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Abstract

The green alga Chiorella marina Butcher was investigated in the laboratory for accumulation of six heavy metals, such as
chromium, cadmium, cobalt, copper, nickel and lead. The cultures were grown in estuarine water medium mixed with
different concentrations of the individual metals. The baseline metal concentrations in C. marina were shown to be in an
order of Cu> Pb> Co> Cd> Ni> Cr under normal culture conditions. In the experimental groups, the metal uptake
capacity of the alga was Ni> Pb> Co> Cu> Cd> Cr at equilibrium. When assessed using the bioconcentration factors,
metal accumulation by C. marina was demonstrated to be the most efficient at a concentration of 0.001 mg L™ for Cr, Cd
and Co and at 0.01 mg L' for Cu and Pb. This study suggests that C. marina can be a source of mineral supplements in
mariculture.
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INTRODUCTION

Microalgae are sensitive indicators of environmental
change and are widely used in the assessment of risk
and development of environmental regulations for
metals (Levy ef al., 2007). Microalgae are able to
accumulate metal ions from aquatic solutions in a short
time by biosorption in uncomplicated systems, without
any problems of toxicity (Fathi and Falkner, 1997; Fathi
et al.,2000; Giusti, 2001; Afkar et al., 2010).

Among biosorbents, green algae are attractive as they
are ubiquitous in natural environment, have large
surface area to volume ratio and high binding affinity
to pollutants (Chong et al., 2000). Chlorella marina is a
green microalgal species, with a spherical to ellipsoidal
shape having diameter of 2-3pm with a surface area to
volume ratio of 1.1. Species of microalgae belonging to
the genus Chlorella have been widely utilized in marine
fish hatcheries in view of transferring the essential fatty
acids, EPA (Eicosapentaenoic acid) and DHA (Decosa
hexaenoic acid), and other dietary component from the
algae via the rotifers to fish larvae (James et al., 1987;
James and Abu- rezeq, 1988; Langton and Waldock,
1981; Devresse et al., 1990; Hana et al., 2007).

Little is known, however, about mineral concentrations
and metal uptake capacities in marine Chlorella species
while such information is increasingly demanded in
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the assessment of algal food values (Aksu et al., 1997;
Aksu et al., 1999; Wong et al., 2000; Mehta and Gaur,
2001; Tam et al., 2001; Han et al., 2006; Hana et al., 2007).
As bioaccumulation of heavy metals occurs mainly
through a food chain with phytoplankton at the base, it
is also important to understand the patterns of heavy
metal accumulation by microalgal species such as C.
marina which have been used as food in mariculture.

The present study was to investigate the accumulation
of the heavy metals, chromium, cadmium, cobalt, copper,
nickel and lead, by Chlorella marina, against a wide
range of concentrations. Baseline metal concentrations
in C. marina were assumed to be constituted in cultures
from the control group. Secondly, it is also aimed to
estimate the potential ability of the alga for use in
wastewater treatment based on a comparison of
bioconcentration factors between C. marina and other
commercially used marine microalgae. It is anticipated
that this work will provide information for the further
utilization of C. marina in either mariculture or
wastewater treatment or the microalgal food industry.

MATERIALS AND METHODS

Cultures of Chlorella marina Butcher were provided by
the Central Marine Fisheries and Research Institute,
Vizhinjam, Tamil Nadu, South India. The algal cultures
were grown in 500 mL Ehrlenmeyer flasks containing
200 mL estuarine water medium as previously
described (Walne, 1946) and exposed constantly to
fluorescent tubes with a light intensity of 1000 ymol m
257, The containers were held in a shaker working at a
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speed of 90 oscillations min™ and at a temperature of
25°C.

Aliquots with cultures in mid-log growth phase were
inoculated into new culture medium at concentrations
between 3x10°and 4x10° cells mL" (20 mL aliquots:
200 mL medium) for subsequent tests and grown under
the conditions described above. The culture medium
for the experimental groups was mixed with individual
metal salts, including K,Cr,0,, CdCl,/5H,0, CoCl,/
6H,0, CuSO, /5H,0, Ni(NO,),/6H,0 and Pb(NO,),, to
designated nominal concentrations (Table 1).

