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Abstract

Copper, Cd and Zn can be found at elevated concentrations in contaminated estuarine and coastal waters
and have potential toxic effects on phytoplankton species. In this study, the effects of these metals on the
intracellular production of the polypeptides phytochelatin and glutathione by the marine diatom Phaeo-
dactylum tricornutum were examined in laboratory cultures. Single additions of Cu and Cd (0.4 uM Cu>*
and 0.45 uM Cd*") to the culture medium induced the production of short-chained phytochelatins
((y-Glu-Cys),-Gly where n = 2-5), whereas a single addition of Zn (2.2 uM Zn>") did not stimulate
phytochelatin production. Combination of Zn with Cu resulted in a similar phytochelatin production
compared with a single Cu addition. The simultaneous exposure to Zn and Cd led to an antagonistic effect
on phytochelatin production, which was probably caused by metal competition for cellular binding sites.
Glutathione concentrations were affected only upon exposure to Cd (85% increase) or the combination of
Cd with Zn (65% decrease), relative to the control experiment. Ratios of phytochelatins to glutathione
indicated a pronounced metal stress in response to exposures to Cu or Cd combined with Zn. This study
indicates that variabilities in phytochelatin and glutathione production in the field can be explained in part
by metal competition for cellular binding sites.

Introduction

Phytochelatins (PCs) and glutathione (GSH) are
metal-binding and thiol (-SH or sulfhydryl group)
containing peptides synthesized by eukaryotes for
various cellular functions, notably protection
against oxidative stress, metal detoxification and
homeostasis (Grill et al. 1985; Cobbett 2000). These
peptides contain three different amino acids: glu-
tamate (Glu), cysteine (Cys) and glycine (Gly), with
the basic formula (y-Glu-Cys),-Gly, withn = 1 for
GSH and n = 2-11 for PCs (Grill ez al. 1985). The
concentrations of the peptides, particularly PCs, in
phytoplankton cells increase when organisms are
exposed to enhanced concentrations of a wide range
of metals (Grill et al. 1985). The enzyme phyto-

chelatin synthase catalyses the phytochelatin
production in vitro, and requires a metal ion for
activity (Grill et al. 1985). Phytochelatin synthase
catalyzes the transfer of y-Glu-Cys from GSH to
another GSH molecule to form PC2, or to (y-Glu-
Cys),-Gly to form PC chain lengths of n + 1.
Phytochelatin production serves to detoxify intra-
cellular metals by chelation through coordination
with the sulfhydryl group in cysteine; a mechanism
that is analogous to the operation of metallothi-
oneins in plant, fungal, animal and cyanobacterial
cells (Rauser 1990). The production of GSH and
PCs is dependent upon the phytoplankton species,
the degree of toxicity of the metal ions and inter-
actions among metals (Ahner & Morel 1995; Ahner
et al. 1995; Knauer et al. 1998; Wei et al. 2003).
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Furthermore, these workers have shown that thiol
production is related to aqueous free metal ion
concentrations, rather than the total dissolved me-
tal concentrations. Experiments using phytoplank-
ton monocultures under stress of one single metal
form a valuable tool to assess the primary implica-
tions and effects of a toxic metal on phytoplankton
cells. However, such single addition experiments
provide a limited scenario for the interpretation of
field observations. Little is known about the effects
of mixtures of metals on phytochelatin and gluta-
thione production by marine phytoplankton.

The toxic effects of high concentrations of
metals on the marine diatom Phaeodactylum tri-
cornutum in laboratory experiments include
decrease in growth rate, photosynthesis rate,
chlorophyll a content and intracellular ATP con-
centration (Cid et al. 1995; Torres et al. 2000).
However, no direct evidence has been documented
of metal toxicity to phytoplankton assemblages, or
P. tricornutum in particular, in the field. The
determination of intracellular thiols therefore
forms an alternative way to assess metal stress in
phytoplankton. Phaeodactylum tricornutum is an
efficient producer of phytochelatins, capable of
readily synthesising a wide range of phytochelatins
under metal stress (Rijstenbil & Wijnholds 1996).
Several studies have been undertaken to char-
acterise phytochelatins produced by P. tricornutum
(Morelli & Scarano 1995; Rijstenbil & Wijnholds
1996; Morelli & Pratesi 1997; Torres et al. 1997,
Scarano & Morelli 2002). The effects of combina-
tions of toxic metals on phytochelatin and glu-
tathione production by P. tricornutum, however,
have not yet been investigated. The aim of this
study was to undertake short-term metal exposure
experiments using P. tricornutum cultures in order
to investigate the effects of single additions of Cu,
Zn and Cd and combinations of these metals on
phytochelatin and glutathione production. The
experiments were undertaken using free ionic
metal concentrations that are relevant to con-
taminated estuarine and coastal waters.

