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The synergistic effects of iron limitation and irradiance dynamics on growth, photosynthesis, antioxidant
activity and excessive PAR (400–700 nm) and UV (280–400 nm) sensitivity were investigated for the Ant-
arctic marine diatom Chaetoceros brevis. Iron-limited and iron-replete cultures were exposed to identical
daily irradiance levels, supplied as dynamic (20–1350 lmol m�2 s�1) and constant (260 lmol m�2 s�1)
irradiance. After acclimation, growth, maximal quantum yield of PSII (Fv/Fm), pigment composition,
and the activities of the antioxidant enzymes superoxide dismutase (SOD), ascorbate peroxidase (APX)
and glutathione reductase (GR) were determined. Then, excessive irradiance sensitivity was assessed
by monitoring pigment composition, Fv/Fm and viability loss during a single excessive PAR and UV treat-
ment.

Iron limitation reduced growth rates, Fv/Fm dynamics, and cellular pigments pools. Cellular pigment
concentrations were higher under dynamic irradiance than under constant irradiance but this difference
was less pronounced under iron limitation compared to iron-replete conditions. SOD and APX activities
increased during dynamic irradiance under iron limitation, suggesting increased radical formation
around PSII. Despite these physiological differences, no effects on growth were observed between con-
stant and dynamic irradiance cultivation in iron-limited and iron-replete cells. The applied culturing con-
ditions did not affect glutathione reductase activity in C. brevis. Fv/Fm and xanthophyll de-epoxidation
dynamics during excessive irradiance were not different for iron-limited and replete cells and viability
loss was not found during excessive irradiance. This study revealed photoacclimation differences
between iron-limited and iron-replete C. brevis cultures that did not affect growth rates and excessive
irradiance sensitivity after acclimation to constant and dynamic irradiance.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The combination of iron limitation and deep wind driven verti-
cal mixing can suppress primary productivity in vast parts of the
Southern Ocean, leaving much of the dissolved nitrate, phosphate,
and silicate unused for algal growth [1,2]. These frequently
co-occurring conditions both affect the photoacclimation state of
algae. Vertical mixing in the water column can mediate strong irra-
diance fluctuations, from excessive irradiance near the water sur-
face to complete darkness below the euphotic zone. These
dynamics require contrasting acclimation pathways such as in-
creased light harvesting under low irradiance as well as increased
photo protection when irradiance exceeds the photosynthetic
requirements [3,4]. The effects of iron limitation on photoacclima-
tion are well documented. When iron becomes limiting, algae re-
spond by reducing the abundance of iron rich cellular
components such as cytochrome b6–f and PSI complexes [5,6]. This
ll rights reserved.

de Poll).
impairs the electron transport capacity during photosynthesis and
leads to a strong reduction in cellular light harvesting pigments
and decreased growth rates [7,8]. How iron limitation affects pho-
tosynthesis and growth under dynamic irradiance remains un-
known. Cytochrome b6–f complexes are crucial in the buildup of
a proton gradient across the thylakoid membrane, which activates
protective heat dissipation via the xanthophyll cycle during exces-
sive irradiance. Therefore, it was suggested that iron-limited algae
were less able to cope with rapid irradiance fluctuations than those
under iron-replete conditions [6]. Furthermore, van Leeuwe and
Stefels [9] observed reduced xanthophyll de-epoxidation under
high irradiance in iron-limited Phaeocystis antarctica. Therefore, a
reduction in cytochrome b6–f complexes may affect the efficiency
of the xanthophyll cycle, and thus the protective down regulation
of photosynthesis during excessive irradiance. Consequently, iron-
limited algae could be more vulnerable to excessive irradiance due
to increased formation of reactive oxygen species (ROS). ROS are
typically formed as byproducts of electron transport and cellular
metabolism. Environmental stress such as excessive PAR and UV
exposure near the water surface can significantly enhance ROS
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Fig. 1. Irradiance and maximal quantum yield of PSII (Fv/Fm) of iron-limited (�) and
replete (+) Chaetoceros brevis during the course of the dynamic (D) irradiance
treatment. Mean and standard deviations are shown for two replicates.
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formation, inhibiting photosynthesis and threatening viability [10].
Cellular ROS concentrations are controlled by an elaborate antiox-
idant network. The superoxide radical is converted enzymatically
to H2O2 by superoxide dismutase (SOD), which is subsequently
neutralized to H2O by ascorbate peroxidase (APX). Glutathione is
used to regenerate ascorbate, which is the substrate of APX in
the latter reaction. The redox status of glutathione is regulated
by glutathione reductase (GR). Iron limitation was found to in-
crease ROS production and superoxide dismutase (SOD) activity
in marine diatoms [11]. Nevertheless, a preliminary study indi-
cated that iron-limited algae were less sensitive to excessive PAR
and UV radiation exposure than iron-replete algae [10]. Further-
more, numerous studies demonstrated that iron-limited algae
accumulated more protective xanthophyll cycle pigments relative
to their light harvesting pigments compared to iron-replete cells
[7]. This emphasizes that the effect of iron limitation on the regu-
lation of photosynthesis is not completely understood, let alone
under dynamic irradiance as experienced in the field. Therefore,
the responses of pigments, chlorophyll fluorescence and crucial
components of the antioxidant network were studied for the Ant-
arctic diatom Chaetoceros brevis under simulated dynamic and con-
stant irradiance for iron-limited and iron-replete conditions,
followed by excessive (UV) irradiance treatments, during which
Fv/Fm, xanthophyll cycling and viability were monitored.
2. Materials and methods

