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Abstract

In this work, the effect on green algae Pseudokirchneriella subcapitata exposed to different concentrations of cadmium and copper was
evaluated through growth rate and the chlorophyll-a, chlorophyll-b concentrations. The algae were exposed for 7 days to five different
cadmium and copper concentration ranging from 1 to 1000 pg/l. Data show that cadmium was more toxic to Pseudokirchneriella
subcapitata growth than copper, all treatments of cadmium inhibited Pseudokirchneriella subcapitata growth unlike copper, of which
only the highest concentration tested (1000 and 100 pg Cu/l) inhibited the growth of algae cells. Regression analysis revealed that growth
rate of Pseudokirchneriella subcapitata significantly decreased with increasing concentration of metals ions (Cd — R*=0.7, p < 0.001;
Cu—R*=10.99, p < 0.001. Cadmium and copper had the significant adverse effect on the chlorophyll-a and chlorophyll-b concentrations
of P.subcapitata cells (chlorophyll-a ANOVA, Cd: F=10.8, p <0.001; Cu: F=8.1 p < 0.001, chlorophyll-b ANOVA, Cd: F=10.16,
p <0.001; Cu: F=10.06, p <0.001). The results showed that chlorophyll-a and chlorophyll-b concentration were less sensitive to metals
than the growth rate.
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Nomenclature

M the Pseudokirchneriella subcapitata growth rate u (per day)
Chl-a  chlorophyll-a concentration (mg/m?®)

Chl-b  chlorophyll-b concentration (mg/m’)

Cd cadmium

Cu copper

1. Introduction

Pollution of the biosphere with heavy metals has become a serious concern in the whole world. The release of these metals
in the environment has dramatically increased as a result of anthropogenic activities. Metals enter surface waters from a
variety of sources including industrial discharges, domestic sewage, nonpoint runoff, urban storm runoff and atmospheric
deposition. The relevant feature that distinguishes trace metals from other toxic pollutants is that they are non-
biodegradable, having high environmental persistence [1]. Heavy metals entering the aquatic ecosystems may cause algae
growth disorders [2—3], inhibit floating and rooted plant growth [4—5], disturb the process of photosynthesis [6], induce
oxidative stress, various physiological changes [7— 9], cause potential mutagenic effects [10], inhibit reproduction of plants
and animals and reduce their survival [11-12]. However it is often hard to detect the subtle and non-lethal effects of low-
level metal exposure in aquatic systems [13]. All non-essential heavy metals, as well as essential ones when present in
higher concentrations than optimal, affect different cellular components thereby interfering with the normal metabolic
functions of plant cell [14]. Abiotic factors such as pH, watter hardness, salinity, dissolved organic substances can affect the
concentration of the free metal ion, which is generally considered to be the most bioavailable and toxic form. on the other
hand, the same factors also affect the binding of the metal ion to the biotic ligands, which is a prerequisite for an adverse
effect. Therefore, the abiotic factors may exert different effects on the toxicity of metals in different organisms [15].
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Cadmium (Cd) is a non-essential metal toxic to aquatic organisms in the range of several micrograms per litter. Cadmium
is a widely distributed metal, which has considerable technological relevance (pigments, anti-corrosive, polymer-additive,
batteries), and which may be present in coal and phosphate minerals. It binds to organic molecules by forming bonds with
sulphur and nitrogen, thereby inactivating proteins and is therefore capable of causing a broad range of adverse effects. It is
easily absorbed and bio-accumulated by lower organisms and transferred to higher tropic levels in food chain [13]. Due to
its relative high volatility, it is released with the flue gases of coal-fired power plants by which it is widely distributed and
diffusely deposited. In the aquatic environment, it is mobile under toxic conditions but is retained in anoxic sediments [16].
Cadmium cause cellular toxicity via several pathways, e.g., nonspecifically binding to physiologically important proteins,
substituting essential metals in metalloenzymes, or interfering with DNA repair and membrane lipid peroxidations [17]. Cd
toxicity is known to be induced by the generation of reactive oxygen species, it was shown that e when algal cells
(Chlamydomonas reinhardtii) are exposed to a higher Cd concentration a higher percentage of the algae population is
expected to show the intracellular generation of reactive oxygen species [18].

Copper is a trace element essential for all living organisms, which acts as a structural element in regulatory proteins, and
participates in electron transport in photosynthesis, mitochondrial respiration, oxidative stress responses, cell wall
metabolism and hormone signalling [19-21]. Toxicity of copper is mainly due to the existence of two readily
interconvertible oxidation states making it highly reactive, and it can catalyse the formation of free radicals through Haber—
Weiss reaction [22].

