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INTRODUCTION

There has been long-standing interest in trace-metal
uptake by marine phytoplankton (Sunda & Huntsman
1998a, 2000, Whitfield 2001). Many aspects of trace-
metal uptake have been considered, including trans-
port mechanisms, physiological and biochemical func-
tions, and interactions of the metals (Sunda 1989,
Hudson & Morel 1990, Price & Morel 1990, Bruland et
al. 1991, Campbell 1995, Cullen et al. 1999). There have
also been many studies on the effects of metal specia-
tion and concentration on metal uptake by marine
phytoplankton. The relationship between metal con-
centrations and uptake rates has been well established
using trace-metal buffer solutions (Sunda & Huntsman

1998a,b). Recent studies have also considered metal
uptake by phytoplankton under different nutrient
regimes (Wang & Dei 2001, Wang et al. 2001), or metal
and phosphate uptake under different iron concentra-
tions (Cullen et al. 2003). However, very little work has
been conducted on the effects of temperature, irradi-
ance and the light–dark (LD) cycle (which are all im-
portant environmental variables in the ocean), on metal
uptake by phytoplankton. Most metal-uptake experi-
ments by marine phytoplankton have been conducted
at the optimal temperature and light conditions for cell
growth. Conversely, many studies have shown that bio-
chemical composition, protein activity, and biovolume
of the phytoplankton cells are greatly dependent on
temperature and light (Harrison et al. 1990, Berges &
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Harrison 1993, Lin & Carpenter 1997, Berges et al.
2002, Hammer et al. 2002, Staehr et al. 2002). Whether
or not these biological changes can affect metal uptake
by the phytoplankton remains mostly unknown.

According to a simple kinetic equation, the trace-
metal content in phytoplankton under steady-state
conditions can be predicted by the metal uptake rate
divided by the cell-specific growth rate of the cells
(assuming that the metal efflux is negligible compared
to the cell growth) (Sunda & Huntsman 1998a). How-
ever, the interrelationship between cellular uptake
rate and specific growth rate remains to be determined
for further refinement of the kinetic equation (Wang &
Dei 2001). The previous few studies testing the interre-
lationship between specific growth rate and uptake
rate were all performed by varying 1 environmental
parameter (e.g. metal speciation, metal concentration,
nutrient condition). Whether these factors can affect
both metal uptake and cell growth simultaneously, or if
there is an interaction between specific growth rate
and uptake rate, is rather speculative. Understanding
such an interaction has great implications on the pre-
diction of metal dynamics in marine phytoplankton in
response to a change in cell growth rate (e.g. bloom
conditions) and thus their potential transfer to higher
trophic levels. Nevertheless, this relationship has been
seldom considered in previous studies.

In this study, 3 environmental factors (temperature,
irradiance and the LD cycle) were used to modify the
cell-specific growth rate of the coastal diatom Thalas-
siosira pseudonana. The Cd and Zn uptake rate was
subsequently quantified and the interrelationship be-
tween metal uptake rate and specific growth rate of the
diatom cells was tested. Zn is an important micronutri-
ent to the phytoplankton, involved in the hydrolysis of
phosphate esters, the replication and transcription of
nucleic acids, and the hydration and dehydration of
CO2 (e.g. carbonic anhydrase) (Sunda 1989). Cd can
substitute for Zn when Zn is depleted, and has similar
physiological functions in diatoms (Price & Morel 1990,
Lee et al. 1995, Cullen et al. 1999). To examine further
whether the uptake of Cd and Zn is dependent on the
photosynthetic system, we employed 2 photosynthetic
inhibitors to suppress the photosynthetic activity of the
cells. Recent studies have used these inhibitors to diag-
nose uptake mechanisms (Moye et al. 2002, Hassler &
Wilkinson 2003). Carbonyl cyanide m-chlorophenylhy-
drazone (CCCP) can disconnect electron transport from
ATP synthesis, thereby inhibiting photophosphoryla-
tion and partly disrupting the energy production of the
cells. The other inhibitor, the herbicide paraquat (1,1’-
dimethyl-4,4’-bipyridinium) used in this study can ac-
cept electrons from Photosynthetic System I and inhibit
the reduction of ferredoxin. We also tested metal up-
take as influenced by diel periodicity. Recent works

have demonstrated diel periodicity of some biochemi-
cal variables such as protein activity, cellular C and N of
the phytoplankton (Vergara et al. 1998, Dolah & Leigh-
field 1999, Granum et al. 2002). In addition, changes in
metal uptake rate with total ambient metal concentra-
tion were examined to ensure that Cd and Zn uptake
was under saturated at the metal concentration levels
used in this study.

