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Abstract

The effects of chromium bioaccumulation in Pseudokirchneriella subcapitata were evaluated by Central Composite Design 
(CCD), factorial 22 and Response Surface Methodology (RSM). All the models of regression generated by CCD were highly 
significant, with R2 between 77 and 88%, which is the percentual variability in the response that the model can account for. This 
is indicative of a satisfactory representation of the process models whose data can be used for simulations of response. The 
maximum shrinkage biovolume presented 28–69% reduction compared to controls. Results from this study suggest that the 
smaller algal cells amplify metal binding sites, leading to an increased bioaccumulation and a consequential increased capacity 
to accumulate chromium. Nevertheless, the absorption capacity decreases for more elevated chromium concentrations and for 
longer exposure.
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Avaliação da bioacumulação de cromo em Pseudokirchneriella subcapitata (Korshikov) Hindak pelo Delineamento 
Composto Central (DCC) e Metodologia de Superfície de Resposta (MSR)

Resumo

Os efeitos da bioacumulação de cromo em Pseudokirchneriella subcapitata foram avaliados pelo Delineamento Composto 
Central (DCC), fatorial 22 e pela Metodologia de Superfície de Resposta (MSR). Todos os modelos de regressão gerados 
pelo planejamento experimental foram altamente significativos com R2 entre 77 e 88%, o qual representa o percentual de 
variabilidade da resposta que pode ser explicado pelo modelo. Isto é indicativo de uma representatividade satisfatória dos 
modelos gerados, cujos dados podem utilizados para a simulação de respostas. A faixa de redução do biovolume foi de 28-69% 
em comparação com o controle. Os resultados deste estudo sugerem que células menores amplificam sua área de superfície e 
os sítios de ligação com os metais, conduzindo a um aumento da bioacumulação e um conseqüente aumento da capacidade de 
retenção do cromo. Apesar disso, a capacidade de bioacumulação decresce nas concentrações mais elevadas de cromo e nos 
maiores tempos de exposição.
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INTRODUCTION

Water contamination with heavy metals is currently a very 
serious problem in the world (Maine et al., 2004; Venay et al., 
2007) and represents an important environmental concern due 
to the toxic effects of metals,  and their accumulation throughout 
food chains leads to serious ecological and health hazards 
(Malik, 2004). Chromium is a highly toxic non-essential metal 
for microorganisms and plants (Cervantes et al., 2001).

The interest in chromium (Cr) originates from the 
widespread use of this metal in various types of industries, 
such as the metallurgical (steel, iron- and nonferrous alloys), 
refractory (chrome and chrome-magnesite), and chemical 
(pigments, electroplating, tanning and other) segments. As a 
result of industrial processes, large amounts of Cr compounds 
are discharged into the environment as liquid, solid, and 
gaseous wastes which can ultimately cause significant adverse 
biological and ecological effects (Kotaś & Stasicka, 2000). In 
nature, chromium (Cr) exists in two different oxidation states: 
trivalent (Cr III) and hexavalent (Cr VI) chromium (Kotaś & 
Stasicka, 2000; Panda & Choudhury, 2005), the most stable and 
most usual forms of the chemical (Cervantes et al., 2001). Both 
Cr (III) and Cr (VI) differ in terms of mobility, bioavailability 
and toxicity. The hexavalent form of the metal, Cr (VI), is 
considered a more toxic substance than the relatively innocuous 
and less mobile Cr (III) form (Kotaś & Stasicka, 2000; Cervantes 
et al., 2001; Panda & Choudhury, 2005).

Bioavailability and bioaccumulation of heavy metals 
in aquatic ecosystems are gaining tremendous significance 
globally (Vardanyan & Ingole, 2006). Land plants, water 
plants and algae have all drawn considerable attention for their 
capabilities to eliminate heavy metals. Macro and microalgae 
exhibit constitutive mechanisms for the removal of free 
metal ions from water, which makes them attractive agents in 
both water detoxication and remediation processes (Perales-
Vela et al., 2006). Algae meet all the basic requirements 
for bioindicators: they are sedentary, their dimensions are 
suitable, they are easy to identify and to collect, they are widely 
distributed, and they accumulate metals to a satisfactory level 
(Conti et al., 2002). The freshwater alga Pseudokirchneriella 
subcapitata (Korshikov) Hindak, 1990 has become the 
mainstay in biomonitoring and for evaluating the toxicity of 
chemicals and wastewater (Ward et al., 2002). The response of 
P. subcapitata to contaminant exposure, such as heavy metals, 
is typically measured in terms of biomass, cell density, growth 
rate, etc (Labra et al., 2007).