One litre aliquots of stationary phase cells (13 d after
inoculation) collected from five replicate cultures were
centrifuged at 600g for 20 minutes and the pelleted cells
were washed with estuarine water. The samples were
subsequently dried under vacuum at 60°C for 6 h before
weighing. Metal concentrations in dried materials were
measured using an inductively coupled plasma optical
emission spectrophotometer (Perkin Elmer, Optima
2100). Data were organised based on triplicate
experiments. One way ANOVA was used to interpret
the results.

The bioconcentration factors were calculated using the
following formula (Sadiq, 1992)

_ metal concentration in algal cultures
melal concenlration in culture medium
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RESULTS

Table 1 gives the average concentrations of the metals
Cr, Cd, Co, Cu, Niand Pb in cultures of Chlorella marina
from control and experimental groups. In the control
group, which was free from heavy metal contamination,
metal concentrations were shown to be in the order of
Cu> Pb> Co> Cd> Ni>Cr (Fig. 1).

In the experimental groups, the equilibrium
concentration of different metals were found to be varied
(Figure. 2a &b). The six heavy metals displayed
concentrations in an order of Ni> Pb> Co> Cu> Cd >Cr
in the cultures when the respective equilibrium was
reached. This did not, however, constantly reflect the
metal uptake capacity of the alga. When exposed to an
equal concentration of 1.0 mg L, for example, Pb level
in the algal cultures was not significantly different from
Cd (P>0.10) and was conspicuously lower than Cu
(Table 1). Accumulation of Ni was lower than half that
of Co at a concentration of 0.50 mg L™ metal.

The metal uptake capacity of Chlorella marina was also
estimated based on bioconcentration factors, which
indicate a constant proportion between the internal and
external metal concentrations. Except for Cd, most metals
were shown to have two peaks along the BF curves
(Figure 3a, b,d,e,f and g), but the BFs of Co (Fig. 3d) were
not significantly different at a concentration range
between 0.005 and 0.10 mg L* (P> 0.10). The two peak
values of BFs were similar in Cr (Fig. 3a&b) and Pb
(Fig. 3g) (P>0.10), respectively. They posed 60%

Table 1. Concentrations of heavy metals Cr, Cd, Co, Cu, Ni and Pb in cultures of Chlorella marina from both control
and experimental groups 13 days after inoculation (sample size = 3).

Metals in Concentration of heavy metals tested (mg L) in cultures of C. marina

medium

(mg L) Cr Cd Co Cu Ni Pb
0.000 0.12+0.22 | 225+1.20 | 3.02+1.02 |18.6+0.12 |80.76+0.14 | 3.78+0.05
0.001 1.10£041 | 295+2.14 | 7.20+1.25 | -——-—- | - | = -
0.005 3.90+0.23 | 533+1.23 | 28.6£1.04 | --——- | - | -
0.01 8.50+0.14 | 6.90+2.56 | 53.84+2.25 |[24.8+1.24 | 4.12+1.42 8.60+1.23
0.05 471047 | 23.4+0.12 | 252 +0.44 |43.9+2.14 | 20.0+1.56 23.9+2.16
0.10 105+ 1.42 43.6 £0.23 | 559 £2.12 | - | - | -
0.20 150+ 3.25 85.8 £1.24 | 990 £1.52 | 125+3.28 | 29.6+1.02 81.2+0.32
0.50 160+ 2.45 209 +2.01 | 1043 £1.24 | 283+1.23 | 598+2.05 204+1.28
1.00 -— 299 +2.10 . 439+0.12 | 1030+2.36 321+2.48
15 | 386 +0.12 — | |
2.00 - - - 44714 | 1680+1.05 1450+0.26
3.00 i — | 1860+0.08 1220+1.24
5.00 —— | e = | 1560+0.41

——*Not tested for the related concentration
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difference for Cu (Fig. 3e) and 65% for Ni (Fig. 3f). With
regard to the bioconcentration factors, metal uptake by
C. marina was most efficient at a concentration of 0.001
mg L for Cr, Cd and Co, and at 0.01 mg L' for Cu and
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Figure 1. Scatterplot diagram showing concentration
difference between metals contained in the cultures of
Chlorella marina from both control and experimental
groups, 13 days after inoculation (sample size = 3).
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Figure 2a &b. Accumulation of heavy metals Cr, Cd,
Co, Cu, Ni and Pb in the cultures of Chlorella marina
exposed to various metal concentrations
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Figure 3a-g. Bioconcentration factors (BF) of Chlorella
marina versus metal concentrations in the culture
medium.

