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Abstract

The marine diatom Phaeodactylum tricornutum Bohlin was exposed to different cadmium
concentrations (1-100 mg I'1) for 4 days. The amount of cadmium removed was recorded, with
particular attention paid to long-term uptake kinetics, and to the cellular location of cadmium.
Cadmium accumulation occurred at all concentrations assayed. The ECg, of cadmium to P.
tricornutum was 22-39 mg I" after 4 days of exposure. Cadmium uptake followed a saturation
kinetic at cadmium concentrations =25 mg I”". However, at lower cadmium concentrations, the
uptake of this metal followed a linear trend for all days of culture. At cadmium concentrations in
the medium lower than 25 mg I”", P. tricornutum removed cadmium mainly within the cell. At
higher cadmium concentrations, the amount of cadmium removed by adsorption to the cell
surface was higher than intracellular cadmium, because of the toxic effects of cadmium on P.

tricornutum cells. This toxicity reduced the cadmium accumulation within the cells.
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Introduction

Recent industrialization in coastal regions has increased the discharge of industrial wastes,
especially those containing heavy metals, into marine waters (Wikfors and Ukeles, 1982).
Industrial and mining effluents can contain extremely high concentrations of metals. These
contaminants have been found to be some of the most toxic pollutants. Continued
anthropogenic input of metals into the marine environment has increased the concentrations of
these metals to alarming levels. Thus, the effects of heavy metals on the marine ecosystem are
of particular interest because, unlike other pollutants, metals persist without degradation. Marine
algae are the first organisms to be exposed to this pollution. The effects of heavy metals on
phytoplankton are especially significant since these organisms constitute the base of the marine

food chain.

Cadmium is a heavy metal recognized as one of the most hazardous environmental pollutants.
It is a non-essential and non-beneficial element to organisms, causing toxicity; for this reason,
the development of systems for removing this metal from polluted areas is necessary.
Conventional methods for removing metals include chemical processes, but other methods are
based on biological systems. For example, cadmium can be taken up by phytoplankton and
can be accumulated by these microalgal cells. The ability of phytoplankton to concentrate trace
metals such as cadmium, copper, zinc or lead from seawater is well known. Moreover,
phytoplankton are able to accumulate large amounts of cadmium despite its low concentration
in seawater (Schulz-Baldes and Lewin, 1976). This ability can be used for the removal of

cadmium from seawater.

The accumulation of heavy metals by phytoplankton in laboratory cultures has been the focus of
numerous studies, because some microalgal species can be used for the removal of metals
from industrial- waste solutions (Ross, 1986). Many studies have been done on essential heavy
metals (Garnham et al., 1992; Gnassia-Barelli and Romeo, 1987; Xue and Sigg, 1990), but
studies on the removal of non-essential metals, like cadmium, are of particular interest because
these elements are very toxic at low concentrations (Fehrmann and Pohl, 1993; Jennings and
Rainbow, 1979; Li, 1980). The amount of metal removed is dependent on the microalgal

species and tolerant algae can take up high amounts of metals.

The ability and suitability of the marine diatom Phaeodactylum tricornutum to remove cadmium
from a solution containing different concentrations of this metal under standard laboratory
conditions were investigated. Long-term uptake kinetics and the patterns of cellular distribution
of cadmium during the exposure time were also studied. Three fractions were established:
intracellular cadmium, cadmium removed by adsorption to the cell surface and total cadmium
removed. Cell growth was considered as a parameter to monitor the toxic effect of cadmium on

P tricornutum.



Methods

Organism and growth conditions

The microalga used was the marine diatom Phaeodactylum tricornutum Bohlin supplied by Dr.
J. Fabregas (University of Santiago, Spain). The main interest of this microalga lies in its ability
to adapt easily to environmental factors and because it is one of the algae more tolerant to

heavy metal pollution (Bonin et al., 1986).