Materials and methods

Reagents and laboratory ware

Glassware and plastic bottles were soaked in 1 M
HCI (Aristar, VWR Ltd) for at least 24 h to remove

metal contamination, and then rinsed three times
with de-ionized water (>18.2 MQ cm™'; MilliQ,
Millipore). Reagents and solvents were HPLC or
Aristar grade, unless otherwise stated. Glutathione
standard (98%, Sigma Ltd) and phytochelatin 2
(dimer PC2: y-Glu-Cys),-Gly; Pepsin Co., UK),
were prepared at concentrations of 0.01 M and
10-100 uM, respectively, in a solution containing
0.1 M HCI and 5 mM diethylenetriamine penta-
acetic acid (DTPA, 99%, Sigma Ltd).

Culture medium

The culture medium was a synthetic ocean water
(SOW) based on the Aquil recipe (Morel et al.
1979; Price et al. 1988). A stock solution of 20 1 of
the SOW containing only the major salts (Analar
grade, VWR Ltd) was prepared using de-ionised
water. When required, the stock solution was
transferred to 1.17 1 polycarbonate bottles (Nal-
gene) and subjected to microwave treatment
(1 min, 900 W) to sterilise the stock solution and
bottles prior to use. Subsequently, filter-sterilised
(using a Teflon 0.2 um pore size membrane syringe
filter; Sartorius Ltd) trace metal, nutrients, vitamin
and ethylenediaminetetraacetate (EDTA; VWR
Ltd) solutions were added to yield final concen-
trations according to the Aquil recipe, and the
medium was allowed to equilibrate overnight prior
to seeding with diatoms. The concentrations of the
components in the culture medium are presented
in Table 1; the pH of the medium was 8.1.

Stock culture of Phaeodactylum tricornutum

Cells of the diatoms P. tricornutum Bohlin were
obtained from the collection of the Marine Bio-
logical Association (Plymouth, UK). Stock cul-
tures of P. tricornutum were grown in the Aquil
culture medium (salinity of the SOW = 17), at
15 °C under continuous light conditions, until the
late exponential growth phase and a cell density of
about 8.0 x 10® cells I"!. The culture was manu-
ally shaken once a day. Cells were counted daily
using a microscope (Olympus) and an Improved
Neubauer haemocytometer.

Short-term metal exposure experiments

The conditions of the metal exposure experiments
and the concentrations of metals employed in this



Table 1. Composition of the synthetic ocean water based on
the Aquil recipe and used as a culture medium for the
phytoplankton stock culture and the short-term metal exposure

experiments.

Substances

Concentration

Major salts

NaCl 21x107'M
Na,SO, 1.5x 1072 M
KCl 47x107°M
NaHCO5 14x107 M
MgCly'6H,0 28%x 102 M
CaCl,2H,O 0.6 x 1072
Microelements

KBr 42x107* M
K1 24x107°M
H;BO; 25%x 1074 M
NaF 3.6x10° M
SrCly'6H,O 32x10° M
Nutrients

NaH,PO4H,0 20x107°M
NaNO; 20x 1074 M
Na,Si05-9H,0 1L.0x10™* M
Trace metals

FeCly6H,0 0.5x10°M
ZnSO,7H,O 23x107°%M
MnCl,-4H,0 9.1x 108 M
CoCly'6H,0 26x 108 M
CuS045H,0 0.5x 107 M
(NH4)6M070,4-4H,0 104 % 1078 M
Na,SeO; 1.0x 1078 M
Chelating agent

Na,EDTA 50x 107 M
Vitamins

Bi» 55% 1077 g 17!
Biotin 50x 1077 g 17!
Thiamine HCI 10x 1074 g1™!