MATERIALS AND METHODS

An axenic culture of Thalassiosira pseudonana
(Clone 3H), a common coastal diatom, was obtained
from the Provasoli-Guillard Center for the Culture of
Marine Phytoplankton, Bigelow Laboratory, Maine,
USA. The cells were maintained in f/2 medium (Guil-
lard & Ryther 1962) with sterile techniques, in an incu-
bator at 19°C with a light illumination of 170 µmol pho-
tons m–2 s–1 on a 14:10 h LD cycle. All seawater was
collected 10 km off East Hong Kong to minimize the
influence of anthropogenic activities, and was filtered
through 0.22 µm Poretic membrane before being used
in the experiments. The background dissolved Cd and
Zn concentrations in the seawater were 0.49 and
12.3 nM, respectively.

General experimental protocols. We used 2 radio-
tracers, 109Cd (in 0.1N HCl) and 65Zn (in 0.1N HCl), to
trace the uptake of stable Cd and Zn by the diatoms.
They were obtained from New England Nuclear,
Boston, USA. The 109Cd (2.53 nM) and 65Zn (0.02 nM)
radiotracers, and stable Cd (nominal concentration of
17.8 nM) and Zn (nominal concentration of 76.9 nM)
were spiked into the 0.22 µm-filtered seawater without
any other nutrient addition, and the pH was adjusted
to 8.0 ± 0.1 using Suprapure NaOH. This uptake
medium was then equilibrated for 12 h under the same
conditions as the uptake period before the uptake
experiments. The total concentration of Cd and Zn in
the uptake medium was 20.8 and 89.2 nM, respec-
tively, including the background, radiotracer, and sta-
ble metals. The radioactivity of 109Cd (at 88 keV) and
65Zn (at 1115 keV) was determined by a Wallac gamma
detector. Counting time was adjusted to result in prop-
agated counting errors of <5%.

The diatoms were acclimated at different tempera-
tures and light conditions before the uptake measure-
ments. A 14:10 h LD cycle was used throughout this
study except for the LD cycle experiment. During the ac-
climation period, the diatoms were grown under differ-
ent temperatures and light conditions for 4 to 5 d until
they reached mid-exponential growth phase. Cells were
enumerated every 12 h by a Coulter Counter. Cell size
was also measured concurrently. The specific growth
rate of the cells was quantified as the slope of linear re-
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gression between the natural log of cell density and
growth time. When the cells reached mid-exponential
phase, they were harvested by filtering gently (<100 mm
Hg) onto the 3 µm polycarbonate membrane and then
rinsed with 0.22 µm-filtered seawater 3 times. After a fur-
ther cell count, they were resuspended in the uptake
medium at a cell concentration of 3 × 105 cells ml–1. The
light and temperature conditions in the uptake period
were the same as those during the acclimation period.
Each experimental treatment had 3 replicates. Short-
term uptake took 1 or 4 h. During the uptake period, a
10 ml aliquot was filtered through the 1 µm polycarbon-
ate membrane for measurements of the radioactivity in
the cells at each time point (1, 2, 3 and 4 h for the 4 h up-
take, 0.25, 0.5, 0.75 and 1 h for the 1 h uptake). The metal
adsorbed onto the cell wall was removed by Ti-tech-
nique wash (Hudson & Morel 1989, Hutchins et al. 1999).
A 2 ml aliquot was also removed for measurement of to-
tal radioactivity in the uptake medium. The accumulated
content of Cd and Zn was calculated as follows:

Accumulated content (µg g–1)  =  
(radioactivity g–1 dry cell wt × total metal (1)
concentration µg l–1)/(radioactivity of medium l–1)

Thus, only the intracellular accumulation of Cd and
Zn was quantified in our study. Cell numbers were
counted both at the beginning and end of the uptake
experiments. The dry weight of the cells was measured
as described by Wang & Dei (2001).