Recently, the need and importance have been acknowledged 
of developing validation procedures for models that make 
it possible to monitor the environmental quality of aquatic 
ecosystems. The Response Surface Methodology (RSM) 
and the use of experimental design or the Central Composite 
Design (CCD) represent the use of techniques that warrant 
traceability, support validation and produce the subsequent 
confirmatory validation, in addition to making it possible to 
understand the effect of several variables on a system by means 
of a well-defined mathematical model. In particular, statistical 
design is criterion for choosing experiments efficiently and 

systematically in order to generate reliable and consistent 
information (Furlanetto et al., 2003). The experimental design 
generates a mathematical model in which the parameters 
are estimated from experimental data. These data are also 
required for the simulation to occur. This technique is widely 
used due to its flexibility, simplicity and realism (Kleijnen & 
Standridge, 1988).

The objective of this study was evaluated the 
bioaccumulation of chromium in P. subcapitata through to 
CCD and the use of RSM. The experiments were conducted 
using algal culture subjected to different chromium 
concentrations for different exposure times. The metal 
accumulated by algal cells, and the ratio between chromium 
content and biovolume were analyzed. An experimental 
simulation data set was used in order to improve the 
comprehension of the effect of chromium concentration and 
exposure time on bioaccumulation and biovolume variation.

MATERIAL AND METHODS

Algal culture

The freshwater green algae Pseudokirchneriella 
subcapitata, formerly known as Selenastrum capricornutum 
Pintz, (cultures kept at the Ecotoxicology and Ecophysiology  
Laboratory for Water Organisms of the Water Resources 
and Applied Ecology Center of the University of São Paulo, 
São Paulo State, Brazil) was cultivated in L. C. Oligo 
medium that does not contain ethylenediaminetetraacetic 
acid (EDTA) (AFNOR, 1980). Culture media were 
sterilized by autoclaving at 121 °C during 15 minutes in 
2-L glass Erlenmeyer flasks containing 1L of the culture 
medium (ABNT, 2005). The cultures were maintained 
under continuous cool-white fluorescent lighting (20 µmol 
photons m-2 s-1) with 12:12 PM light/dark cycle, at 24 ± 2 
°C, with constant aeration and was inoculated with cells to 
a concentration around 1 x 104 cell mL–1.

Toxicity tests

Glass Erlenmeyers flasks (250 mL) with 100 mL of 
test medium, were inoculated at an initial cell density 
corresponding to the beginning of logarithmic phase growth 
with concentration around the 104 cell mL-1. The test 
solutions were prepared using glass flasks and volumetric 
pipettes with nominal chromium concentrations (K2Cr2O7) 
of 40.0, 41.5, 45.0, 48.5 and 50.0 µg L-1, diluted with L. C. 
Oligo medium. After inoculation, static toxicity tests were 
maintained for exposures time: 81, 96, 132, 168 and 183h 
in the same conditions described above for the algal culture 
maintenance procedure. The chromium concentrations and 
exposures time were obtained by combinations according 
to experimental design. The Erlenmeyers were repositioned 
daily to minimize possible spatial differences in illumination 
and temperature on growth.
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Algal biovolume

The algal biovolume was calculated by means of measured 
linear dimensions that include the full range of microalgal 
shapes and mathematical equations (Hillebrand et al., 1999). The 
measurements required in order to calculate the mean biovolume 
were taken from 30 specimens (or cells) for each run.