study were based on Rijstenbil & Wijnholds (1996)
and Morelli & Scarano (2001). The experiments
were performed in duplicate. Aliquots of 200 ml of
the stock culture (at late exponential growth
phase) were transferred to 1.17 I polycarbonate
bottles containing 600 ml of the Aquil culture
medium (salinity 17; total volume 800 ml), to
allow a continuous cell growth for the short-term
metal exposure experiments. The cultures
were spiked with metal solutions, except the
control experiment, as follows: (1) control — no
addition of metals; (2) 10 uM Cd(NOs3),; (3)
10 uM Cu(NO3)5; (4) 10 uM Zn(NO3),; (5) 10 uM

53

Cu(NO3), + 10 uM  Zn(NOs3),; (6) 10 uM
Cd(NO3), + 10 uM Zn(NOs),. The incubations
were conducted under continuous light conditions
at 15 °C for 24 h. After this period, the cultures
were filtered and prepared for the analysis of
phytochelatins and glutathione. Free aqueous
metal concentrations were calculated from the
total metal, major ion and EDTA concentrations
in the culture medium using the thermodynamic
speciation programme MINEQL + (Schecher &
Mcavoy 1992).

Analysis of phytochelatins and glutathione produced
by P. tricornutum

The analysis of thiols produced by the metal-
treated diatom cultures was based on the method
reported by Rijstenbil & Wijnholds (1996). Briefly,
500 ml of culture solution was filtered through a
0.45 um nitrocellulose membrane filter (Sartorius
Ltd), using gentle vacuum to avoid cell breakage.
The filters were placed in a microtube (1.5 ml;
Eppendorf) and the extraction of thiols from the
phytoplankton cells was carried out at 0 °C by
ultrasonication following addition of 1.2 ml solu-
tion of 0.1 M HClI and 5mM DTPA. The
extraction was followed by centrifugation at high
speed (1300 g/20 min at 4 °C). Aliquots of 250 ul
algal extracts were treated with 25 ul of a
20 mM solution of the reductant tris (2-carboxy-
ethyl) phosphine hydrochloride (Sigma Ltd) in
0.1 M HCI containing 5 mM DTPA, for 5 min.
Then 160 ul 200 mM  N-2-hydroxyethylpiper-
azine- N'-2-ethansulphonic acid (HEPES)/5 mM
DTPA at pH 9.0 was added. After another 5 min,
10 ul 100 mM of the fluorescent tag monobro-
mobimane (Fluka Ltd) and 465 ul HEPES/DTPA
were added. The reaction was stopped by addition
of 100 ul 1 M methanesulfonic acid (99%, Fluka)
and the samples were stored in the dark at 4 °C
until HPLC analysis.

HPLC analysis

The HPLC system consisted of two pumps
(Merck-Hitachi Models L-6200 and L-6000), a
Rheodyne injection valve with a 20 ul loop and a
Model FD-300 fluorescence detector (Dionex)
operating at 380 nm (excitation) and 470 nm
(emission) wavelengths. Separation of the thiols
was carried out using a 150 X 4.6 mm C-18
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(Econosphere) HPLC column with 3 um particle
size. Solvent A was 0.1% trifluoroacetic acid (in
de-ionised water) and solvent B was acetonitrile.
The flow rate of the solvent was 1.0 ml min™'. The
gradient, adapted from Rijstenbil & Wijnholds
(1996) was: 0—13 min, 10-21% B; 13-33 min, 21—
35% B; 33-40 min, 35-100% B; 40-50 min, iso-
cratic 100% B; 50-65 min, 100-10% B.

Results
Experimental conditions

The concentrations of the various metal fractions
(including free aqueous metals, inorganic metals
and EDTA complexed metals) in the culture media
containing EDTA (5 x 107 M) are presented in
Table 2. The chelating agent EDTA forms metal
complexes that are not taken up by phytoplank-
ton, thus serving to control metal speciation and
bioavailability in the medium (Price et al. 1988).
The inorganic metal fraction includes kinetically
labile species such as the hydroxide, chloride and
carbonate metal complexes as well as the free
aqueous metal ions. In a medium with constant
pH and inorganic ligand concentrations (such as
seawater), the inorganic and free aqueous metal
concentrations are strictly proportional.

At metal concentrations used in this study, no
decrease in growth was observed, as the cell num-
bers in the metal-treated and control experiments

did not show significant differences after the 24 h
incubation ( <2% difference; Table 2). In contrast,
Rijstenbil & Wijnholds (1996) reported a 30%
decrease in growth rate of P. tricornutum at con-
centrations of free aqueous Cu”" and Cd* " similar
to those used in our experiments.