Phaeodactylum tricornutum cells were cultured in batch conditions in natural organic-free
seawater. The seawater was passed through a Millipore filter of pore size 0.45/um and a
charcoal column to eliminate organic chelating substances, and sterilized at 121°C for 20 min.
The assays were carried out in this unenriched seawater. The seawater had a salinity of 35%;

and initial pH of 8-2.

A stock solution of cadmium was prepared by dissolving CdCl, in Milli-Q water to give a final
concentration of 10 g 1" of Cd**. For the experiment, appropriate volumes of stock solution
were added to seawater to obtain cadmium concentrations of 1, 5, 10, 25, 50, 75 and 100mg "

Control cultures without cadmium were also included.

Cultures were carried out in triplicate in bottles (PYREX) containing 500ml of seawater. The
bottles had previously been rinsed with 10% nitric acid for 24 h and finally rinsed several times
with Milli-Q water. The initial cell density was 25 x 10* cells mI™". Cultures were maintained at a
constant temperature of 18 + 1°C and under illumination of 68 UE m?s™ with a dark:light cycle
of 12:12 h, for 4 days. Cultures were gently shaken every day to ensure homogeneous

exposure to the metal.
Determination of P. tricornutum growth

Growth of the microalgal cultures was measured daily by counting culture aliquots in a
Neubauer haemocytometer. Growth rates were calculated from these data and expressed as
doublings per day. The ECsy value (effective concentration: concentration of cadmium which
reduces the population growth to 50% of the control growth level) was calculated by the method

of probit analysis (Finney, 1964).
Determination of the cadmium accumulation by P. tricornutum cells

Determination of the cadmium removed by the microalga P. tricomutum was made by atomic
absorption spectrophotometry using a modified method described by Stauber and Florence
(1985).

Two aliquots of each culture exposed to the different cadmium concentrations were taken daily:
one aliquot was used to determine the total cadmium removed, the other to determine

intracellular cadmium. Total cadmium removed was determined by filtration of one culture



aliquot through two superimposed 1-2um MF-MiUipore filters. Each filter was digested with 1 ml
of 15 y HNO3 and 0.5 ml of 72% HCIO, to strong fumes of HCIO, (24 h) and then diluted with
an appropriate volume of Milli-Q water. Cadmium was determined in the solution obtained from
each filter by atomic absorption spectrophotometry using a Perkin Elmer spectrophotometer.
The lower filter was used as a blank. Intracellular cadmium was determined on the other culture
aliquot. Cells were centrifuged at 4000 x g for 5 min and the cellular pellet was resuspended in
cadmium-free seawater containing 0.02 y EDTA. The EDTA removes cadmium adsorbed onto
the surface of the algal cells, which allows only the intracellular cadmium to be measured. After
20 min, the cells were centrifuged and the cell pellet digested and analyzed as for the

measurement of total cadmium.

Cadmium adsorbed onto the surface of algal cells was determined by subtracting the
intracellular cadmium concentration from the total cadmium concentration removed (adsorbed

cadmium = total cadmium - intracellular cadmium).
Results

Growth

Fig. 1 shows the growth curves obtained for P. tricornutum exposed to the different
concentrations of cadmium. Data were statistically analyzed by ANOVA and Duncan's test (a =
0.05). The statistical analysis showed that there was a significant effect on growth of P
tricornutum at cadmium concentrations of =2 5 mg I". There were no significant differences
between control cultures without cadmium and cultures with 1 mg I (P<0-01), showing that this
cadmium concentration was not inhibitory to P tricornutum growth. As the cadmium
concentration increased in the medium, total growth decreased. Growth rates also decreased
as cadmium concentration in the medium increased and maximum growth rates were obtained

in control cultures and in cultures with 1 mg 1" of cadmium (Table 1).

The ECsq value calculated for this microalga after 4 days of exposure to cadmium was 22-39 mg
™.
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Fig. 1. Growth curves of P. tricornutum cells exposed to different cadmium concentrations.

