. The rate of pro-
teins, photosynthetic pigments, and monosaccharide degrada-
tion was proportional to increased heavy metal concentration
and the most phytotoxic influence of Pb was observed at the
highest tested concentration of 500 μM. Treatment with Pb
caused also oxidative damage as evidenced by increased lipid
peroxidation and H2O2 level. However, to cope with heavy
metal toxicity, A. obliquus cells are able to carry out a cellular
strategy involving activation of various enzymatic (SOD,
CAT, APX, and GR) and non-enzymatic (ascorbate, glutathi-
one) antioxidants serve as important components of mecha-
nism detoxifying heavy metal. The highest enhancement in
antioxidant activity was observed in cultures treated with
low concentration of Pb (0.1 μM) which may account for
higher alga tolerance and acclimation to metal contamination
of aquatic environment.
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