Typical examples of calibration graphs for GSH
and PC2 are presented in Figure 1. The fluorescent
responses to PC2 were approximately double com-
pared to GSH. Therefore, the quantification of
phytochelatins PC3, PC4 and PCS5 produced in the
short-term metal exposure experiments was based
on the PC2 calibration, using the assumption that
the fluorescence response for the polypeptides was
proportional to the number of SH groups (Ahner et
al. 1995; Rijstenbil & Wijnholds 1996). The re-
producibility of the short-term metal exposure ex-
periments was assessed using Cd at a free ionic
concentration of 0.45 uM, for five replicates. Rela-
tive standard deviations (RSD) between 16% and
24% were observed for the chromatographic peak
areas of GSH and PC2, PC3, PC4 and 30% for PC5.
These results show that the incubation experiments
resulted in a reproducible thiol production.

Effects of metal additions on phytochelatin and
glutathione production by Phaeodactylum
tricornutum

The concentrations of PCs in P. tricornutum
were normalized to cell numbers (amol

Table 2. Concentrations (in M) of the major EDTA complexes and free ionic metal (M>") and inorganic metal species (M) in the

experiments calculated using the MINEQL + programme.

Species (M) Exposure experiment

Control Zn Cu Cd Cu + Zn Cd + Zn
[ZnEDTA] 23x%x1078 4.6x107° 3.7x 10710 1.8x 1078 1.5%x 1077 3.5%x107°
Zn’ 24x1071° 5.4%107° 23x 1078 5.4 %1077 9.9 x 107 6.5x107°
Zn?" 9.8 x 10711 22%x107° 9.4 x107° 22%x107° 4.1 %107 2.7%x107°
[CuEDTA] 5.0x 1077 49 %107 5.0x107° 5.0 % 107° 4.8 x107° 49 %107
Ccu’ 8.7x 10713 9.2x 1071 5.0x107° 2.5x 1071 5.1%107° 1.4 x 10710
cu?” 6.8 x 1071 7.5 % 10712 4.0x 1077 2.0x% 10712 4.1 x 1077 1.1 x 107"
[CdEDTA] - - - 4.4 %107 - 1.2x107°
cd - - - 5.6x107° - 8.9 x107°
cd** - - - 45x 1077 - 7.7 %1077
Cells 17! before incubation 2.00 x 108 1.92 x 108 1.58 x 108 1.92 x 108 1.25 x 108 2.70 x 10
Cells 17! after incubation 2.00 x 108 1.92 x 10* 1.58 x 10® 1.92 x 108 1.25 x 108 2.75 x 108

Improved log K values were inserted into the MINEQL + database from the National Institute of Standards Technology (NIST)
database for the following compounds: MgHEDTA™, ZnHEDTA, CuEDTA?", EDTAH?", EDTAH,?>", EDTAH,, EDTA Hs,
EDTAH;™, CaEDTA?", CdEDTA, Zn(OH);~, ZnCl, aq, Cuy(OH),%, Cu(OH);~, Cu(OH)aq (Twiss er al. 2001; Serkiz et al. 1996).

Cell numbers were counted before and after the incubation period.
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Figure 1. Calibration graphs for: (a) glutathione; (b) phytochelatin PC2.
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Figure 2. Phytochelatins produced by P. tricornutum under metal exposure. Bars span the range from the average for duplicate

analyses.

cell”'=10"mol cell™"). The production of PCs
with 7 ranging from 2 to 5 (PC2-PC5) was induced
in all metal exposure experiments, with concen-
trations ranging from 0.1 to 3.6 amol cell™
(Figure 2). The control showed low concentrations
of PCs, which most likely indicate basal levels of
intracellular PCs. Exposure to Zn did not induce
phytochelatin production in P. tricornutum, and
showed similar results to the control. Exposure to
Cd only resulted in a more pronounced PC pro-
duction compared to exposure to Cu only. The
Cd + Zn incubation resulted in a reduced PC
production compared with Cd only. Whereas, the
exposure to Cu+Zn resulted in similar PC con-
centrations relative to the induction observed by
the addition of Cu only. When excess PCs were
produced the dimer PC2 was the most abundant

polypeptide, for example, in the Cd and Cd +Zn
exposures the concentrations of PC2 were at least
double that of other PCs.