The use of algae in water quality assessment is common practice [23-25]. The use of algae bioassays has numerous
advantages, such as, ease of culture, use of simple inorganic culture media and rapid growth rate [26]. Another major
advance has been the miniaturization of the tests, i.e. the use of microliter volumes of samples in microplates as opposed to
milliliter volumes of samples in flasks, so as to enable the easy and rapid processing of multiple samples [27-29].

The aim of the study was to analyse the chronic impact of Cd and Cu, as the representatives of the non-essential and
essential heavy metals, on the growth of Pseudokirchneriella subcapitata and to determine their effects on the content of
photosynthetic pigments (chlorophyll-a, chlorophyll-5).

2. Materials and methods

Algal growth inhibition tests were performed according to the modified OECD guidelines 201 for the testing of chemicals
[30] with the green algae Pseudokirchneriella subcapitata (formerly known as Selenastrum capricornutum).
Pseudokirchneriella subcapitata were cultured in ISO 8692:2004 [31] standard medium. The culture flasks were supplied
with various concentrations of Cd and Cu with a range of 1-1000 pg/l. The concentrations of both metals were 1, 2, 10, 100
and 1000 pg/l with three replicates for each concentration. The metals used for this study were supplied as CdCl, and
CuCl,. Algal cells were treated with metals for 7 days.

Axenic cultures were started with an inoculation density of 5x10° cells/ml and were illuminated continuously with
fluorescent tubes at an intensity of 60—120 umol/m**s; the temperature was 23+2 °C. All tests were conducted in three
replicates in 250 mL Erlenmeyer flasks with ground necks containing 100 ml of medium, the medium was aerated and
shaken by hand every day. All glassware was washed with half-conc. HNO; and rinsed thoroughly with deionised water,
finally with bidistilled water. All media and glassware were autoclaved before use.

Algal concentration growth was measured daily by direct cell counting using a microscope and a counting chamber. The
growth rate u (per day) was calculated as follows [23]:

p=(InN, - InNy)/t, €))
with N, the final cell density (cells ml/l), N, the initial cell density (cell ml/l) and ¢, the time (day) after the initiation of the
test. The ECs (the effect concentrations that reduces algae growth or chl-a /chl-b concentration by 50%) values were

calculated based on the percentage inhibition of the growth rate compared to the control [32]. Effective concentration (ECs,)
values were calculated using a logistic dose-response model. Biomass of algae was assessed as cell number in the medium.

The percent inhibition of growth rate for each treatment replicate calculated from the equation:
%l = (e —K1)/He 2

where %l percent inhibition in average specific growth rate; p, mean value for p in the control; pr value for growth rate in
the treatment.

Photosynthetic pigment measurement was carried out on the last day of each experiment. Content of chlorophylls (a, b)
was measured spectrofotometrically in 100% acetone extract [33]. The absorbance of the solution was determined at 750,
664, 647 and 630 nm. The concentration of chlorophyll a and b in the extract calculated by inserting the 1-cm OD664,
0D647, OD630 in Jeffrey and Humphrey formulae:

Chl a, mg/l = 11.85 (OD664) — 1.54 (OD647) — 0.08 (OD630) 3)
Chl b, mg/l = 21.03 (OD647) — 5.43 (OD664) — 2.66 (OD630) @)

Chlorophyll-a and chlorophyll-6 concentrations were calculated through equation:
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mg Chl (-a;-b)m’> =CaxE/G )
where Ca— chlorophyll (-a; -b) concentration in the extract (mg/1); E — extract volumes, I; G — grab sample volume, m”.

Statistical analysis. The statistical analysis was performed using the program Statistica 7.A one-way analysis of variance
(ANOVA) was used to assess the effect of concentration on the estimated parameters. Significant differences between the
control and contaminated samples were determined by the Dunnett’s test. The t-test was used to determine any significant
differences between the treatments.

3. Results and discussion

The cells of P. subcapitata in mid-exponential growth phase were used for tests of growth inhibition caused by the addition
of different concentrations of Cd or Cu. The algal biomass measured each day versus time was plotted in Figure 1. Any
addition of Cd led to the significant decrease of the growth of P. subcapitata compared with that of the control group
(p <0.05). The highest concentrations of Cd (100 and 1000 pg/l) caused the death of P. subcapitata cells. Even the lowest
treated Cd concentration strongly inhibited algal biomass growth, at the last day of the experiment the P. subcapitata
biomass in 1 pg/l of Cd was approximately by 31.2% lower than in control group. However, there were no significant
differences in algal biomass at the last day cultivation of algae between the treatments with 1-2-10 (p > 0.05).