2.1. Cultivation and experimental design

Iron-replete cultures of C. brevis (CCMP 163) were grown as
batch cultures in autoclaved sea water of 35 PSU enriched with f-
2 nutrients [12]. Iron-limited cultures were grown in sea water
of 35 PSU, collected from the Southern Ocean, enriched with f-2
nutrients (without iron), and then run over a Chelex-100 column
(Chelex, Rochester, NY, USA) to remove iron (except the silicate
stock). The polycarbonate cultivation vessels of iron-limited cells
were washed with 1 N HCl and handled in a clean room to prevent
iron contamination, whereas 10 lM EDTA (final concentration)
was added to bind remaining iron. Iron-limited and replete cul-
tures were grown at 4.5 �C in a cooled culture cabinet under
75 lmol m�2 s�1 photons PAR and a 16–8 h L–D cycle for several
months during which the medium was regularly replaced. Accli-
mation to dynamic and constant irradiance was achieved by inoc-
ulating duplicate transparent polycarbonate erlenmeyers (2 L)
with 30 mL culture, giving a total of eight culture vessels. The dy-
namic irradiance set-up was as described in van de Poll et al. [4].
Dynamic irradiance simulated vertical mixing over 4 h cycles,
resulting in irradiance oscillations between 20 and 1350 lmol pho-
tons m�2 s�1 (Fig. 1), whereas constant irradiance was kept at
260 lmol photons m�2 s�1 during the 16 h light period. The daily
irradiance dose was similar for constant and dynamic irradiance.
All cultures were maintained at 4.5 �C by cryostat controlled water
baths. After inoculation cell numbers were followed for 35 and 15
days, for iron-limited and replete cultures, respectively. Iron-re-
plete cultures were refreshed with new medium once. On the last
day, samples for Fv/Fm, pigments, antioxidant activities and exces-
sive irradiance sensitivity were obtained. After the experiments,
the remaining iron-limited cultures were supplied with iron to test
if this enhanced pigmentation, fluorescence and growth.

2.2. Growth

Two milliliter subsamples were obtained from the cultures for
cell counts and immediately processed. Cell concentrations were
determined on a Coulter MXL flow cytometer as in van de Poll
et al. [13]. The mean growth rate of each replicate was calculated
from linear regression of 6–9 natural log transformed cell concen-
trations plotted against time.

2.3. Maximal quantum yield of PSII: Fv/Fm

To expand measuring capacity, two fluorometers were used to
determine Fo and Fm after 5 min dark adaptation and the Fv/Fm

was calculated as (Fm–Fo)/Fm. On the last day of the experiment,
a dual modulated fluorometer with integrating sphere (Photosys-
tem Instruments, Chech Republic, red excitation light; >670 nm)
was used to measure Fv/Fm of iron-replete and iron-limited cul-
tures under dynamic irradiance. A pulse amplitude modulation
fluorometer (water PAM, Walz, Germany, blue excitation light;
peak around 450 nm) was applied to measure Fv/Fm during exces-
sive irradiance (simulated surface irradiance, SSI) in 5 mL subsam-
ples, see below.