Cadmium accumulation

Phaeodactylum tricornutum cells are able to accumulate cadmium both intracellularly and
adsorbed onto the cell surface. Figure 2 shows the total amount of cadmium removed by this
microalga as a function of the time of exposure and at different cadmium concentrations in the
medium. Over the range of cadmium concentrations tested, the total amount of cadmium
removed by P. tricornutum cells increased in proportional to the concentration of cadmium
applied. In cultures with lower cadmium concentrations (1, 5 and 10 mg I™), total cadmium
removal was linear; thus the cadmium concentration in the cells increased during the culture
period. However, in cultures with higher cadmium concentrations, the linear increase occurred
only for the first 2 days of culture, after which a plateau was reached. In cultures with 75 and
100mg " of cadmium, although there was no growth (Fig. 1), cadmium was continuously

removed.

The highest level of metal removal occurred in cultures with the highest cadmium
concentration(100mg I'l]) and on the third day of culture (0-95 + 0-07ug cadmium per 10° cells).

Fig. 3 shows the amount of cadmium removed by uptake of the metal into the P. tricornutum
cells (intracellular cadmium). In cultures with lower cadmium concentrations (1, 5 and 10 mg I
Y, intracellular cadmium increased linearly as a function of time of exposure. In cultures with
higher cadmium concentrations, this linear increase occurred for the first 2 days and thereafter
the intracellular cadmium decreased. This decline was proportional to the cadmium
concentration in the medium, being greatest in cultures with 100 mg I"*. Although in cultures with
75 and 100 mg I* of cadmium there was total inhibition of growth (Fig. 1), cadmium was

accumulated within the cells until the second day of culture. The highest amount of cadmium



removal by uptake into the cells occurred in cultures with 25 mg I* and on the third day of

culture (0-24 + 0-01 pg cadmium per 10° cells).

Control Cadmium concentration (mgi~')
1 5 10 25 50 75 100
Growth rate (day ~') 0658 0-646 0568 0-392 0-199 0-091 ~0 ~0

Table 1. Growth rates (day -l) of P. tricornutum cells exposed to different cadmium concentrations for 4

days

Fig. 4 shows the amount of cadmium removed by adsorption to the cell surface. The amount of
cadmium removed by this mechanism increased during the culture period and at all cadmium
concentrations. This increase was greater at high cadmium concentrations. As with total
cadmium removal, cadmium removed by adsorption was also highest in cultures with 75 and
100 mg I". In these cultures there was no cell growth but cadmium was continuously adsorbed.
The maximum amount of cadmium removed occurred in the culture with 100 mg I after 4 days

of exposure (0-092 + 0-03 pg of cadmium removed per 10° cells).
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Fig. 2. Total cadmium removed by P. tricornutum cells exposed to different cadmium concentrations in the

medium as a function of time of exposure.
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Fig. 3. Cadmium removed by uptake of the metal into P. tricornutum cells (intracellular) as a function of

time of exposure.
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Fig. 4. Cadmium removed by adsorption onto the cell surface of P. tricornutum as a function of time of

exposure,

In Fig. 5, intracellular cadmium, adsorbed cadmium and total cadmium removed by P
tricornutum cells are shown as a function of the concentration of cadmium in the medium, for
each day of culture. On the first day of exposure, the highest amount of cadmium was located
within the cells for all cadmium concentrations assayed. However, on the second day in cultures
with 25mg I* of cadmium or higher, the cadmium adsorbed to the cell surface became higher

than intracellular cadmium. This difference increased as the cadmium concentration in the



medium increased. This fact became more obvious in the following days of culture. Intracellular
cadmium decreased with time, and this decline was greater as the cadmium concentration in
the medium increased. However, at low cadmium concentrations (< 25 mg I'"), intracelular
cadmium was always higher than adsorbed cadmium. This means that at low cadmium

concentrations cadmium removal was mainly by uptake of the metal into the cell.
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Fig. 5. Cadmium removed in the different cell fractions as a function of the concentration of cadmium in the

medium for each day of exposure: e, total cadmium,; o, intracellular cadmium; ¥, adsorbed cadmium.