In the incubation experiments the concentra-
tions of the thiol GSH in P. tricornutum ranged
from 4.7 to 25.3 amol cell”! (Figure 3). Gluta-
thione was also present in phytoplankton cells in
the control experiments, which can be explained by
its role in a range of biochemical intracellular
functions including the maintenance of reducing
conditions for amino acids and proteins, and the
protection against oxidative and radiation damage
(Ahner et al. 2002). Glutathione occurred at sim-
ilar concentrations in all exposure experiments,
except for incubations with added Cd only and
with Cd in combination with Zn. These metal
treatments caused an 85% increase and 65%
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Figure 3. Glutathione produced by P. tricornutum under metal
exposure, and PCy,,;: GSH ratios. Bars span the range from the
average for analyses of duplicate incubation experiments.

depletion in GSH concentration, respectively,
relative to the control.

PC,pi: GSH ratios

The ratios of the concentrations of PC,,,; to GSH,
in which PC,, corresponds to the sum of the
v-Glu-Cys units of the PC oligomers, have been
suggested to provide an indication of the extent of
metal stress (Tang et al. 2000). In the present
experiments, the ratios ranged from 0.11 to 1.95
(Figure 3). The lowest PCiy: GSH ratio was
observed for the control experiment and the
highest ratio for the combination of Cd + Zn.

Discussion

The application of the Aquil culture medium,
which is chemically well-defined and metal buf-
fered, allowed us to investigate the influence of
metal exposure by single metals and metal com-
binations on thiol production in P. tricornutum.
Phytochelatin production in P. tricornutum is an
important detoxification mechanism against met-
als that have entered the cell. P. tricornutum pro-
duced a range of PC compounds, in response to
metal exposures. In addition, changes in intracel-
lular GSH concentrations were observed for dif-
ferent exposure conditions. A comparison of PC
and GSH concentrations reported by different
workers for P. tricornutum under different metal
exposure conditions, together with PC.;: GSH
ratios is presented in Table 3.

Phytochelatin production is thus related to
aqueous free metal ion concentrations, which
determine the cellular metal quota through uptake
kinetics. In the present study using P. tricornutum,
Cd was the most effective inducer of PC2 which is
in agreement with previous studies including those
using other phytoplankton species (Ahner &
Morel 1995; Ahner et al. 1995; Lee et al. 1996).
Cadmium is one of the most toxic trace metals and
is found in high concentrations in discharges from
zinc smelters, electroplating industry and sewage
treatment plants. Lee et al. (1996) hypothesised
that the diatom Thalassiosira weissflogii exports
the Cd—PC complex as a metal detoxification
mechanism. These workers observed that once
outside the cell, the Cd—PC complex appeared not
to be stable as the exported Cd was again able to
induce PC synthesis. It is not known whether
P. tricornutum utilises a similar Cd-PC export
mechanism.

Copper exposure resulted in a less pronounced
PC production by P. tricornutum compared with
Cd. This may be due to a higher toxicity of Cd
compared to Cu, or alternatively to a higher
intracellular Cd concentration. Ahner et al. (2002)
reported a greater PC production response to Cu
rather than Cd for P. tricornutum. These con-
trasting observations indicate that the cellular Cd
and Cu quota were different compared to our
experiments, or that there were important physi-
ological differences between laboratory strains of
the same phytoplankton species.

Our results indicated that the short-term
exposure experiments involving Zn only, produced
no enhanced PC production relative to the control
(see Figures 2 and 3 ). Zinc is able to activate PC
synthase in vitro (Grill et al. 1985) and in vivo
(Ahner & Morel 1995), but is reported as being a
weak inducer of PC production in algae, plants
and fungi (Morelli & Scarano 2001 and references
therein). Deleterious effects of Zn on other phy-
siological parameters than PC production have
not been reported for P. tricornutum. It is likely
that Zn is accumulated in cellular compartments
such as the skeleton, where it would have few
negative effects on cell functioning.

In our experiments, we observed that Zn had
an antagonistic effect on the induction of PCs by
Cd. Zinc forms stronger complexes with organic
ligands in the oxygenated extracellular environ-
ment of the phytoplankton cells compared with Cd
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Table 3. Production of PC.yy (sum of y-Glu-Cys units of the oligomers) and GSH, together with thiol ratios for laboratory
P. tricornutum cultures under metal stress.