Uptake kinetics at different ambient Cd and Zn con-
centrations. During the acclimation period, the cells
were grown at 15°C and 340 µmol photons m–2 s–1.
When the cells reached mid-exponential phase, they
were collected and the metal-uptake experiment was
conducted. The experimental 0.22 µm-filtered seawa-
ter used for the uptake medium was first passed
through the Chelex 100 resin column and dissolved
organic matter was destroyed by UV irradiation (24 h,
with removal efficiency close to 100%). There were
6 concentration treatments with 2 replicates for each
treatment. The total metal concentrations (including
the stable metals and radioisotopes) used were 1.28,
3.55, 35.5, 150, 350, 1000 nM for Cd, and 1.2, 5.0, 10,
21, 100, 200 nM for Zn. The trace-metal clean tech-
nique was used throughout the experiments and all
uptake experiments were conducted in a Class
100 clean bench. A Michaelis-Menten equation was
used to fit the relationship between the metal uptake
rate and the total ambient metal concentration:

(2)

where V = metal uptake rate, Vmax = maximum uptake
rate when the metal-binding ligands are saturated, C =
ambient metal concentration, and Km = half-saturation

constant, defined as the metal concentration when V
equals 0.5Vmax.

Irradiance and temperature experiments. During
the acclimation period, the cells were grown at 3 dif-
ferent irradiances (40, 170, and 340 µmol photons m–2

s–1) and 3 temperatures (15, 19, and 24°C). Thus, there
were a total of 9 different temperature × irradiance
treatments. The cells were grown under these condi-
tions for 4 to 5 d and the cell concentration was moni-
tored every 12 h. Different irradiances were achieved
by using different numbers of white fluorescent tubes
and adjusting the distance between the cultures and
light sources. When the cells reached mid-exponential
phase, metal uptake by the cells was measured over a
4 h period. In all experiments, uptake was measured
simultaneously for each temperature treatment.

Light–dark cycle experiment. The cells were cul-
tured for 6 d at a light intensity of 170 µmol photons m–2

s–1 and at 2 temperatures (19 or 24°C). We used 4 differ-
ent LD cycles: 4:20, 10:14, 16:8 and 24:0 h. No complete
dark treatment was included in this experiment be-
cause cells did not grow under full-dark conditions over
the 6 d period. In some treatments (i.e. fast cell growth
during the acclimation period), the cells were trans-
ferred to fresh f/2 medium to avoid nutrient depletion.

Photosynthetic inhibitors. The concentrations of
inhibitors used in our experiments were 5 and 25 µM
for CCCP and 10, 50 and 150 µM for paraquat (Moye et
al. 2002). We ran a control treatment without the addi-
tion of inhibitors for both the CCCP and the paraquat
treatment. The cells were acclimated for 3 to 4 d at
170 µmol photons m–2 s–1 and 19°C. Different concen-
trations of the inhibitors were subsequently added to
the cell cultures, and after 2 h the cells were filtered
and resuspended in the uptake medium.

Diel variation. Cells were grown for 3 to 4 d at
170 µmol photons m–2 s–1 and 19°C in a 14:10 LD cycle.
The uptake experiments were then conducted over a
24 h period at 2 to 3 h intervals in the same LD cycle.
During the dark cycle, all the bottles used for the
uptake experiments were covered with aluminum foil
to minimize any possibility of the cells being exposed
to light. All the cells used in the experiments were from
the same culture. Each uptake experiment lasted 1 h,
and the measurement of metal accumulation was con-
ducted at 15 min intervals.

RESULTS

Metal uptake in different metal concentrations,
irradiances, and temperatures

As expected, Cd and Zn uptake both followed
Michaelis-Menten (M-M) uptake kinetics (Fig. 1). Vmax

V
V C
K C

    max=
+m
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and Km were 4.4 µg g–1 h–1 and 38.8 nM for
Cd, and 26.3 µg g–1 h–1 and 93.4 nM for Zn,
respectively. These experiments were
conducted using DOC-free seawater. In
subsequent experiments, metal uptake
was quantified at concentrations below Km

(20.8 nM for Cd and 89.2 nM for Zn), but
without removal of DOC from the seawa-
ter. Since DOC was not removed in subse-
quent experiments, the resulting free
metal concentrations were expected to be
much lower than the Km-based free-metal
ion concentration.