Metal analysis

At the end of the each exposure time, samples with P. 
subcapitata were taken to determine the bioaccumulation, 
understood as the metal accumulated by algal cells (including 
the metal absorbed by cells and the metal bound externally). 
The trial test solutions were filtered through a membrane filter 
AP20 (Milipore) with 0.45 µm. The filters were dried and 
submitted to acid digestion (HNO3 and H2O2) (APHA, 1995). 
For each digested sample, three unused filters were digested 
and analyzed as blanks (Van Loon, 1985). Generally, the 
measured concentration of metal in algal cells is taken as the 
total amount of metal accumulated by the cells (i.e., externally 
and internally bound metal) and it is expressed as µg Cr mg-1 
dry weight of algae or μg Cr cell.-1. All the samples were 
analyzed in triplicates by graphite-furnace atomic absorption 
spectrometry (Varian AA 220) whose detection limit was 
0.0249 µg L-1 and quantification limit was 0.0831 µg L-1. The 
data for metal concentration were used to calculate the ratio to 
the biovolume, expressed as µg Cr µm-3.

Experimental Design and Statistical Analysis

Central composite design (CCD) was used in order to generate 
10 treatment combinations (k = 2) for the selected algal toxicity 
tests is that in which two parameters (exposure time (X1) and 
chromium concentration (X2) as independent variables. Five 
levels of each variable were chosen, the upper and lower limits of 
them, relative to the opted center point (exposure time 132h and 
chromium concentration 45.0 µg L-1). The experimental results for 
the response surface methodology were fitted with a second-order 
polynomial equation (1) by a multiple regression technique.

Y is the predicted response; b0, b1, b2, b11, b22, b12 are 
constant coefficients. Statistic 7.0 software (Statsoft, USA) 
was used for regression and graphical analysis of the data. 
The significance of the regression coefficients was determined 
by Student’s t-test; the second order model equation was 
determined by Fisher’s test. The variance explained by the 
model is given by the multiple coefficient of determination, 
R2. Based on this parameter estimate, the model can be 
statistically validated if it is able to reproduce the observed 
behavior (Faller et al., 2003).

The test factors were coded according to the following 
regression equation (2):

Table 1 - Process variables used in the CCD showing the treatment combinations between chromium concentration and exposure time and the mean experimental 
responses obtained for bioaccumulation, biovolume and the ratio between both, as well as the percentual biovolume reduction in relation to the control.

Treatment

Coded setting 
levels

x1= time; x2= [Cr]

Actual levels
X1= time (h); X2= [Cr] (μg L-1) Bio-

accumulation
(µg L-1)

Bio-
volume 
(µm3)

Percent 
biovolume 
reduction

Ratio [Cr] 
per biov (µg 
µm-3x10-10)

x1 x2 X1 X2

1 -1 -1 96 41.5 35.2 62.51 50.17 3.93
2 -1 1 96 48.5 28.4 38.41 69.39 12.99
3 1 -1 168 41.5 15.9 51.30 59.11 0.40
4 1 1 168 48.5 10.5 70.93 43.47 1.90
5 0 0 132 45.0 32.4 68.46 45.44 0.97
6 0 0 132 45.0 32.1 89.86 28.38 0.88
7 -1.41 0 81 45.0 29.0 56.49 54.97 7.22
8 0 -1.41 132 40.0 24.8 52.21 58.39 2.70
9 1.41 0 183 45.0 28.4 81.88 34.74 0.47
10 0 1.41 132 50.0 12.2 44.87 64.24 1.01

where xi is the coded value and Xi is the actual value of its 
independent variable, X0 is the actual value at the center point, 
and ∆Xi is the step change value. In this case, X1 = (time 
-132)/36; X2 = ([Cr]–45.0)/3.5 were used. 

RESULTS AND DISCUSSION

Effect of chromium bioaccumulation in P. subcapitata

Table 1 shows the actual levels corresponding to the 
coded settings, the treatment combinations and responses. 
The bioaccumulation of metal in P. subcapitata was 
evaluated following the analysis of metal accumulated 
by algal cells at different exposure times and chromium 
concentrations (Table 1).

The response contour curves (Fig. 1) were plotted for 
studying the effects of chromium concentration and exposure 
time in P. subcapitata in order for bioaccumulation to be 
evaluated. Each contour curve represents an infinite number of 
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combinations of two test variables with the others when their 
respective zero level is maintained. We noticed that, when the 
metal is introduced to the culture medium, bioaccumulation 
is more intense in the first hours of exposure (81h) and for the 
intermediate chromium concentration (45 μg L-1) (Fig. 1). During 
the experiment, bioaccumulation shows a tendency to decrease.