Metal exposure  Metal concentration/ M GSH PCiotal PCioa: GSH  Comments Reference
experiment
Control [Cu’] = 6.8x 107" 13.7 1.81 0.13 PCs and GSH This study
concentrations
are given as
y-Glu-Cys amol cell™
[Zn*"] = 9.8 x 107!
[Cd®>"] = not added
as micronutrient
Cu [Cu**] = 4.0x 1077 10.9 11.0 1.01 Salinity = 17;
24 h incubation
Cu + Zn [Cu®"] = 4.1x1077 12.8 9.09 0.71
[Zn®*] = 41x107°
Zn [Zn®"] = 22 % 107° 16.0 173 0.11
cd [Cd®"] = 4.5x%x 1077 253 18.0  0.71
Cd + Zn [Cd*] = 7.7x 1077 4.68 9.12  1.95
[Zn*] = 2.7 x 107°
Control 780 14.6 0.019 PCs and GSH Ahner et al.
concentrations (2002)
are given as uM
(umol cell volume™)
cd [Cd®>"] = 107" 560 290  0.052
cd [Cd**] = 10710 680 534 0.079 24 h incubation;
salinity = 35
cd [Cd®>"] = 107° 710 51.6  0.073
Cu [Cu**] = 107" 260 81.1 031
Cu [Cu**] = 10710 860 116 0.14
Cu [Cu®*"] = 107° 2100 247 0.12
Control - - PCs and GSH Morelli and
concentrations are Scarano (2001)
given as y-Glu-Cys
amol cell™! (obtained
from graphs)
cd [Cdrow] = 10 x 107° 40 65 1.6
Pb [Pbrogy = 10 x 107 45 80 1.8 Salinity = 35;
7 h incubation
Zn [ZnTotuI] = 10 x 1076 - -
Control 3385 79 0.023 PCs and GSH Rijstenbil and
concentrations are in Wijnholds (1996)
SH uM (biovolume)
Cu [Cu] = 0.4x 107° 2359 379 0.16
cd [Cd] = 9.0x 1076 2173 1424 0.66 Salinity = 17;

24 h incubation

according to the Irving—Williams order of affinity
(da Silva & Williams 1991). This may result in the
replacement of Cd by Zn ions on metal uptake
sites of P. tricornutum with a consequent reduction
in PC production. A similar decrease in PC pro-
duction by Cd in diatoms at enhanced Zn and Mn

concentrations has been observed by Wei et al.
(2003). The authors explained these observations
by competition between these metals for uptake
sites. Furthermore, Sunda & Huntsman (1996)
showed that Cd uptake by Thalassiosira pseudo-
nana takes place through the same channels as Zn
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and Mn, thus Zn and Mn may competitively in-
hibit Cd toxicity and the induction of PCs by Cd.
In contrast, the presence of Zn did not have any
effect on the production of PCs and GSH by Cu
indicating that no competitive interaction between
these metals occurred with respect to thiol pro-
duction. This observation is in line with the ability
of Cu to form stronger complexes with organic
ligands in the extracellular environment of the
cells, compared with Zn (da Silva & Williams,
1991), and hence Zn would not be able to out-
compete Cu at the uptake sites. Alternatively, the
absence of an influence of Zn on thiol production
by Cu in P. tricornutum may be the result of the
presence of two different transport systems for Zn
and Cu, which has been reported for higher plants
(Fox & Guerinot 1998; Williams et a/. 2000).

The production of PCs by phytoplankton is
reported to occur almost immediately upon metal
exposure, and a steady state concentration is
typically reached within 1 day. Ahner et al. (2002)
reported that a culture of Emiliania huxleyi in
the exponential phase reached a steady state
concentration for phytochelatin  within 10 h
following either Cd (Cd** = 107°M) or Cu
(Cu®t = 107°M) exposures, whereas an expo-
nential culture of 7. pseudonana had not yet
reached a steady state PC concentration after 36 h
following Cd (Cd** = 107°M) exposure. Morelli
& Scarano (2001) reported that the synthesis of
PCs in P. tricornutum commenced within ca.
15 min of the initiation of the exposures to either
10 uM Cd or 10 uM Pb (total concentrations).
These workers observed PC concentrations after
7 h of incubation (approximately 6 amol cell™
for each of the oligomers n = 2, 3 and 4; calcu-
lated from graph), that are in agreement with
values observed in the present study. Such a rapid
formation of PCs in P. tricornutum cells, together
with their capability to release GSH-like sub-
stances and surfactants (Croot et al. 2000) could
account for the high metal tolerance of this diatom
species (ECsy value for total dissolved Cd is
200 uM; Torres et al. 1997). In addition, a recent
study reported that P. tricornutum cells can re-
spond rapidly to metal-induced oxidative stress by
activation of a suite of antioxidant enzymes
(Morelli & Scarano 2004). In contrast, metal sen-
sitive phytoplankton species such as Skeletonema
costatum show growth inhibition at 100 times
lower Cd concentrations (Torres et al. 1997). This