During the 4 h uptake period of the tem-
perature and irradiance experiments, the
total metal concentrations in the medium
decreased by <15% for Zn and <5% for
Cd. A measurable but small increase of
cell number (<1.2×) occurred during this
period. There was an approximately linear
relationship between accumulated metal
content and exposure time (between 1 and
4 h) (Fig. 2). A previous study indicated
that Ti-washing removes 81 and 90% of
extracellular Cd and Zn from diatom cells
(Hutchins et al. 1999). The y-intercept of
the linear regression between accumu-
lated metal content and exposure time
represented the amount of metal adsorbed

onto the cell surface (Mirimanoff & Wilkinson 2000) or
the transporter-bound metals after rinsing, and the
slope of this regression represented the uptake rate of
the metals. Our preliminary experiments also demon-
strated that the y-intercept represented the initial sur-
face sorption of the cells, since the metal sorption by
the heat-killed cells was essentially comparable to the
calculated y-intercept of the linear regression (data not
shown). In general, the accumulated Cd and Zn con-
tents at each time point of exposure increased with
increasing irradiance levels at each temperature.
Additionally, the accumulated contents of Cd and Zn
were also positively related to temperature. This
experiment was repeated, and the trends of metal
uptake at different temperatures and irradiances were
consistent between the 2 replicated independant
experiments.

The calculated intracellular uptake rates of Cd and
Zn as a function of irradiance levels are shown in
Fig. 3. At each temperature, the uptake rates generally
increased with increasing irradiance at the 2 lower
light levels, but remained rather constant when the
irradiance was further increased to 340 µmol photons
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Fig. 2. Thalassiosira pseudonana. Accumulated Cd and Zn content after
acclimation to different temperatures and irradiances during short-term
uptake period in Expt 2 (only Expt 2 data are presented). Left-hand
graphs: Cd uptake; right-hand graphs:  Zn uptake. (d) 40 µmol photons
m–2 s–1; (s) 170 µmol photons m–2 s–1; (z) 340 µmol photons m–2 s–1. Data

are means ± SD (n = 3)

Fig. 1. Thalassiosira pseudonana. Metal uptake rates as a
function of total ambient metal concentration. Data are means 

± SD (n = 2)
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m–2 s–1. When irradiance was increased
from 40 to 340 µmol photons m–2 s–1, the
uptake rates of both metals increased by 2
to 4×, at 15, 19, and 24°C. A 2-way ANOVA
(temperature and irradiance) showed that
there was a strong interaction between
these 2 factors (p < 0.001, Table 1). A 1-way
ANOVA (data not shown) indicated that
uptake rates of both Cd and Zn increased
significantly with increasing temperature or
irradiance (p < 0.05). The most significant
influence of irradiance on metal uptake was
observed at the 2 lower irradiance levels.
The specific growth rates measured in the 2
replicate experiments were highly compa-
rable at different temperatures and irradi-
ances (Fig. 3). Cell size of the diatoms was
also concurrently measured for the treat-
ments under different temperatures and
irradiances. In general, cell sizes were com-
parable and not statistically significantly
different among the different treatments.
The average cell diameter was 5.0 µm.

We further correlated the relationship
between cell-specific growth rate and the
cellular uptake rate quantified in the
temperature and irradiance experiments
(Fig. 4). In general, the uptake rate of Cd
and Zn increased significantly with increas-
ing growth rate and then leveled off at a
high cell-specific growth rate.