Cu toxicity was lower for P. subcapitata biomass than Cd. low concentrations of Cu had stimulatory effect on the
biomass production of P.subcapitata. There were no significant differences in the algal biomass during the 7-day cultivation
of algae at the Cu concentrations of 1-10 pg/l and the control group (p > 0.05). At the last day of the experiment, the biggest
algal biomass was found at 2 pg/l of Cu, where the biomass was approximately by 77% greater than in control group.

Inhibition of algae biomass production in comparison with the control was recorded only at the highest Cu concentration.
The biomass of P.subcapitata exposed to 100 pg/l of Cu after 7 days of treatment was by 23.9 proc. lower than that of
control. The treatment with 1000 pg/l has led to the death of algal cell. Algal cells death treated with clinker leached
solutions contained up to 796 mg Cu/L was observed by Ivanova, Groudeva [34].
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Fig. 1. Growth inhibition tests of P. subcapitata versus time (day) in algae exposed to different concentrations of cadmium and copper

The P. subcapitata cell growth rates (u) after the 7-day cultures at different concentrations of Cd or Cu are shown in
Figure 2. Both cd and Cu had the significant adverse effect on the P.subcapitata growth rate (ANOVA, Cd: F=73.806,
p <0.001; Cu: F=801.24 p < 0.001). In all tested Cd concentrations P. subcapitata growth rates were smaller than in
control group, but the differences in the treatments with 1 and 10 pg/l of Cd were statistically insignificant ( p > 0.05).
Regression analysis revealed that growth rate of P. subcapitata significantly decreased with increasing concentration of Cd
(R*=0.7, p<0.001).

Cu had the slight stimulatory effect on the growth rate of P.subcapitata with the exception of the treatment with
1000 pg/l of Cu. However the differences from the control group growth rate were statistically insignificant (p > 0.05).
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Fig. 2. Growth rates (n) of P. subcapitata exposed to different concentrations of cadmium and copper for 7 days

The percent inhibition of growth rate for each treatment replicate calculated as growth % of control is shown in Figure 3.
In the lowest treated Cd concentration (1 pg/l) P. subcapitata grown rate was about 31.2% smaller than in control group,
while 1 pg/l of Cu has a stimulating effect, growth rate was about 9% higher than in control. All treated Cd concentrations
inhibited P. subcapitata growth and ECs, calculated for Cd were found 59.24+17.53 pg/l. Only the highest Cu concentration
reduced P. subcapitata growth, while in another were stimulating effect. The highest stimulating effect in P. subcapitata
growth treated with Cu were found in concentration 2 pg/l, growth rates were about 30.2% higher than in control. As Cu
had a stimulatory effect on the P. subcapitata growth, so ECs, could not be calculated.
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Fig. 3. P. subcapitata inhibition of growth (% of control) exposed to different concentrations of cadmium and copper

Chlorophyll-a concentrations in P. subcapitata cells at different concentrations of Cd or Cu are shown in Figure 4. All
Cd concentrations decreased chl-a concentrations in P. subcapitata cells, while statistically significant differences were
found only in 100, 1000 pg/l Cd concentrations compared with control group (p < 0.05). Similarly, all Cu concentration
decreased chl-a content in P. subcapitata cells, while inhibitory effect was less pronounced than in Cd treatment.
Statistically significant decrease of chl-a concentration was observed only at the highest Cu concentration, when chl-a
concentration was by 97.9% lower than that in control algal cells. ECs, , i.i. concentration causing 50 percent decrease in
chl-a, concentrations calculated for Cd were found 350.5 pg/l and for Cu — 435.2 pg/l. Both Cd and Cu had the significant
adverse effect on the chlorophyll-a concentration of P.subcapitata cells (ANOVA, Cd: F=10.8, p < 0.001; Cu: F=8.1
p <0.001).
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Fig. 4. Chlorophyll-a concentrations in P. subcapitata exposed to different concentrations of cadmium and copper