2.4. Pigment composition

Samples (75 mL) for pigment composition (one from each bot-
tle, two replicates in total) were filtered on 25 mm GF/F (What-
man) by vacuum, frozen in liquid nitrogen and stored at �80 �C.
Filters were freeze-dried (48 h) followed by pigment extraction
in 3 mL 90% cold acetone (v/v, 48 h, 4 �C) after van Leeuwe et al.
[14]. Pigments were resolved by HPLC (Waters 2690 separation
module, 996 photodiode array detector) with a C18 5 lm DeltaPak
reversed-phase column (Waters) and identified by retention time
and diode array spectroscopy. For quantification, standards of chlo-
rophyll a, fucoxanthin, diadinoxanthin, and diatoxanthin were
used (DHI, Denmark). Cellular pigment concentrations were calcu-
lated from cell counts (flow cytometer), sample volume and extrac-
tion volume. Chlorophyll c1, 2 and b carotene were detected but
not quantified in the present study.

2.5. Antioxidant activity: SOD activity

One hundred to two hundred milliliters of culture was filtered
on polycarbonate filters (47 mm, 2 lm pore size) by vacuum and
stored at �80 �C for SOD activity analysis. The Riboflavin/NitroBlue
Tetrazolium (RF/NBT) method [15], modified by Janknegt et al.
[16], was used to measure SOD activity. Filters were suspended
in 0.75 mL buffer (50 mM KH2PO4, pH 7.8, 0.1 mM EDTA, 0.1% Tri-
ton X-100, 2% PVP, and Complete protease inhibitor cocktail). Cells
were disrupted by sonication (2* 30 s pulses, 4 �C), and extracts
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Fig. 2. Relative growth rates (A) and cellular pigment concentrations (B) of iron-
limited (�) and replete (+) Chaetoceros brevis grown under dynamic (D) and
constant irradiance (C). Mean and standard deviations are shown for two replicates.

34 W.H. van de Poll et al. / Journal of Photochemistry and Photobiology B: Biology 94 (2009) 32–37
were centrifuged (20.000g, 4 �C, 25 min), and transferred to a clean
vial. SOD activity was defined as the amount of sample required for
50% inhibition of NBT reduction (V50). NBT reduction was mea-
sured in reaction mixtures (1.5 mL) with 0, 12.5, 25, and 50 lL ex-
tract, SOD buffer (50 mM KH2PO4, 0.1 mM EDTA, and 0.25% Triton
X-100), 2 mM riboflavin (Sigma), and 57 lM NBT (Sigma). After
30 min dark incubation (4 �C) the reaction mixtures were illumi-
nated from above for 15 min (Philips TLD/18W, 199 lmol pho-
tons m�2 s�1). Afterwards, absorbance was measured at 560 nm
on a Cary 3E UV/Vis double beam spectrophotometer (Varian, Mid-
delburg, The Netherlands). The V50 was calculated by regression
using the linear part of a natural semi-log curve. The specific activ-
ity of SOD (U/mg protein) was calculated according to 1/(V�50[pro-
tein]). Protein concentrations in the extracts were determined in
duplicate according to Bradford [17].

2.6. Antioxidant activity: APX and GR activity

Sampling, filtration and extract preparation for ascorbate perox-
idase (APX) and glutathione reductase (GR) activities was as for the
SOD activity (see above). APX activity was determined spectropho-
tometrically by the consumption of ascorbic acid, for 3 min in
quartz cuvette containing 2.4 mL buffer (50 mM KH2PO4, pH 7;
0.1 mM EDTA), 150 lL 10 mM ascorbic acid (Merck, Darmstadt Ger-
many), and 400 lL cell extract. Reaction mixtures were incubated
(5 min) at 4 �C before 20 mM H2O2 was added. The rate of ascorbate
consumption was measured at 290 nm on a Cary 3E UV/Vis double
beam spectrophotometer at 4 �C. Specific activity (U) of APX was
calculated according to: (�slope � volumetot:=e � volumeextr:)/[pro-
tein] of which e = 2.8 mM�1 cm�1.

GR activity was determined by its ability to convert oxidized
glutathione (GSSG) into its reduced form (GSH) using NADPH as
a reducing agent. NADPH consumption was measured spectropho-
tometrically at 340 nm for 3 min in a 3 mL quartz cuvette with
1 mL buffer, 150 lL, 10 mM GSSG (Merck, Darmstadt Germany),
300 lL cell extract and 50 lL, 2.5 mM NADPH (Merck, Darmstadt
Germany). Before NADPH addition, the reaction mixture was incu-
bated for 5 min at 4.5 �C. Specific activity of GR (in U/mg prot) was
calculated according to: (�slope � volumetot:=e � volumeextr:)/[pro-
tein] of which e = 6.22 mM�1 cm�1.