Metal uptake in different light–dark
cycles

The accumulated contents of Cd and Zn
also increased linearly over time in experi-
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Source Expt 1 Expt 2
df MS F p df MS F p

Cd
Temperature (T) 2 0.79 284.28 <0.001 2 1.81 179.37 <0.001
Irradiance (I) 2 0.43 156.32 <0.001 2 0.69 68.30 <0.001
T × I 4 0.14 51.06 <0.001 4 0.11 11.09 0.001
Error 11 0.0028 17 0.01

Zn
Temperature (T) 2 252.72 368.13 <0.001 2 173.12 172.28 <0.001
Irradiance (I) 2 70.80 103.13 <0.001 2 135.24 134.59 <0.001
T × I 4 23.60 34.37 <0.001 4 8.36 8,32 <0.001
Error 17 0.69 17 1

Table 1. Results of 2-way ANOVA of Cd and Zn uptake rates under different irradiances and temperatures. Expts 1 and 2 are 
2 different independent experiments

Fig. 3. Thalassiosira pseudonana. Relationships between specific
growth rate or Cd and Zn uptake rates and the irradiance level. Data 

are means ± SD (n = 3)
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ments with different LD cycles (data not shown).
After 4 h exposure, there was a 2.7× and 1.8×
increase in the accumulated Cd content and 1.9× and
1.4× increase in intracellular accumulated Zn content
when the cells were maintained under 24 h light illu-
mination as compared to cells maintained under 4 h
light illumination each day at 19 and 24°C, respec-
tively. The accumulated intracellular contents of Cd
and Zn were conspicuously low in the lowest light
illumination period (4 h). The relationship between
uptake rate and light exposure period is shown in
Fig. 5. At 24°C, the Cd and Zn uptake rates
increased by 1.8× and 1.5×, respectively, when the
light illumination period was increased from 4 to 24
h each day. Similarly, at 19°C, Cd and Zn uptake
rates increased by 2.7× and 1.7×, respectively. A 1-
way ANOVA (Table 2) indicated that both tempera-
ture and LD cycle significantly affected the uptake of
Cd and Zn by the diatoms. The specific growth rate
of the diatoms also increased with increasing light
period (Fig. 5). Similarly, the uptake rates of Cd and
Zn increased with increasing specific growth rate
(Fig. 6).

Metal uptake after addition of inhibitors

The photosynthetic activity of the diatom
cells was inhibited by the 2 inhibitors (CCCP
and paraquat at different concentrations), as
indicated by the lower cell-specific growth
rate in the inhibitor-treated treatments com-
pared to the control treatment during the
uptake period (1.25× growth in the control
treatment vs 1.15× growth in the 150 µM
paraquat treatment). The accumulated intra-
cellular metal contents also increased linearly
over 1 to 4 h exposure (data not shown).
There was no consistent trend of variations in
the accumulated cellular metal content with
different concentrations of inhibitors. The cal-
culated uptake rates at different concentra-
tions of inhibitors are shown in Fig. 7. The
statistical analysis (Table 2) indicated that
there was no significant difference in Cd
uptake for treatments with added CCCP or
paraquat. In contrast, the Zn uptake rate
increased with the addition of CCCP and
paraquat and then decreased at higher con-
centrations (25 µM for CCCP, 150 µM for
paraquat).
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Fig. 4. Thalassiosira pseudonana. Relationship between diatom-specific
growth rate and uptake rates Cd and Zn at different combinations of
temperatures. Specific growth rate was modified by irradiance level.

Data are means ± SD (n = 3)

Fig. 5. Thalassiosira pseudonana. Relationship between
specific growth rate or Cd and Zn uptake rates and light
exposure period at 2 different temperatures. Data are means

± SD (n = 3)
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Diel variations in metal uptake

The diatom cells were maintained in a
14:10 h LD cycle and metal accumulation was
quantified at different periods of the day. The
accumulated intracellular contents of Cd and
Zn increased linearly with exposure time for
diatoms harvested at different diel periods
(data not shown). The calculated Cd and Zn
uptake rates at different diel periods (over 24 h)
are shown in Fig. 8. In general, Cd uptake rates
were in the range of 0.53 to 1.20 µg g–1 h–1, with
most ranging from 0.60 to 0.90 µg g–1 h–1;
and Zn uptake rates were in the range 3.90
to 4.90 µg g–1 h–1, with 1 exception (5.35 µg
g–1 h–1 measured at 08:00 h). There was no
consistent trend in Cd uptake rate as a
function of diel period, although the statis-
tical analysis indicated that diel period did
significantly affect the uptake of Cd (p <
0.05, 1-way ANOVA) (Table 2). Con-
versely, there was no diel variation in Zn
uptake between diel periods (p > 0.05, 1-
way ANOVA).