Bioaccumulation may decrease as a result of a diminution 
of permeability, active accumulation and absorption surfaces; 
while active excretion may play an important role (Albergoni 
et al., 1980). A number of physicochemical factors can 
influence the uptake of heavy metals by algae, such as light, 
pH, temperature, and chelating agents (Phillips, 1995). The 
bioaccumulation level depends on the nature of the chemical 
compound, algae species, length of exposure, concentration in 
water (Ivanciuc et al., 2006). The bioaccumulation of chemical 
compounds in aquatic organisms represents important criteria 
for ecotoxicological evaluation and hazard assessment 
(Mackay & Fraser, 2000; Voutsas et al., 2002). 

 Table 1 also shows the results obtained for biovolume, 
its relation to the bioaccumulated metal, and the experimental 
design that was used to investigate the influence of chromium 
on bioaccumulation and biovolume in P. subcapitata. 
Biovolume was affected and the reduction ranged between 
28% and 69% in all treatments, in relations to control cells 
(data not showed). Biovolume was the highest at 45 μg L-1, 
however such values were recorded for higher exposure times 
at 132 and 183h (Fig. 2). The greater percentage of biovolume 
reduction (Fig. 3) in relation to controls was obtained for more 
elevated concentration (48.5-50.0 μg L-1) and longer exposure 
time (168 h). A well documented case of morphological 
alterations has been reported for the predominant unicellular 
Scenedesmus acutus in the presence of chromium(VI) 
(Corradi & Gorbi, 1993). Peña-Castro et al. (2004) studying 
morphotypes in chromium stressed cultures of Scenedesmus 

incrassatulus, despite of not studied biovolume, were observed 
cell dimensions changes whose were significantly different 
from the control for length and width. Other side, Hawkins 
et al. (2005) tested the effect of Lugol’s Iodine on the cell 
biovolumes of four common freshwater microalgae, and the 
maximum shrinkage in each species was a 30–40% reduction 
compared to the live cell biovolume.

The average algal biovolume in the control measured in 
this study was 62.73 µm3 (standard deviation ± 21.3), which 
was smaller than those examined by Weiner et al. (2004) to P. 
subcapitata at 74.49 µm3. The highest percentual biovolume 
reductions in relation to the control were found in chromium 
concentrations above 48.5 μg L-1 and shorter exposure time 

Figure 1. Contour plot of metal bioaccumulation in algae (µgCr gDW-1) as 
a function of chromium concentration (40.0-50.0 µg L-1) and exposure time 

(81-183 h) for P. subcapitata.

Figure 2 - Contour plot of algal biovolume (μm-3) as a function of 
chromium concentration (40.0-50.0 μg L-1) and exposure time (81-183 h) for 

P. subcapitata.

Figure 3 - Contour plot of percentual biovolume reduction (%) as a function 
of chromium concentration (40.0-50.0 µg L-1) and exposure time (81-183 h) 

for P. subcapitata.
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(Fig. 3). Although the tested cells of P. subcapitata have 
experienced considerable reductions in biovolume in this 
study, Rodgher (2008, dates unpublished) reported increased 
biovolume for the more elevated concentrations of chromium 
in comparison to the control. Several authors using optical 
and/or electron microscopy (Bolaños et al., 1992) and flow 
cytometry (Franklin et al., 2001) have previously found an 
increase in cell volume of several species of microalgae in 
response to toxic levels of metals.