species has also shown a less pronounced PC
production than P. tricornutum (Rijstenbil &
Wijnholds 1996), but under Cu stress is able to
release into its surrounding medium Cu-chelators
with weak binding strengths (Croot et al. 2000),
which results in a reduction of metal toxicity.

Glutathione is the main thiol used by eu-
karyotic cells to uphold reducing conditions for
amino acids and proteins, and also to protect the
cells against oxidative damage (Fahey et al. 1987).
Intracellular GSH concentrations are regulated in
a dynamic manner which differs between different
species and even different strains of the same spe-
cies. It appears that healthy phytoplankton cells
maintain intracellular GSH at a constant level for
essential functions, in addition to its use for PC
production (Tang et al. 2000; Ahner et al. 2002).
Both depletion (Rijstenbil & Wijnholds 1996;
Ahner et al. 2002; Morelli & Scarano 2004; this
study) and increases (Okamoto et al. 2001; Ahner
et al. 2002; this study) in intracellular GSH con-
centrations have been reported in various phyto-
plankton species upon metal exposure. This thiol is
therefore not an appropriate indicator of metal
stress in phytoplankton.

Tang et al. (2000) hypothesised that a high
PCiota: GSH ratio would be an indication of
pronounced metal stress. Comparable PCi
GSH ratios as observed in our study were reported
by Rijstenbil & Wijnholds (1996) (see Table 3) for
P. tricornutum cultures grown in a medium similar
to the one employed here and exposed to separate
additions of 0.4 uM Cu and 9 uM Cd (24 h incu-
bation period). P. tricornutum cultures grown at
higher salinity (salinity 35) and subjected to a
shorter incubation period (7 h) with individual
10 uM Cd and 10 uM Pb produced the highest
PCioa: GSH values (Morelli & Scarano 2001).
Incubation exposure experiments using lower me-
tal concentrations (pM to nM range) produced
PC: GSH ratios around one order of magnitude
lower than those for metals in the uM range
(Ahner et al. 2002). The PCro: GSH ratios
indicated that exposure to Cu caused a stronger
stress than exposure to the combination of Cu with
Zn or single Cd. Despite the competition between
Cd and Zn for metal uptake sites, which should
ameriolate Cd toxicity, a higher PCy,;: GSH va-
lue was observed for the exposure to the combi-
nation of Cd with Zn than to the single exposure
to Cd. According to our experiments using



P. tricornutum, the PCrs: GSH ratios do not
provide a unambiguous indication of metal stress
as the GSH concentrations in phytoplankton cells
are subject to strong dynamic control with
important temporal changes in concentration.

The different strains of P. tricornutum used by
various workers could partly explain the variabil-
ities in the production of GSH and PCs by the
different workers. It is worth noting that the
P. tricornutum employed in the present study has
been cultured for more than 90 years in the col-
lection facilities of the Marine Biological Associ-
ation (Plymouth, UK). Thus, in addition to the
natural high metal tolerance of P. tricornutum
(Torres et al. 1997), the biological responses to
metal toxicity could be altered through evolution
of even more tolerant strains over these years.

Our study indicates that the diatom P. tricor-
nutum readily produces PCs upon exposure to
enhanced metal concentrations. Other phyto-
plankton species may use different strategies to
alleviate metal stress, e.g. production of extra-
cellular metal chelating ligands. The results from
our study showed that PC production in P. tri-
cornutum is influenced by combinations of metals.
This diatom is a common species in the coastal
waters of southwest England. The work presented
here therefore shows that PC production by nat-
ural phytoplankton assemblages is likely to be a
function of the phytoplankton species present, and
the occurrence of different toxic metals at en-
hanced concentrations.
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