DISCUSSION

Both Cd and Zn uptake rates quantified
in this study were comparable to those in
previous studies on the same diatom spe-
cies under similar conditions (Wang et al.
2001). In addition, the calculated Vmax was
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Expt Cd Zn
Source df MS F p df MS F p

LD cycle
19°C

BG 3 0.117 53.382 <0.001 3 3.358 9.344 0.005
WG 8 0.002 8 0.359

24°C
BG 3 0.252 21.801 <0.001 3 32.158 13.42 0.002
WG 8 0.012 8 2.396

Inhibitor
CCCP

BG 2 0.010 3.57 0.07 2 10.33 11.51 0.003
WG 9 0.003 9 0.90

Paraquat
BG 3 0.009 3.01 0.09 3 9.12 8.08 0.008
WG 8 0.029 8 1.13

Diel variation
BG 7 0.087 12.88 <0.001 7 0.79 1.27 0.3301
WG 13 0.007 15 0.62

Table 2. Results of 1-way ANOVA of Cd and Zn uptake rates in LD cycle, photosynthetic inhibitor and diel-variation experiments. 
BG: between groups; WG: within groups

Fig. 6. Thalassiosira pseudonana. Relationship between specific growth
rate and Cd and Zn uptake rates at 2 temperatures. Specific growth
rate was modified by light exposure period. Data are means ±

SD (n = 3)

Fig. 7. Thalassiosira pseudonana. Cd and Zn uptake rates after addition
of different concentrations of inhibitors. Data are means ± SD (n = 3)



Mar Ecol Prog Ser 275: 103–113, 2004

also comparable to those measured in previous studies
(Sunda & Huntsman 1998c). Since it was difficult to
accurately calculate the free-ion Cd and Zn concentra-
tions with MINEQL+ (a chemical equilibrium modeling
system, Version 4.5 for Windows) without using the
buffer solution for the uptake medium, direct compari-
son of the Km with previous studies was not possible. In
our short-term uptake experiments (4 h), there was a
possibility of interference by metal efflux from the
cells; thus, the quantified metal uptake may only rep-
resent the net uptake rate. However, within such a
short exposure period (<4 h), the metal efflux may be
considered negligible compared to the much higher
metal influx rate (e.g. as found for Thalassiosira weiss-
flogii: Lee et al. 1996; Chlorella kesslerii: Hassler &
Wilkinson 2003).

In this study, we have demonstrated that tempera-
ture and irradiance significantly influence the uptake
rates of Cd and Zn by the diatom Thalassiosira pseudo-
nana. Increased temperature and irradiance both
enhance Cd and Zn uptake by the cells. Furthermore,
temperature and irradiance interact in their influences
on metal uptake. With irradiance and temperature
constant, changes in the LD cycle also impact the
uptake of metals by the cells. Light and temperature
both control the photosynthesis of the cells. Previous
studies have shown that the biochemical composition
and cell size of phytoplankton differ for cells accli-
mated under different light and temperature condi-
tions (Berges & Harrison 1993, Lin & Carpenter 1997,

Berges et al. 2002, Hammer et al. 2002, Staehr et al.
2002). For example, cellular N, chlorophyll a and the
C:N ratio increase with increasing temperature
(Berges et al. 2002). Furthermore, there is also a diel
variation in cellular composition and cell size (Durand
& Olson 1998, Vergara et al. 1998, Granum et al. 2002)
as well as a diel pattern in the cell cycle (Dolah &
Leighfield 1999). For example, in a study on the marine
diatom Skeletonema costatum, the cellular organic N
increased from 2.4 pg cell–1 at the beginning of the
photophase to 3.3 pg cell–1 at the end of the pho-
tophase, and then decreased again to 2.5 pg cell–1 (end
of the scotophase) (Granum et al. 2002). All these bio-
chemical, biovolume and cell-cycle changes may
potentially lead to a change in metal uptake rate as
influenced by temperature, irradiance, and LD cycle.