2.7. Excessive irradiance sensitivity

Three hundred fifty milliliter portions of the cultures were
transferred to 1 N HCl washed quartz vessels and exposed to sim-
ulated surface irradiance (SSI: 448, 50, and 0.6 W m�2 PAR, UVA,
and UVB, respectively) as in van de Poll et al. [10]. Excessive irradi-
ance effects on pigment composition and Fv/Fm were examined by
taking samples before, directly after 20 min of SSI, and after 20 min
of SSI followed by 60 min in low (10 lmol photons m�2 s�1) irradi-
ance. In addition, viability loss during prolonged SSI exposure (4 h)
was investigated in a separate experiment using 25 mL of culture
for each replicate. Subsamples for the viability assay were obtained
every hour during 4 h SSI exposure (see below). During SSI expo-
sure temperature was maintained at 4.5 �C.

2.8. Viability loss during excessive irradiance

One milliliter subsamples were incubated for 30 min in dark-
ness with 10 lL SYTOX (molecular probes) solution that was 100
times diluted in MilliQ. SYTOX can enter and stain the DNA of cells
with compromised membranes, a non-reversible condition that
characterizes non-viable cells. SYTOX emits green fluorescence
after excitation at 488 nm. The presence of cellular green fluores-
cence of SYTOX was assessed flow cytometrically. For each data
point at least 30 � 103 individual cells were analyzed.
2.9. Statistics

Differences between groups of replicates were tested for signif-
icance with a two factor (iron-replete, iron-limited, and constant,
dynamic irradiance) ANOVA and a LSD post hoc test.

3. Results

3.1. Growth

Mean growth rates of iron-replete cultures (followed for 15
days) were significantly higher (�60%) than those of iron-limited
cultures (followed for 35 days) (p = 0.0001, Fig. 2A). On the last
day of the experiment all cultures were still in exponential growth.
There was no significant difference in growth between static and
dynamic irradiance under iron-limited and iron-replete conditions.

3.2. Fv/Fm during dynamic irradiance

On the last day of the experiment, Fv/Fm was significantly higher
for iron-replete than for iron-limited cells. Moreover, iron-replete
cells showed a stronger response in Fv/Fm under dynamic irradi-
ance than iron-limited cells (Fig. 1). For iron-limited cells, changes
in Fv/Fm were minimal during the irradiance dynamics.

3.3. Pigment composition

Significant differences in pigment composition were found be-
tween iron-limited and iron-replete, and between dynamic and
constant irradiance conditions. Total pigments (pg per cell) were
3-fold higher under iron-replete than iron-limited conditions for
dynamic irradiance, whereas there was a 2-fold difference between
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iron-replete and iron-limited conditions under constant irradiance
(Fig. 2B). Cellular light harvesting (fucoxanthin and chlorophyll a)
pigment contents were significantly higher for dynamic irradiance
than for constant irradiance (p = 0.01, Table 1). Cellular concentra-
tions of both pigments were significantly lower during iron limita-
tion (p = 0.005). There was also a significant interaction between
irradiance and iron availability for fucoxanthin (p = 0.036) and
chlorophyll a (p = 0.037), showing different responses of the main
light harvesting pigments under dynamic and constant irradiance
during iron-replete and limited conditions. The cellular pool of
protective pigments (diadinoxanthin and diatoxanthin) was signif-
icantly different for irradiance and iron conditions. Iron-replete
cells contained more protective pigments than iron-limited cells,
whereas cells grown under dynamic irradiance possessed a higher
pool than those grown under constant irradiance. For the protec-
tive pigments there was no interaction between irradiance and
iron conditions. The ratio of protective relative to light harvesting
pigments was significantly higher for constant irradiance grown
cells than for dynamic irradiance grown cells (p = 0.0001), and
was significantly higher for iron-limited cells compared to iron-re-
plete cells. There was no interaction between irradiance and iron
conditions for this ratio.

3.4. Antioxidant capacity

Significant differences in SOD and APX activities were not found
between dynamic and constant irradiance grown cells under iron-
replete conditions (Fig. 3). During iron limitation SOD and APX
activity was increased 3-fold for cultures exposed to dynamic irra-
diance, but lower for those exposed to constant irradiance, com-
pared to iron-replete activity levels. APX activity followed a
similar pattern as SOD activity, and the activity of both enzymes
was significantly correlated (R2: 0.88, n = 8, results not shown). Un-
der iron limitation, APX activity was 2-fold enhanced under dy-
namic irradiance, but 10-fold reduced under constant irradiance.
Significant differences in glutathione reductase were not found be-
tween any of the tested conditions (results not shown). The mean
specific activity of glutathione reductase was 2.4 (±0.4) U per mg
protein for eight replicates.
(SSI) and 60 min recovery in low irradiance for iron-replete (A, C) and limited (B, D)
Chaetoceros brevis grown under dynamic (D) and constant irradiance (C). Mean and
standard deviations are shown for two replicates.
3.5. Excessive irradiance sensitivity: Fv/Fm