Chlorophyll-b concentrations in P. subcapitata cells at different concentrations of Cd and Cu are shown in Figure 5. Like
the chl-a concentrations also chl-b concentrations in all treated P. subcapitata cells were lower than in control groups. Both
treated metals had inhibitory effect on chl-b concentrations in P. subcapitata cells. Statistically significant differences were
found in 2, 1000 pg/l of Cd and 1000 pg/l of Cu concentrations compared with control groups (p < 0.05). Chl-b ECs,
concentrations calculated for Cd were found 354.3 pg/l and for Cu — 446.6 pg/l. Both Cd and Cu had the significant adverse
effect on the chlorophyll-b concentration of P.subcapitata cells (ANOVA, Cd: F=10.16, p < 0.001; Cu: F=10.06,
p<0.001).
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Fig. 5. Chlorophyll-b concentrations in P. subcapitata exposed to different concentrations of cadmium and copper
4. Discussion

Investigating the effects of cadmium and copper P. subcapitata biomass growth over seven days, it was observed that Cd
has more detrimental effect on the P. subcapitata biomass growth than Cu does. Low Cu concentrations stimulated the
biomass growth and adverse impact on the biomass was observed only than Cu concentration was higher than 100 pg/I.
Both Cd and Cu at 1000 pg/1 induced cells death.

At 2 pg/l of Cu, the growth rate was by 30.2% higher than in control group, the same content of Cd decreased the growth
rate 64,8% in comparison with that in control group.

Both metals decreased the content of chlorophyll-a in P. subcapitata cells. The lowest content of chlorophyll-a in the
higher concentration of the metals can be due to the peroxidation of chloroplast membrane [21]. The smallest and
statistically insignificant inhibition of chl-a concentration was observed in 1pug Cd/l ir 100pug Cu/l. Our results differ from
those reported by Soto ef al. [21], who found the stimulation of chl-a at the most low concentration of copper (at 25ug Cu/l
chl-a concentration was more than 35% higher than in control). Photosynthetic pigments chl-6 concentration in algae cells
in all treated P. subcapitata cells were smaller than in control except at 100pg Cu/l concentration where chl-b concentration
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was by 4% higher than in control (p > 0.05). The highest concentration of chl-a and chl-b were found in treatment with
100 pg Cu/l. Our results are similar to Bossuyt and Janssen [35], who found a significant increase in chl-a at higher
concentrations of metals in P. subcapitata. The lowest inhibition of chl-b concentration in P. subcapitata treated with Cd,
was observed in 1 pg/l concentration, while no statistically significant differences were found with control group.

Calculated ECs, for growth rate for Cd was 59.24+17.53ug /1, for chl-a content — 350.52 pg Cd/l and on chl-b —
354.34 ng Cd/l. The other researchers calculated lower effective concentrations for P. subcapitata (Selenastrum
capricornutum) growth for 72 h, Kaneko et al. [36] ECso — 190 pg Cd/l, Kallqvist [15] — 9.4 pug Cd/l. The differences may
be due to the chemical characteristics of test water, such as pH, hardness, time exposure, concentration and type of chelating
agent in the nutrients used in the these studies. On the other hand, the differences in the effects of the metals could be
attributed to the redox potential of the metals [20]. As Cu had a stimulatory effect on the Pseudokirchneriella subcapitata
growth rate, so ECs, could not be calculated. ECs, value was calculated for inhibition of chl-a and chl-b content, 435.23 pg
Cu/l, and— 446.56 pg Cu/l, respectively. These values are much higher than those reported by other workers. The toxicity of
copper to P. subcapitata has been reported by a number of workers [15, 21, 29, 34-35, 37-38]. ECs, values range from 8 to
400 pg Cu/l. It has been suggested that the main reason for this high variability is attributable to the differences in culture
and test media composition affecting both the algal performance and the metal’s bioavailability [35, 39].

5. Conclusion

Our study showed that toxicity of Cd was higher than Cu to green algae Pseudokirchneriella subcapitata growth and
chlorophyll content. Cu has stimulated Pseudokirchneriella subcapitata growh, while all treated concentrations of Cd
inhibited Pseudokirchneriella subcapitata growth.

We found that photosynthetic pigments (chlorophyll-a and chlorophyll-b concentration) were less sensitive to metals
than the growth rate. The growth rate of Pseudokirchneriella subcapitata decreased with increasing concentration of metals
ions. Cadmium and copper significantly reduced the concentrations of chlorophyll-a and chlorophyll-4 in algae cells.

The results of our study show that algae may be severely affected by the heavy metals even at environment relevant
concentrations.
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