The enhanced bioaccumulation could be related to 
the observed reduction in biovolume. The highest ratios 
between the metal accumulated by algal cells and biovolume 
were found for the shorter exposure times and the elevated 
chromium concentrations (Fig. 4). The results for biovolume 
reduction obtained in this study may suggest that smaller cells 
represent a greater surface area to volume ratios and amplify 
metal binding sites. In disagree with the results this study, 
Dabbagh et al. (2007), working with 90Sr bioaccumulation in 
filamentous cells of Oscillatoria homogenea, suggested that 
increased biomass and biovolume caused an increment in 
binding sites and, therefore, in the bioaccumulation capacity. 
Second these autors, the biomass value had an important role 
on the bioaccumulation and adsorption of strontium. Since 
strontium and calcium ions are analog and strontium can be 
replaced in cyanobacteria metabolic processes. Other side, 
studies developed by Weiner et al. (2004) verified that both 
atrazine uptake and the cellular characteristics of microalgae 
(Isochrysis galbana, Dunaliella tertiolecta, Phaeodactylum 
tricornutum, Pseudokirchneriella subcapitata, and 
Synechococcus sp., listed in order of increasing sensitivity) 
indicated that smaller cells with greater surface area to volume 
ratios will incorporate more atrazine, and in general, will be 
more sensitive to atrazine exposure. According to Dönmez et 

al. (1999), once the metal ion has diffused to the cell surface, 
it will bind to sites on the cell surface which exhibit some 
chemical affinity for the metal, and a number of passive 
accumulation processes may occur, including adsorption, 
ion exchange, coordination, complexation, chelation and 
microprecipitation.

Studies by Rodgher & Espíndola (2008) found that P. 
subcapitata removed small amounts of chromium from the 
solution. Travieso et al. (1999) also observed small removal of 
chromium by the green algae Senedesmus acutus and Chlorella 
vulgaris, compared to other metals. In addition, Cervantes et 
al. (2001) suggested that both chromate and dichromate are 
negatively charged, and there is a limited chance of it being 
adsorbed by organic materials. A few studies describe Cr (VI)-
reducing activities in fungi and plants (but not in algae yet) 
and the possible relationship of this process with chromate 
resistance and bioremediation.

On the other hand, Giloni-Lima et al. (2010) observed 
consistent algal growth inhibition was for the highest chromium 
concentrations (48-50 µg L-1) and the longest exposure time 
(168-183h). In the early exposure time of metal, the strategy 
is to reduce the biovolume (reduced surface area/volume), 
increasing the bioaccumulation. But, if the presence of toxicant 
occurs at longer exposure times, the species cannot resist the 
level of stress imposed and reduces growth. Thus, we can say that 
the species is sensitive and therefore would indicate toxicity to 
chromium, but would not be suitable for bioremediation. These 
results are consisted with findings by Labra et al. (2007) and 
Pereira et al. (2005), who identified consistent growth inhibition 
and reduction in the number of viable cells, which suggests that 
potassium dichromate is a strong algal cell pollutant and P. 
subcapitata is a sensitive organism suitable for monitoring the 
presence of chromium in water.

Model fitting and simulations

A model fitting was performed for the experimental 
design. The independent and dependent variables were fitted 
to the second-order model equation and examined in terms 
of goodness of fit. The ANOVA (Analysis of Variance) 
were used to evaluate the adequacy of the fitted model. The 
R-squared value provided a measurement of how much of the 
variability in the response values could be explained by the 
experimental factors and their interactions.

On the basis of ANOVA, a second order model (Equation 2) 
was established, describing the bioaccumulation, the biovolume 
and the ratio between the metal accumulated by algal cells and 
the biovolume, and the percentage of biovolume reduction, as 
a function of chromium concentration and exposure time.  The 
model coefficients estimated by linear regression are shown in 
Table 2. The ANOVA for the regression model demonstrates 
that the model is highly significant especially for percentage 
of biovolume reduction, bioaccumulation and biovolume as 
it becomes evident from the Fisher’s F-test (Table 2). The 
computed F-value for the models was higher than the tabular 
F-value (at the 5% level), indicating that the differences in 
treatment are highly significant.

Figure 4 - Contour plot of the ratio between metal accumulated by 
algal cells and biovolume (µg µm-3x10-10), as a function of chromium 
concentration (40.0-50.0 µg L-1) and exposure time (81-183 h) for P. 

subcapitata.
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The elevated values of R2, with variations between 0.77 
and 0.88, demonstrate that 77 to 88% of the variability in 
the response could be explained by the model and suggests a 
satisfactory representation of the process model (Heck et al., 
2005). In addition, there was a good correlation between the 
experimental and predicted values (data not shown).