Pb. Similar effects were also found for Crat0.10 mg L™
and Pb at 2.0 mg L. The highest value of BF for Ni
occurred against an external concentration of 0.50 mg
L, but a higher value could be expected at a
concentration of < 1 mg L' based on an examination of
the BF patterns as seen in Fig. 3f.
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DISCUSSION

Bioremoval, the use of biological systems for the removal
of metal ions from polluted waters, has the potential to
achieve greater performance at lower cost than
conventional wastewater treatment technologies for
metal removal (Wilde and Benemann, 1993). In this
context, selection of specific microalgae strains for
cultivation and processing are needed for definite
bioremoval applications, in order to provide significant
improvements in dealing with the world-wide problems
of metal pollution.

The ability of microalgae to accumulate metals from
aqueous solution is well documented (Fathi and
Falkner, 1997; Fathi et al., 2000; Giusti, 2001; Fathi, 2008)
as well as the possibility of using microbial biomass to
remove metals from effluents (Macaskie, 1991; Hamdy,
2000). Algae take metals up both passively and actively.
As passive biosorption mainly depends on binding to
functional surface ligands, the cell wall structure is most
important for rapid metal ion uptake (Afkar et al., 2010).
Some, such as Pb and Sr, may be passively adsorbed by
charged polysaccharides in cell wall and intracellular
matrix (Fathi et al., 2000; EI-Sheekh et al., 2003; Osman et
al., 2004; Fathi et al., 2005). Other metals (e.g., Zn, Cd)
are taken up actively against large intracellular
concentration gradients. On the other hand, some
authors have reported that the phenomenon of metal
accumulation by microbial cells is quite complex, two
principal mechanisms are reported viz., adsorption on
to the surface of the cell and a slower, active uptake into
the cytoplasm (Barbara and Michael, 1994). It is
observed that the uptake of an element from the
surrounding medium is seldom exactly proportional to
the amount present in the water (Fathi et al., 2005). There
also reports (Hamdy, 2000) on the metal uptake which
is dependent on the type of biosorbent, with different
accumulation affinities towards the tested elements and
the amount of metal uptake increases steeply with
increase in the biomass.

During the present study, the pattern of accumulation
of all the six heavy metals (Cr, Cd, Co, Cu, Niand Pb) in
the tested microalga Chlorella marina demonstrated a
slow increment that gradually approached an apparent
upper asymptote which is in accordance with the
previous reports (Sharif et al., 2007). This pattern of metal
accumulation is in contrast with metal sorption reported
by several authors in microalgae which is often
characterized by an initial phase of rapid sorption
followed by a second phase of slower uptake
(Khummongkol et al., 1982; Genter et al., 1988; Reinfelder
and Chang, 1999). In such a biphasic model of metal
uptake, metal ions are believed to bind to and saturate
negatively charged sites (e.g. carboxylic groups) on the
exterior of cells in the first phase and are then
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transported to the interior of the cell via biologically
active processes in the second phase (Xue ef al., 1988).

A model for metal uptake based on surface adsorption
for the uptake of cadmium by Chlorella vulgaris has been
developed (Khummongkol et al., 1982) and established
a linear equilibrium relationship between metal in the
solution and that adsorbed on the cell surface at low
cadmium concentrations. The metal binding
characteristics of C. vulgaris to assess the role of the
surface charge site for the metal binding have been
investigated (Cho et al., 1994). In this study, the carboxyl-
modified algae show major decreases in the adsorption
capacity of Cd (II) and Zn (II) binding and the amine-
modified algae also display some decreases in metal
adsorptions.

The mineral fraction in microalgal cells constitutes a
major proportion of the dry weight, ranging from 6 to
39% (Brown et al., 1989). Metal concentrations in cells
vary considerably both with species and environment
(Eisler, 1981). Cu concentrations, for example, are shown
to be 65 and 652 ug g, respectively, in the marine
microalgae Dunaliella tertiolecta and Tetraselmis suecica
(Fabregas and Herrero, 1986). Maximum intracellular
accumulation under low cadmium concentration in
Chlorella sp. was estimated to be 2.4 mg Cd /g dry cells
(Matsunaga et al., 1999). There are previous studies
regarding the cadmium concentration in several species
of Chlorella at the range of 5 to 7.9 mg g™ (Sakaguchi et
al., 1979; Geisweid and Urbach, 1983). In the present
study, the maximum Cd metal concentration
accumulated by Chlorella marina was found to be 0.386
mgg’l.