Absolute Fv/Fm values were lower for the water PAM compared
to those obtained with the PSI fluorometer, but the relative differ-
ences between the conditions were similar. As expected, there was
a strong effect of iron on Fv/Fm: the highest Fv/Fm was found for
iron-replete cells grown under dynamic irradiance. Fv/Fm was low-
er for iron-limited cells, whereas significant differences between
constant and dynamic irradiance cultivation were not observed
(Fig. 4). After 20 min SSI treatment Fv/Fm was significantly reduced
to 23 and 58% of the pre-exposure values for iron-limited and re-
plete conditions, respectively. Nearly complete recovery was found
after 60 min in low irradiance for all cultivation conditions.
Table 1
Cellular concentrations of chlorophyll a, fucoxanthin, and the pool of diadinoxanthin and di
(D) and constant irradiance (C)

C (+) D (+

Chlorophyll a 0.130 (0.007) 0.35
Fucoxanthin 0.070 (0.003) 0.19
Diadino + diatoxanthin 0.093 (0.015) 0.15
Ratio (P/LH) 0.470 (0.079) 0.28

The ratio between protective (diadinoxanthin, diatoxanthin) and light harvesting (chloro
for two replicates.
3.6. Excessive irradiance sensitivity: pigment composition

Apart from the de-epoxidation state of diadinoxanthin there
were no significant changes in pigment composition after 20 min
SSI and 60 min recovery in low irradiance (not shown). Before
the SSI treatment 8–24% of the protective pigments was in the
form of diatoxanthin (Fig. 4). Directly after SSI this was 64–74%,
whereas this was reduced to 8% after 60 min recovery in low irra-
diance, except for iron-limited cells that were grown in constant
irradiance (39%).
atoxanthin of iron-limited (�) and replete (+) Chaetoceros brevis grown under dynamic

) C (�) D (�)

3 (0.068) 0.048 (0.002) 0.083 (0.003)
8 (0.037) 0.027 (0.001) 0.053 (0.004)
5 (0.038) 0.058 (0.008) 0.076 (0.010)
5 (0.045) 0.783 (0.139) 0.565 (0.089)

phyll a, fucoxanthin) is also shown (P/LH). Mean and standard deviations are shown
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3.7. Excessive irradiance sensitivity: viability loss

The number of non-viable cells was low in iron-replete and
iron-limited cultures before SSI exposure, with no difference be-
tween dynamic and static irradiance cultivation (mean 2.5 ± 0.5%
of cells non-viable, results not shown). The proportion of non-via-
ble cells did not change significantly during 4 h SSI exposure (4 h
SSI: mean 2.5 ± 0.9% of cells non-viable).
4. Discussion

Chaetoceros brevis is a common open ocean species from the
Southern Ocean with a low iron requirement due to its small size
(5 lm) [18]. Cultivation of this species under iron free conditions
revealed some well described effects of iron limitation: a reduction
in cellular pigments, a reduced ability to profit from irradiance, and
highly reduced growth rates. During our experiment, we simulated
vertical mixing by fluctuations between high (1350 lmol pho-
tons m�2 s�1) and low irradiance (20 lmol photons m�2 s�1) and
compared growth and physiology of C. brevis with that under sat-
urating, non fluctuating irradiance (260 lmol photons m�2 s�1).
Obviously, irradiance patterns that algae experience in the water
column are more complex than those during our treatments. De-
spite the large range in irradiance, no differences in growth rates
were observed between the constant and dynamic treatments un-
der iron-limited and replete conditions. Nevertheless, significant
physiological differences were found in pigment composition, Fv/
Fm, and antioxidant activity. This showed that the algae had pho-
toacclimated efficiently to both conditions, thereby mitigating po-
tential effects of irradiance limitation and photo inhibition.
Furthermore, this agrees with recent findings for iron-limited dia-
tom assemblages from the North Pacific that displayed clear phys-
iological responses after iron addition, whereas changes in
productivity were not observed [19].