Discussion

As shown in Fig. 2, the kinetics of cadmium removal by P tricornutum cells differed between the
various concentrations of cadmium in the medium. At low external cadmium concentrations
(<25 mg I'l), total cadmium removal was linear so that the cadmium concentration in the cells
increased linearly with time of exposure and was directly related to the external concentration of
the metal. This linear increase in total cadmium removal with time of exposure at lower
cadmium concentrations suggests that the cells were metabolically active throughout the culture

period; thus, at these concentrations, the rate of cell growth was greater (Table 1). However, at



higher cadmium concentrations, the linear increase occurred only until day 2 because at these
concentrations and exposure time, an equilibrium was reached. Similar patterns have been
obtained for other heavy metals and for other microalgal species (Garnham et al., 1992;
Gnassia- Barelli and Romeo, 1987; Jennings and Rainbow, 1979; Li, 1980; Schulz-Baldes and
Lewin, 1976).

As is the case with other metals, the accumulation of cadmium by microalgal cells is a two-step
process. First, there is a rapid energy-independent phase inwhich cadmium is adsorbed onto
the surface of the algal cells (biosorption), then cadmium is taken up into the cells
(bioaccumulation). Bioaccumulation is a process which can be energy-dependent (active
transport) or not (passive transport), but in a large number of species of algae and fungi, uptake
of cadmium has been reported to be more significantly energy dependent (Hu et al., 1996;
Ingvar and Myklestad, 1980; Kwan and Smith, 1991).

Within the first few minutes (5-40min) of exposure to cadmium, most of the metal removal by
microalgal cells takes place by biosorption, because most of this metal can be released by
EDTA (Khummongkol et al., 1982; Sakaguchi et al., 1979). Following this phase, cadmium is
taken up into the intracellular medium. The amount of cadmium accumulated within P.
tricornutum cells after 1 day of exposure was higher than that adsorbed onto the surface for all
cadmium concentrations assayed (Fig. 5(a)). This result is in accordance with Gadd and
Griffiths (1978) who found that the amounts of heavy metals taken up by passive mechanisms
and bound on the surface of algal cells were quite low compared with those taken up by

metabolic or energy-dependent processes, and therefore accumulated into the cell.

However, after 2 days of cadmium exposure, the situation was different with cadmium removal
by adsorption to the cell surface starting to exceed intracellular cadmium in cultures with
concentrations of 25 mg I or more (Fig. 5(b)). This difference increased as the concentration of
cadmium in the medium increased. This is in accordance with the decline in the cadmium
removed by uptake into the cells (Fig. 3). The decline in intracellular accumulation at cadmium
concentrations exceeding 25 mg I was probably due to the severe toxic effects of cadmium on
P tricornutum. This effect became greater as the cadmium concentration and time of exposure
increased. This seems to indicate that the removal of cadmium by uptake into the cells is mainly
an energy-dependent process, because cadmium toxicity to cell metabolism provokes the
reduction of cadmium uptake. Thus, the difference between cadmium removal by adsorption
and by intracellular accumulation was also higher as the cadmium concentration and time of
exposure increased (Fig. 5(c) and (d)). The decline in intracellular cadmium suggests an
important loss of cadmium by damaged cells. Cadmium toxicity at high concentrations causes
the death of P. tricornuturn cells and the release of intracellular cadmium. In this situation, the
damaged or dead cells can take up the EDTA into the cell and release the intracellular
cadmium. Therefore, this cadmium was measured as adsorbed cadmium. This explains why the
adsorbed cadmium increased so much in the higher cadmium concentrations as the time of

exposure increased (Figs 3 and 4).