To determine whether the uptake of Cd and Zn is
dependent on the phytoplankton’s photosynthetic
activity, which can be affected by temperature and
light, we used 2 inhibitors (carbonyl cyanide m-
chlorophenylhydrazone CCCP, and the herbicide
paraquat) to block the photosynthesis of the cells
(Moye et al. 2002, Hassler & Wilkinson 2003). CCCP
can disconnect electron transport from ATP synthesis,
thereby inhibiting photophosphorylation and prevent-
ing the formation of ATP required for energy supply.
Paraquat acts at the reducing end of Photosystem I by
inhibiting ferredoxin reduction and ATP production. In
our experiments, the uptake rate of Zn increased
rather unexpectedly with the addition of 2 inhibitors at
different concentrations compared to the control treat-
ment. The reason for this is not known, although Moye
et al. (2002) also found that paraquat enhanced the
accumulation of methylmercury by the green alga
Selenastrum capricornutum. However, Moye et al.
(2002) showed that additions of CCCP at the same con-
centrations as those used in our study (5 and 25 µM)
abruptly decreased methylmercury uptake by 85%.
Hassler & Wilkinson (2003) also demonstrated that the
addition of the inhibitors CCCP and vanadate (BDH)
significantly reduced (by up to 95%) the uptake of Zn
by Chlorella kesslerii. The results of our study suggest
that the uptake of Cd and Zn by the diatoms was not
affected by photosynthetic activity, which was closely
related to the temperature and light conditions.

Previous studies have demonstrated that cell size
(Durand & Olson 1998), cell cycle (Dolah & Leighfield
1999), enzyme activity (e.g. nitrate reductase) (Vergara
et al. 1998), and cellular N and C (Granum et al. 2002)
exhibit considerable diel patterns. In our experiments,
generally there was no consistent or notable pattern of
diel variations in Cd and Zn uptake by the diatoms.
Furthermore, there was no significant difference
among most of the uptake rates quantified over 24 h for
Cd (although the differences were significant when all
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Fig. 8. Thalassiosira pseudonana. Diel variations in Cd and Zn
uptake rates during a 24 h diel period. Data are means ± SD 

(n = 3)
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treatments were tested together; Table 2). However,
metal accumulation increased significantly with in-
creasing light illumination period, e.g. a 2.7× and 1.7×
increase in Cd and Zn uptake rate, respectively, at
19°C with an increase in the light period from 4 to 24 h
each day. Consequently, the diel cycle in the morphol-
ogy, physiology or biochemistry of the diatoms was not
responsible for the correlation between the uptake rate
and the LD cycle, despite the fact that cells under dif-
ferent LD cycles may show different cell cycles.

Cell size of diatoms has been reported to increase
with increasing irradiance (Thalassiosira pseudonana:
Harrison et al. 1990) and temperature (T. weissflogii:
Lomas & Glibert 1999) or to remain constant (T. pseudo-
nana: Berges et al. 2002; Skeletonema costatum: Gao et
al. 2000). Cell size also tended to increase when diatom
Thalassiosira pseudonana was cultured under a LD
cycle compared with continuous light (Berges et al.
2002). In our study, we did not find any significant
change in the cell size of T. pseudonana (which could
substantially affect the metal uptake due to a change in
the surface area-to-volume ratio). Cell size can thus be
ruled out as controlling metal uptake at different tem-
peratures and light conditions. Additionally, the N con-
tent of diatoms (as an index of the protein content) was
almost constant regardless of changes in temperature
and light (Harrison et al. 1990, Berges et al. 2002). Thus,
biochemical composition, cell size and changes in me-
tabolism or photosynthetic activity were not responsi-
ble for the relationship between metal uptake and irra-
diance or the LD cycle observed in this study.
Furthermore, the metal-binding sites were not satu-
rated according to our kinetic uptake experiments;
thus, the leveling-off of the metal-uptake rate under
higher irradiances was unlikely to have been due to the
saturation of surface metal-binding sites.