The temporal irradiance fluctuations experienced during the
dynamic irradiance treatment increased cellular pigment content
more than 3-fold compared to constant irradiance, under iron-re-
plete conditions. This is consistent with previous results for Tha-
lassiosira weissflogii and Emiliania huxleyi grown under the same
conditions [4], showing that dynamic irradiance acclimated algae
displayed more low irradiance acclimation characteristics than
those acclimated to constant irradiance of equal daily dose. Fur-
thermore, these results imply that vertical mixing increases cellu-
lar iron demand. Moreover it suggests that algae have a higher iron
requirement under natural irradiance conditions (dynamics caused
by diurnal cycle, position in the water column and weather) than
under the constant irradiance conditions normally used in the
lab. As previously demonstrated, reduced light availability in-
creased the cellular demand of iron rich components [5,20,21].

Differences in cellular pigment content and Fv/Fm between dy-
namic and constant irradiance were significantly smaller under
iron limitation, suggesting a reduced acclimation potential to pre-
vailing irradiance conditions. However, the absence of effects on
growth of iron-limited cells during dynamic and constant irradiance
indicated that other phenomena compensated for this reduction in
light harvesting. For example, the disproportionate down-scaling
of light harvesting capacity during dynamic irradiance and iron
limitation could be compensated by reduced self-shading of pig-
ments, thereby increasing the light harvesting efficiency of the
remaining pigments. Therefore, the interaction between iron and
irradiance treatments could have originated from reduced self
shading as was also suggested by Geider et al. [7]. Furthermore,
relatively high, saturating irradiance was applied in both treat-
ments, whereas vertical mixing can reduce the irradiance that
algae experience, and impose light limitation when algae are
mixed below the euphotic zone. Possibly, differences between dy-
namic and constant irradiance would be more pronounced during
iron limitation and light limitation.

Previously, it was suggested that iron limitation enhanced
excessive irradiance effects such as photo inhibition [7,6,22]. How-
ever, our research suggests that iron-limited C. brevis was not more
vulnerable to excessive irradiance exposure than under iron-re-
plete conditions. Nevertheless, the activities of the antioxidant en-
zymes SOD and APX were markedly enhanced for iron-limited cells
grown under dynamic irradiance. The increased activities of both
enzymes are indicative of enhanced superoxide formation during
dynamic irradiance. We propose that increased cellular antioxidant
activity is triggered by the periodic over-reduction of the photo-
synthetic electron transport chain during fluctuations in PSII exci-
tation. Evidence for elevated ROS during iron limitation was
reported previously for diatoms [11]. Elevated ROS may be due
to impairment of the PSI and cytochrome b6–f complexes, which
are particularly iron rich and their relative abundance can be re-
duced in response to iron limitation [6]. An imbalance between PSII
and cytochrome b6–f complexes could reduce the efficiency of the
PSII electron cycle and therefore mediate increased over-reduction
of PSII [23]. This scenario leads to enhanced superoxide radical for-
mation, which requires increased scavenging by SOD and APX. In
contrast to dynamic irradiance, a significant decrease in APX and
SOD activities was found during iron limitation and constant irra-
diance. We hypothesize that the absence of irradiance fluctuations
reduced PSII excitation pressure and therefore did not trigger ele-
vated antioxidant activity. Because no growth reduction was found
between dynamic and constant irradiance during iron limitation, it
appeared that elevated antioxidant activity compensated the in-
creased superoxide formation during the former condition. Ele-
vated antioxidant activity can increase cellular iron demand
because peroxidases like APX and superoxide dismutase (SOD)
can contain iron cofactors. However, the iron cofactor in the latter
enzyme can be substituted by manganese (Mn) under iron limita-
tion in T. weissflogii [11]. In our research SOD and APX activities
were normalized to the protein content from the extracts. Normal-
ization to chlorophyll a has been reported by Sunda et al. [24],
which would accentuate SOD and APX activity differences due to
the large iron limitation mediated reduction in cellular chlorophyll
a.

Iron-limited cells have a highly reduced light harvesting capac-
ity, but this is accompanied by a much smaller reduction in the
protective xanthophyll pigments pool. As a result, the ratio of pro-
tective relative to light harvesting pigments was higher during iron
limitation of dynamic and constant irradiance grown cells. Previ-
ous experiments with low irradiance cultivated C. brevis showed
pronounced viability loss during excessive irradiance. However,
these cells had a 6-fold lower ratio of protective relative to light
harvesting pigments than the cultures with the lowest ratio from
the current experiment (iron-replete cells grown in dynamic irra-
diance) and a 16-fold difference with the iron-limited cells that
were grown under constant irradiance. Consequently, C. brevis
was relatively insensitive to the harmful effects of excessive irradi-
ance under all of the current cultivation conditions, as shown by
fast Fv/Fm recovery and the lack of viability loss after excessive
irradiance.