In the present work, data from the control group
represented baseline metal concentrations. Such
information is useful in the evaluation of algal food
values in mariculture (Riley and Roth, 1971) and in the
assessment of algae as effective agents of heavy metal
removal in environmental treatments.

Microalgae have long been recommended as a source of
minerals in mariculture (Stanley and Jones, 1976);
Ogino and Yang, 1980; Fabregas and Herrero, 1986).
They are easy to grow and their mineral contents can be
enhanced by increasing metal concentrations in the
culture medium (Chen et al., 1998). This is found to be in
agreement with the present study also. The capacity of
C. marina for metal accumulation has been demonstrated
to be flexible in response to external metal concentrations
during the present investigation (Fathi et al., 2005).
Compared with the control group in this investigation,
‘Co’ concentration in the algal cultures, for example,
was doubled when the medium contained 0.001 mg L™
Co, and the amount of Cu increased about 400 times as
the dosage was raised to 0.5 mg L™ Cu. Of the six heavy
metals tested, Co, Cu and Ni are essential to many living
organisms. They were all shown to be accumulated at
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relatively high rates when the alga was exposed to the
metals in unpolluting levels. It is, however, necessary
to remember that data presented in Table 1 can only be
consulted, as indicated by the BFs, when the culture
medium is enriched with individual metals. The metal
accumulation patterns may also be changed
significantly when the culture medium is mixed with
different metal components (Skjak and Jensen, 1991;
Wong and Chang, 1991).

During the present study, the accumulation of all the
heavy metals tested were found to increase with their
increasing concentrations in the culture medium. This
is in agreement with the recent reports (Afkar et al., 2010)
that accumulations of Co, Cu and Zn by Chlorella
vulgaris cells are parallel to increasing the
concentrations in the culture medium. The report has
concluded that the bioaccumulation factors (the ratio
of concentration of an element in dry biomass and in
the surrounding medium) of the three tested metals are
also increasing with their concentrations in the culture
medium. Metal accumulation by C. marina was shown
tobe in an order of Ni> Pb> Co> Cu>Cd>Cr during the
present experiment.

Microalgae have been considered to have better
advantages over the traditional methods in the
elimination of heavy metals from aquatic systems (Wilde
and Benemann, 1993; Sandau et al., 1996a; Sandu et al.,
1996b). Although only a few marine microalgae have
been investigated for metal accumulation ability, some
are already commercially available for heavy metal
removal in the treatment of wastewaters (Sandau et al.,
1996a). According to US Environmental Protection
Agency (EPA), the maximum admissible limits of Cd,
Cu, Ni and Pb in drinking waters cannot exceed 5.0,
1300, 100, and 15 pg L™, respectively. According to the
Bureau of Indian Standards (BIS), the maximum
concentrations of Cd, Cu, Niand Pb in drinking waters
cannot exceed 10, 1500, 20 and 100 ng L™, respectively.
At these limits, the bioconcentration factors of Chlorella
marina were shown to be >1000 for Cd and Cu; < 1000
for Pb; ~1000 for Cr and Ni; and > 5000 for Co under the
current experimental conditions. These are found to be
particularly attractive figures compared with those
reported (Wilde and Benemann, 1993) for other
microalgae though there is probably scope for
enhancing accumulation by studies on the influence of
growth conditions, such as duration of cultivation, pH
and chemical composition of the medium (Shulz —
Baldes and Lewin, 1976; Drba et al., 1976; Sakaguchi et
al., 1979). In addition, as shown in Fig. 3, C. marina has
been shown to have bioconcentration factor values
between 1000 and 8000 at other metal concentrations.

In general, the results of this investigation suggest that
Chlorella marina can be a mariculture mineral
supplement in terms of its potential ability to accumulate
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essential metals, such as Co, Cu and Ni, in an
unpolluted environment. The alga seems potentially
more useful as an agent for heavy metal removal in
wastewater treatment, though it is worth making further
investigations based on the variation of environmental
factors. Studies are also in line by various researchers
for improving biomass containment or immobilization
techniques through developing bioremoval process
steps using metabolically active microalgal cultures.
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