The Student’s t-test and p-values were used to check the 
significance of each coefficient (data not shown) which, in 
turn, is necessary to understand the patterns of the mutual 
interactions between the test variables (Heck et al., 2005). 
The terms of the second-order model, C (quadratic) for 
bioaccumulation, biovolume and percentage biovolume 
reduction were significant (p<0.05) and the interaction 
of exposure time and chromium concentration (t x C) for 
biovolume and percentual biovolume reduction was significant 
(p<0.05), which indicates that they act as limiting factors 
and that even small variations in their values will alter the 
bioaccumulation and the biovolume to a considerable extent. 
For the ratio between the metal accumulated by algal cells and 
the biovolume, only the t-linear term was significant with R2 = 
0.78, and the F ratio (F-value/F-value tabular) was 2.62.

The generated models were used to run the simulations 
of bioaccumulation and biovolume (Figs. 5a and b). The 
bioaccumulation was smaller in the more elevated time of 
exposition (168 and 183 h) and bigger in the smallest time 
(81, 96 and 132 h). Figure 5b shows that for the lower 
concentrations (40.0 and 41.5 μg L-1), there was an increase 
in the biovolume until, approximately, 110h of exposure to 
the metal, after which time a decrease was observed. For the 
center point (45 μg L-1) this behavior persisted until after 
approximately 155h of exposure. The smallest biovolume 
measurements were obtained for the shortest exposure times 
and for the highest chromium concentrations.

Although, De Schamphelaere et al. (2003) related that 
more research is needed do mechanistically understanding the 

relationships observed in the copper toxicity for P. subcapitata, 
the model developed by CCD has a high predictive capacity 
and will help improve the ecological relevance of current 
risk assessment. Park et al. (2009) studying combined effects 
between pH, DOC (Dissolved Organic Carbon) and hardness 
on acute metal toxicity, developed the empirical models able 
to predict in D. magna acute toxicity of natural waters and 
wastewaters containing Cu(II) or Cr(VI) as toxicants.

CONCLUSIONS

Chromium as dichromate is a pollutant that affects algal 
biovolume in P. subcapitata, and it is possible that this factor 
causes increased bioaccumulation of metal even in shorter 
exposure time. Our results suggest that smaller algal cells 
amplify the metal binding sites, increasing bioaccumulation and 
consequently their capacity to retain chromium. This hypothesis 

Coefficient estimate (± Standard deviation)

Term

Bioaccumulation 
(µgCr gDW-1) Biovolume (µm3) Biovolume 

Reduction (%)
[Cr] per Biov

(µg µm-3x10-10)

b0 32.055 (± 3.38) 79.160 (± 5.90) 36.905 (± 4.70) 0.925 (± 1.99)
b1 -4.746 (± 2.07) 7.152 (± 2.95) -5.699 (± 2.35) -3.020 (± 0.99)
b2 -1.955 (± 2.46) -5.755 (± 3.90) 4.587 (± 3.11) 1.948 (± 1.31)
b11 -3.756 (± 2.07) -1.857 (± 2.95) 1.481 (± 2.35) 1.020 (± 0.99)
b22 -7.050 (± 2.46) -16.078 (± 3.90) 12.815 (± 3.11) 0.953 (± 1.31)
b12 0.332 (± 2.92) 10.933 (± 4.17) -8.713 (± 3.32) -1.887 (± 1.41)
p-value 0.0002 0.0001 0.0014 0.0387
R2 77.0 88.3 88.3 78.0
F-value 33.10 26.40 60.34 12.44
F statistic table 5.12 4.74 5.32 4.74

F ratioa 5.88 5.57 11.34 2.62
The values in bold and italic are significant p < 0.05, with confidence level 95%. aF ratio 

(F-value/F-value tabular).

Table 2 - Obtained model and regression coefficients for equation (1), and analysis of variance (ANOVA) for the experiments. 

Figure 5 - Simulations of (5a) bioaccumulation (μgCr gDW-1) and (5b) 
biovolume (μm3) based on the model parameters which were estimated from 

the experimental data.
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could justify the recommendation of P. subcapitata as a suitable 
organism for bioremediation. The CCD and the RSM are useful 
tools in order to asses how exposure time and chromium (VI) 
concentration affect bioaccumulation in P. subcapitata.
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