Although the dynamic irradiance treatment covered almost the
entire irradiance range that algae experience in the water column,
Fv/Fm of iron-limited C. brevis showed surprisingly little response
during the irradiance fluctuations. In contrast, Fv/Fm was strongly
regulated under iron-replete conditions during the dynamic irradi-
ance regime, which coincided with xanthophyll (de-) epoxidation
cycles (results not shown). The low Fv/Fm under iron limitation at
the start of the excessive irradiance exposure experiments coin-
cided with low xanthophyll de-epoxidation. Therefore, low Fv/Fm
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values during iron limitation did not appear to be the result of xan-
thophyll cycle activity. The excessive irradiance exposure data
showed no clear differences in xanthophyll cycle dynamics for
iron-limited and replete cells after and during recovery from exces-
sive irradiance. Furthermore, Fv/Fm recovery after 20 min simu-
lated surface irradiance was not clearly different for iron-replete
and limited cells. Previous research on P. antarctica reported re-
duced xanthophyll cycle activity under iron limitation during a dy-
namic irradiance treatment [9]. Presumably, the proton gradient
over the thylakoid membrane develops slower in iron-limited cells,
thereby suppressing xanthophyll de-epoxidation. However, during
our experiments we found no evidence for this and this issue
should be verified in future research. The similar PSII response of
iron-limited and replete cells and the lack of viability loss during
excessive irradiance indicated that xanthophyll de-epoxidation
could play a role in photo protection, regardless of iron availability.

In summary, PSII dynamics were reduced and SOD and APX
activities were enhanced when iron-limited cells were grown un-
der dynamic irradiance, in comparison to iron-replete cells. How-
ever, growth rates of iron-limited and replete C. brevis were not
different under dynamic irradiance compared to saturating, non-
fluctuating irradiance. This indicates that the increased antioxidant
activity compensated for decreased non photochemical quenching
efficiency around PSII. Furthermore, xanthophyll cycle activity was
still induced in iron-limited cells under excessive irradiance. Thus,
the observed physiological changes secured maintenance of
growth during dynamic irradiance and photo protection against
excessive irradiance.

References

[1] H.J.W. de Baar et al., Synthesis of iron fertilisation experiments: from the iron
age to the age of enlightment, J. Geophys. Res. 110 (2005) C09S16.

[2] P.W. Boyd, T. Jickells, C.S. Law, S. Blain, E.A. Boyle, K.O. Buesseler, K.H. Coale, J.J.
Cullen, H.J.W. de Baar, M. Follows, M. Harvey, C. Lancelot, M. Levasseur, N.P.J.
Owens, R. Pollard, R.B. Rivkin, J. Sarmiento, V. Schoemann, V. Smetacek, S.
Takeda, A. Tsuda, S. Turner, A.J. Watson, Mesoscale iron enrichment
experiments 1993–2005: synthesis and future directions, Science 315 (2007)
612–617.

[3] H.L. MacIntyre, R.J. Geider, Photosynthesis and regulation of rubisco activity in
net phytoplankton from Delaware bay, J. Phycol. 32 (1996) 718–731.

[4] W.H. van de Poll, R.J.W. Visser, A.G.J. Buma, Acclimation to a dynamic
irradiance regime changes excessive irradiance sensitivity of Emiliania huxleyi
and Thalassiosira weissflogii, Limnol. Oceanogr. 52 (2007) 1430–1438.

[5] J.A. Raven, Predictions of Mn and Fe use efficiencies of phototrophic growth as
a function of light availability for growth and of C assimilation pathway, New
Phytol. 116 (1990) 1–18.
[6] R.F. Strzepek, P.J. Harrison, Photosynthetic architecture differs in coastal and
oceanic diatoms, Nature 431 (2004) 689–692.

[7] R.J. Geider, J. LaRoche, R.M. Greene, M. Olaizola, Response of the
photosynthetic apparatus of Phaeodactylum tricornutum (Bacillariophyceae)
to nitrate phosphate or iron starvation, J. Phycol. 29 (1993) 755–766.

[8] M.A. van Leeuwe, J. Stefels, Effects of iron and light stress on the biochemical
composition of Antarctic Phaeocystis sp. (Prymnesiopyceae) II. Pigment
composition, J. Phycol. 34 (1998) 496–503.

[9] M.A. van Leeuwe, J. Stefels, Photosynthetic responses in Phaeocystis antarctica
towards varying light and iron conditions, Biogeochemistry 83 (2007) 61–70.