As can be observed from Fig. 4, an equilibrium in the adsorbed cadmium curves is reached,
especially in cultures with a cadmium concentration of > 25 mg I*. This equilibrium is
proportional to the external cadmium concentration because as the cadmium concentration
increased, the amount of cadmium removed at equilibrium was higher. This is in accordance
with the fact that the main mechanism involved in the removal of cadmium by adsorption is a

process dependent on a concentration gradient, that is, dependent on the value ([Cd]ex-[Cd]iny).

Thus, at high cadmium concentrations (>25 mg I%), the removal process depends almost
exclusively on a driving force proportional to ([Cdlex-[Cd]i). This force is not a
metabolismdependent mechanism, and for this reason this process predominated at higher
cadmium concentrations in which the cadmium was more toxic and the intracellular cadmium

accumulation mediated by metabolic processes was very low.

Figure 2 is similar to Fig. 4, although Fig. 2 shows the total cadmium removed and Fig. 4 only
the cadmium fraction removed by biosorption to the cell surface. This similarity can be
explained by the fact that the absorbed cadmium predominated over intracellular cadmium on
most of the days and for most of the cadmium concentrations (Fig. 5); in this way, adsorbed

cadmium modulated the form of the total cadmium curves.

In environmental applications, most of the methods for removal of metals are chemical
processes (precipitation, filtration, electrochemical treatments, etc.) which are ineffective or
extremely expensive when the metals are dissolved in large volumes of solution at relatively low
concentrations (1-100mg I™") (Volesky, 1990). Microalgal cells could act by means of the
bioaccumulation process when the metals are at low concentrations. Two ways for the
elimination of metals by algal biomass have been proposed: living algae and non-living algal
biomass. Non-living biomass has the advantage that it can be regenerated for multiple uses, but
it has the disadvantage that there is no uptake of the metals into the cells, since metals are
adsorbed only at the algal surface (Fehrmann and Pohl, 1993). Thisdisadvantage is very
important because at lower cadmium concentrations in the medium most of the cadmium
removed was within the cells (Fig. 5) and with non-living biomass this process cannot be carried
out and the amount of cadmium removed will be low. Therefore, non-living biomass must be
used when the concentration of cadmium in the medium is high and toxic for the organism
employed. The ability of cadmium accumulation by marine algae depends on the species and
on their sensitivity to the metal. If the organism is very tolerant to the toxic effects of cadmium, it
can be used with relatively higher cadmium concentrations. Phaeodactylum tricornutum is a
microalga very tolerant to cadmium. Its growth is only inhibited at cadmium concentrations of 5
mg I* or higher. This tolerance allows its use as living biomass to remove more cadmium when

the cadmium concentration in the medium is low and most chemical methods are ineffective.

Class Il metallothioneins, molecules which play a role in cellular detoxification by sequestering
the heavy metals in a harmless form, are induced in P. tricornutum cells after exposure to



cadmium (Maita et al., 1988; Torres et al., 1995). These molecules enable P. tricornutum cells

to bind more cadmium in the intracellular medium and tolerate high cadmium concentrations.
Conclusion

Phaeodactylum tricornutum biomass can serve as a basis for the development of a biosorbent
material for removing cadmium. It could be highly efficient and cheap, and thus compete with
commercial resins and other biosorbents. Phaeodactylum tricornutum has a high ability to
remove and accumulate cadmium from seawater. It has a great tolerance to the toxic effects of
cadmium, which makes it a suitable monitoring organism for cadmium in marine areas. The
concentration of cadmium removed is proportional to the concentration of this metal in the
solution. Therefore, when the concentration of cadmium is higher, P tricornutum cells are able
to accumulate more metal, until they reach a level at which the toxic effects determine a
reduction in the uptake. At low cadmium concentrations the metal is mainly removed within the
cells, for this reason the use of living cells is necessary to obtain high efficiency when the

cadmium concentrations are low.
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