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Abstract Iron availability strongly governs the growth
of Southern Ocean phytoplankton. To investigate how iron
limitation affects photosynthesis as well as the uptake of
carbon and iron in the Antarctic diatom Chaetoceros sim-
plex, a combination of chlorophyll a fluorescence meas-
urements and radiotracer incubations in the presence and
absence of chemical inhibitors was conducted. Iron limita-
tion in C. simplex led to a decline in growth rates, photo-
chemical efficiency and structural changes in photosystem
IT (PSII), including a reorganisation of photosynthetic units
in PSII and an increase in size of the functional absorption
cross section of PSII. Iron-limited cells further exhibited a
reduced plastoquinone pool and decreased photosynthetic
electron transport rate, while non-photochemical quench-
ing and relative xanthophyll pigment content were strongly
increased, suggesting a photoprotective response. Addition-
ally, iron limitation resulted in a strong decline in carbon
fixation and thus the particulate organic carbon quotas.
Inhibitor studies demonstrated that, independent of the iron
supply, carbon fixation was dependent on internal, but not
on extracellular carbonic anhydrase activity. Orthovanadate
more strongly inhibited iron uptake in iron-limited cells,
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indicating that P-type ATPase transporters are involved in
iron uptake. The stronger reduction in iron uptake by ascor-
bate in iron-limited cells suggests that the re-oxidation of
iron is required before it can be taken up and further sup-
ports the presence of a high-affinity iron transport pathway.
The measured changes to photosystem architecture and
shifts in carbon and iron uptake strategies in C. simplex as
a result of iron limitation provide evidence for a complex
interaction of these processes to balance the iron require-
ments for photosynthesis and carbon demand for sustained
growth in iron-limited waters.

Introduction

The Southern Ocean is the largest CO, sink in the global
ocean and therefore plays a key role in the global climate
(Sabine et al. 2004). The biological carbon pump in this
region is driven by autotrophic photosynthetic activity,
yet it operates at sub-optimal levels, as the growth and
activity of primary producers is limited by iron (Martin
1990). Due to iron limitation, large parts of the Southern
Ocean are classified as high-nutrient, low-chlorophyll
(HNLC) areas. Next to these HNLC areas, there are sev-
eral regions of high primary productivity, reflected by the
presence of large phytoplankton blooms. These blooms
usually occur in naturally iron-enriched regions, such as
the sea ice edge (Lannuzel et al. 2008), polynyas, conti-
nental margins (Lam et al. 2006) and ocean upwelling or
circulation fronts (e.g., Polar Frontal Zone; de Baar et al.
1997). As these phytoplankton blooms develop, however,
the overall consumption of iron increases, often to a level
greater than the input of iron, causing iron limitation to
occur, even in principally iron-enriched regions (Garibotti
et al. 2005).
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Iron is an essential micronutrient for phytoplankton,
being involved in cellular processes such as photosynthesis,
nitrate reduction, N, fixation as well as providing protec-
tion from reactive oxygen species (Geider and La Roche
1994; Morel and Price 2003). Most of the cell's require-
ment (up to 80 %) is associated with photosynthesis (Raven
1990), where iron functions as an integral part of both pho-
tosystem I and II and various cytochromes of the photosyn-
thetic electron transport chain (Greene et al. 1991, 1992).
It is therefore not surprising that many studies have inves-
tigated the complex link between light and iron in oceanic
systems (Boyd et al. 2001; Petrou et al. 2011; Alderkamp
et al. 2012; Strzepek et al. 2012).

To minimize their iron requirements, open-ocean spe-
cies have lower concentrations of photosystem I and
cytochrome bgf (Strzepek and Harrison 2004), decrease
their cellular pigment concentrations at the cost of light
capture efficiency (Petrou et al. 2011) and/or substitute
iron-containing enzymes such as ferredoxin with flavo-
doxin and proteins with iron-free equivalents (La Roche
et al. 1996; Marchetti et al. 2009). Another strategy of phy-
toplankton under iron deficiency is to induce a high-affin-
ity transport system to acquire iron (Maldonado and Price
1999; Maldonado et al. 2006). Eukaryotic phytoplankton
such as diatoms mainly acquire iron by the reductive iron
uptake pathway, involving two plasma membrane proteins
(a reductase and a permease), as well as two iron redox
transformations (Maldonado et al. 2006; Shaked and Lis
2012). Antarctic diatoms, as well as the flagellate Phaeo-
cystis antarctica, are known to reduce and assimilate iron
using strong organic ligands linked to reductases located on
the cell surface (Strzepek et al. 2011).