[10] W.H. van de Poll, M.A. van Leeuwe, J. Roggeveld, A.G.J. Buma, Nutrient
limitation and high irradiance acclimation reduce PAR and UV-induced
viability loss in the Antarctic diatom Chaetoceros brevis (Bacillariophyceae), J.
Phycol. 41 (2005) 840–850.

[11] G. Peers, N.M. Price, A role for manganese in superoxide dismutase and growth
of iron-deficient diatoms, Limnol. Oceanogr. 49 (2004) 1774–1783.

[12] R.R.L. Guillard, J.H. Ryter, Studies of marine planktonic diatoms I Cyclotella
nana (Husted) and Detonula confervacea (Cleve), Can. J. Microbiol. 8 (1962)
229–239.

[13] W.H. van de Poll, A.C. Alderkamp, P.J. Janknegt, J. Roggeveld, A.G.J. Buma,
Photoacclimation modulates excessive photosynthetically active and
ultraviolet radiation effects in a temperate and Antarctic marine diatom,
Limnol. Oceanogr. 51 (2006) 1239–1248.

[14] M.A. van Leeuwe, L.A. Villerius, J. Roggeveld, R.J.W. Visser, J. Stefels, An
optimized method for automated analysis of algal pigments by HPLC, Mar.
Chem. 102 (2006) 267–275.

[15] C. Beauchamp, I. Fridovich, Superoxide dismutase: improved assays and an
assay applicable to acrylamide gels, Anal. Biochem. 44 (1971) 276–287.

[16] P.J. Janknegt, J.W. Rijstenbil, W.H. van de Poll, T. Gechev, A.G.J. Buma, A
comparison of quantitative and qualitative superoxide dismutase assays for
application to low temperature microalgae, J. Photochem. Photobiol. B: Biol. 87
(2007) 218–226.

[17] M.M. Bradford, A rapid and sensitive method for the quantification of
microgram quantities of protein utilizing the principle of protein dye
binding, Anal. Biochem. 72 (1976) 248–254.

[18] K.R. Timmermans, M.S. Davey, B. Van der Wagt, J. Snoek, R.J. Geider, M.J.W.
Veldhuis, L.J.A. Gerringa, H.J.W. de Baar, Co-limitation by iron and light of
Chaetoceros brevis, C. dicheata and C. calcitrans (Bacillariophyceae), Mar. Ecol.
Prog. Ser. 217 (2001) 287–297.

[19] B.M. Hopkinson, K.A. Barbeau, Interactive influences of iron and light
limitation on phytoplankton at subsurface chlorophyll maxima in the
eastern North Pacific, Limnol. Oceanogr. 53 (2008) 1303–1318.

[20] W.G. Sunda, S. Huntsman, Interrelated influence of iron light and cell size on
marine phytoplankton growth, Nature 390 (1997) 389–392.

[21] R.F. Strzepec, N.M. Price, Influence of radiation and temperature on the iron
content of the marine diatom Thalassiosira weissflogii (Bacillariophyceae), Mar.
Ecol. Prog. Ser. 206 (2001) 107–117.

[22] T. Van Oijen, M.A. van Leeuwe, W.C.C. Gieskes, H.J.W. de Baar, Effects of iron
limitation and carbohydrate metabolism in the Antarctic diatom Chaetoceros
brevis (Bacillariophyceae), Eur. J. Phycol. 39 (2005) 161–171.

[23] J. Lavaud, R.F. Strzepek, P.G. Kroth, Photo protection capacity differs among
diatoms: possible consequences on spatial distribution of diatoms related to
fluctuations in the underwater light climate, Limnol. Oceanogr. 52 (2007)
1188–1194.

[24] W.G. Sunda, W.D.J. Kieber, R.P. Kiene, S. Huntsman, An antioxidant function for
DMSP and DMS in marine algae, Nature 418 (2002) 317–320.


	Excessive irradiance and antioxidant responses of an Antarctic marine diatom  exposed to iron limitation and to dynamic irradiance
	Introduction
	Materials and methods
	Cultivation and experimental design
	Growth
	Maximal quantum yield of PSII: Fv/FmFv/Fm
	Pigment composition
	Antioxidant activity: SOD activity
	Antioxidant activity: APX and GR activity
	Excessive irradiance sensitivity
	Viability loss during excessive irradiance
	Statistics

	Results
	Growth
	Fv/Fm Fv/Fm during dynamic irradiance
	Pigment composition
	Antioxidant capacity
	Excessive irradiance sensitivity: Fv/Fm
	Excessive irradiance sensitivity: pigment composition
	Excessive irradiance sensitivity: viability loss

	Discussion
	References