In our study, we found that the uptake rates of both
Cd and Zn increased significantly with increasing cell-
specific growth rate in both replicate experiments with
different combinations of temperature and irradiance.
It appears that there was a hyperbolic relationship
between the uptake rate and the specific growth rate.
At the lowest temperature (15°C), the maximum cell-
specific growth rate was only 1.2 d–1, and the hyper-
bolic relationship between the uptake rate and the
specific growth rate became less apparent. At this tem-
perature, the Zn uptake rate increased linearly with
increasing specific growth rate in each replicated
experiment. A similar hyperbolic correlation was also
evident in the LD cycle experiment. In an early study,
Wang & Dei (2001) described a positive linear or expo-
nential correlation between specific growth rate and
the uptake rate of Cd, Se and Zn in different species of
marine phytoplankton. In their study, the specific
growth rate of the cells was affected by different addi-

tions of macronutrients, while we used light and tem-
perature to modify the cell-specific growth rate in this
study. Because both the cell-specific growth rate and
the uptake rate of metals can depend on macronutri-
ents, a correlation such as that found by Wang & Dei
(2001) cannot be considered a definite proof of the
direct dependence of metal uptake rate on cell growth
rate. For example, algal cells maintained under N-
enriched conditions may be able to synthesize more
ligands for metal transport (and display a high uptake
rate), while also increasing growth. In this study, we
have shown that cellular metabolism and photosyn-
thetic activity induced by changes in temperature, irra-
diance and the LD cycle has little effect on metal
uptake. Consequently, the metal uptake rate may be
potentially dependent on the specific growth rate of
the diatoms.

Under steady-state conditions, the cellular metal
content of phytoplankton can be calculated as the
metal uptake rate divided by the cell-specific growth
rate (Sunda 1989, Sunda & Huntsman 1998a). Sunda &
Huntsman (1998a) summarized the feedback relation-
ships between cellular metal content and specific
growth rate, as well as between cellular metal content
and uptake rate in marine phytoplankton. However, it
remains unclear whether there is any interrelationship
between uptake rate and specific growth rate. Our
study has indicated that when cell growth increases
under certain conditions, then uptake rate will initially
increase in proportion with the cell-specific growth
rate, thus maintaining the same cellular metal content.
Zn is a cofactor of some enzymes such as carbonic
anhydrase, DNA and RNA polymerases, and alkaline
phosphase (Price & Morel 1990, Lee et al. 1995). Thus,
the physiological requirement for Zn may increase
with the growth of the phytoplankton, leading to a
higher Zn uptake rate. This can be considered as posi-
tive feedback between uptake rate and specific growth
rate. When cell-specific growth rate reaches a higher
level, then uptake rate is unable to keep pace, and cel-
lular content will decrease accordingly. In this connec-
tion, growth rate can equally well be described as neg-
ative feedback regulation.

The relationship between specific growth rate and
uptake rate has a significant implication in the metal
dynamics during phytoplankton blooms (e.g. eutrophi-
cation or spring blooms). Luoma et al. (1998) found that
particulate Cd and Zn concentrations (nmol l–1) in San
Francisco Bay increased by 6× and 3×, respectively,
during the spring bloom period. Our study implies that
such an abrupt increase in particulate Cd and Zn con-
centrations in natural phytoplankton may be due to the
proportionally higher Cd and Zn uptake rates parallel-
ing the higher specific growth rate during the bloom
period. Such an almost proportional increase in both
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metal uptake rates as well as cell-specific growth rate
also explains why there was a much smaller increase
for Cd and Zn content (nmol g–1) in the phytoplankton
(2× and 1.1× in Cd and Zn, respectively). However, the
interrelationship between these 2 parameters still
needs to be tested further under field conditions. In
addition, there was a significant difference between
Cd and Zn uptake at different temperatures, but with
similar growth rates. Temperature may significantly
affect the uptake rates of Cd and Zn by other metabolic
processes in addition to those controlled by cell growth
rate. The mechanisms contributing to such marked
difference remain unknown.

Our study has demonstrated that the metal uptake
rate of the diatoms is dependent on their growth
rates, which should be taken into consideration when
examining the interrelationship between the cellular
metal concentration, uptake rate and growth rate.
Such an interrelationship can be potentially responsi-
ble for the observed increase in particulate metal
concentration during phytoplankton blooms and the
survival of phytoplankton under conditions of sub-
lethal metal concentrations. It should be noted that
the interaction between metal uptake rate and
growth rate was not indirectly exerted through
changes in cellular metal content. However, the cel-
lular mechanisms underlying the interrelationship
between the uptake rate and growth rate need to be
further studied. Whether or not this relationship
exists with other metals and in other phytoplankton
species also needs to be examined.
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