Years of research have identified consistent changes in
iron-limited phytoplankton photophysiology. Due to the
central role of iron in both photosystems and the photo-
synthetic electron transport chain, iron limitation causes a
major reorganization of the thylakoid architecture (Raven
1990). This reorganization causes a disconnection between
light-harvesting centers resulting in a decline in photo-
system II efficiency, electron transport and carbon fixa-
tion under iron-limited conditions (reviewed in Behren-
feld and Milligan 2012). Lowered electron transport rates
can lead to reduced production of adenosine triphosphate
(ATP) and nicotinamide adenine dinucleotide phosphate
hydrogen (NADPH), energy equivalents that are needed to
drive iron and carbon uptake as well as the reduction and
assimilation of inorganic carbon. Carbon assimilation is an
energy-requiring process for the cell, as CO, needs to be
actively concentrated at the catalytic site of the carboxylat-
ing enzyme ribulose-1,5-bisphosphate carboxylase/oxyge-
nase (RubisCO) to compensate for its low affinity for CO,.
The operation of such carbon-concentrating mechanisms
involves the active uptake of CO, and/or HCO;™ and the
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expression of varying activities of external and internal car-
bonic anhydrase, which accelerates the conversion between
HCO;™ and CO, (Reinfelder 2011). To take up inorganic
carbon in an efficient manner may become especially
important with increasing iron limitation, when energy
availability gets more and more constrained. Consequently,
there might be trade-offs between a reduced energy supply
resulting from lower electron transport rates and the energy
needed for inorganic carbon and iron acquisition under
iron limitation (Raven 1990). Schulz et al. (2007) showed
that iron limitation had a strong impact on carbon acqui-
sition, reducing carbon uptake and fixation rates in a cal-
cifying microalga. How these processes interact with iron
acquisition in Southern Ocean phytoplankton is currently
unknown.

In this study, we investigate the response of growth,
photophysiology, carbon and iron uptake for the Antarctic
diatom Chaetoceros simplex under iron limitation. This
study uses a combination of chlorophyll a fluorescence
measurements and radiotracer incubations in the presence
and absence of chemical inhibitors to better understand
the modes of iron and carbon acquisition in C. simplex.
We hereby try to unravel the physiological trade-offs and
nutrient acquisition strategies for diatoms in a late bloom
scenario, when the bioavailability of iron has become
exhausted.

Materials and methods
Cultures

Cultures of the Antarctic diatom C. simplex (CS 624,
ANACC, 3-5 wm) were isolated from the coastal waters of
Antarctica (Prydz Bay) and maintained at 4 °C in sterile-
filtered (0.2 wm) Southern Ocean seawater (0.28 nmol L™!
Fe, Hassler et al. 2011). This strain is growing under iron-
limited conditions since 2008 in our laboratory, and its
response to iron limitation is known (Hassler and Schoe-
mann 2009a). Three months prior to the experiment, cul-
tures of C. simplex were transferred into experimental con-
ditions and left to grow at 30 wmol photons m~2 s~! in
natural seawater collected from the sub-Antarctic region of
the Tasman Sea (46.3°S 159.9°E, 25 m, 0.65 nmol L' Fe,
during PINTS, January—February 2010, RV Southern Sur-
veyor) following the trace metal clean sampling techniques
described by Bowie and Lohan (2009) and amended with
chelated macronutrients (N, P, Si) according to the Red-
field ratio (30 : 1.9 : 30 wmol L', respectively). The light
level was selected based on previous tests that showed
maximum quantum yield of PSII (F\/F),,) to be greatest
when cells were grown at this irradiance under iron-replete
conditions.
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Experimental setup

For the experiment, cultures were transferred into eight
acid-washed 4-L clear polycarbonate bottles (Nalgene)
and incubated at 4 °C. Treatments consisted of 4 of these
bottles enriched with 2 nmol L™! of FeCl, (ICP-MS stand-
ard, Fluka; +Fe) and the remaining 4 bottles enriched with
10 nmol L™! of desferroxamine B (Sigma; +DFB). FeCl,
was added without EDTA addition as inorganic solu-
bility equals 0.5 nM at 5 °C (Liu and Millero 1999) and
iron-binding organic ligands (L) were present in excess to
buffer the additional Fe concentration (L = 3.4 nM L7;
Norman et al., unpublished data). Desferroxamine B binds
to iron and was used to reduce iron bioavailability in this
strain (Hassler and Schoemann 2009a; Hassler et al. 2011).
Incubation time lasted between 7 and 15 days depend-
ing on experimental treatment (+DFB incubations lasted
longer than +Fe treatments). The pH of the seawater was
8.49 £ 0.04 and 8.52 £ 0.04 for the +Fe and +DFB accli-
mations, respectively. The pH was measured on a daily
basis using a pH—ion meter (WTW, model pMX 3000/pH,
Weilheim, Germany). Light was supplied at 30 pmol pho-
tons m2 s~ (Grolux, GMT lighting, Northmead, Aus-
tralia) on a 16:8 h light:dark cycle.

Iron chemistry

Dissolved iron concentrations were measured at the begin-
ning and end of the experiment for each treatment. Meas-
urements were performed at the University of Tasmania
(Australia) using flow injection (de Jong et al. 1998). The
experimental growth media was filtered (0.2 pm, polycar-
bonate filter, Millipore) and acidified (0.2 % v:v, quartz
distilled HCI, Seastar) under trace metal clean conditions
before analysis. All water manipulation and sampling was
conducted using established trace metal clean techniques
(Bowie and Lohan 2009).

Growth rates

Cell count samples were taken at the same time each day,
immediately fixed with Lugol’s solution (1 % final con-
centration) and stored at 4 °C in the dark until counting.
Cell numbers were estimated using Utermohl chambers on
an inverted microscope (Zeiss Axiovert 200). Each sample
was examined at magnification of 400x until at least 400
cells had been counted. Cell-specific growth rate (. unit
day~!) was calculated as

p = (InNn—1InNo)/ At ey

where N, and Ny, denote the cell concentrations at the
beginning and the end of the experiments, respectively, and
At is the corresponding duration of incubation in days.

Particulate organic carbon (POC)

Subsamples from each bottle were gently filtered
(<20 mmHg) onto pre-combusted 25-mm GF/F filters
(Whatman, USA) and stored at —80 °C. Prior to analysis,
filters were defrosted, acidified with 0.1 N HCI and dried
overnight at 60 °C. Particulate organic carbon (POC) was
measured using an isotope ratio mass spectrometer (IRMS;
Delta V, Thermo Finnigan). Carbon isotopes were derived
by comparison with calibrated external standards intro-
duced during analysis and reported against PEE DEE
Belemnite (PBD). Final concentration of POC was normal-
ized per cell.

Pigments

Pigment concentrations were determined using high-per-
formance liquid chromatography (HPLC). Samples were
filtered onto 25-mm GF/F filters (Whatman), immediately
frozen in liquid nitrogen and stored in the dark at —80 °C
for later analysis. Pigments were extracted and analyzed
according to the methods of van Heukelem and Thomas
(2001) with the only modification being an extra filtration
step through 0.2 pm PTFE 13-mm syringe filters (Micro-
Analytix Pty Ltd.). Clarified samples were stored in amber
HPLC glass vials (Waters Australia Pty Ltd., Woolloong-
abba, Australia) and were stored at —80 °C overnight before
analysis. The HPLC system included a pump, temperature-
controlled auto-injector (Waters Australia Pty Ltd., Wool-
loongabba, QLD, Australia), C8 column (150 x 4.6 mm;
Eclipse XDB), and photodiode array detector (Waters Aus-
tralia Pty Ltd., Woolloongabba, Australia). Pigments were
identified by comparison of their retention times and spec-
tra using calibration standards (DHI, Horsholm Denmark)
for each pigment. Dilutions of the standard were injected
into the HPLC for a five point calibration curve. Peak area
was integrated using Empower Pro software (Waters Aus-
tralia Pty Ltd., Woolloongabba, Australia) and checked
manually to confirm the accuracy of the peak baselines and
the similarity of the integrated peaks to that of the standard.

Chlorophyll a fluorescence

To assess the photosynthetic status of cells under iron limi-
tation, steady-state light curves were performed 4-8 h after
the onset of light using a pulse-amplitude-modulated fluo-
rometer (Water-PAM; Walz GmbH, Effeltrich, Germany).
A 3-mL aliquot of the respective treatment was transferred
to a quartz cuvette and dark-adapted for 10 min under con-
tinuous stirring, before minimum fluorescence (F) was
recorded. This dark-adaptation period was chosen after
testing different time intervals (5, 10, 15 and 20 min) to
ensure largest possible Fy; prior to measurements. Upon
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application of a saturating pulse of light (pulse dura-
tion = 0.8 s; pulse intensity >3,000 pwmol photons m~? s’l),
maximum fluorescence (F,;) was determined. From these
two parameters, maximum quantum yield of PSII (Fy/Fy)
was calculated according to the equation (Fy; — Fp)/Fy
(Schreiber 2004). During the steady-state light curve, nine
actinic light levels (28, 42, 65, 100, 150, 320, 680, 1,220
and 2,260 pmol photons m~2 s~!) were applied for 5 min
each before recording the F’ (light-adapted minimum flu-
orescence) and F,, (light-adapted maximum fluorescence)
values. From these light-adapted fluorescence yields,
effective quantum yield of PSII was calculated for each
irradiance level according to the equation Fy; — F/)/Fy,/
(Schreiber 2004). After the completion of the light curve,
an additional dark-adaptation period of 10 min was applied,
followed by a saturating pulse, to check for recovery and/
or any permanent damage to photosystem II. All measure-
ments were conducted at growth temperature (4 °C). Non-
photochemical quenching of chlorophyll a fluorescence
(NPQ) was calculated as (Fy; — F,)/F,/. Relative electron
transport rates (rETR) were calculated as the product of
effective quantum yield (@pgy) and actinic irradiance. Elec-
tron transport as a function of irradiance was fitted, and
all photosynthetic parameters including maximum rETR
(rETRy;5x), minimum saturating irradiance (Ey) and maxi-
mum light utilization efficiency (o) were derived according
to Ralph and Gademann (2005).

To assess the changes in different components of the
electron transport chain, fast induction curves (FICs) were
measured on filter-concentrated samples from each treat-
ment, using a double-modulation fluorometer (Photon Sys-
tem Instruments, FL-3500, Brno, Czech Republic) with a
3-s multiple turnover flash at >3,000 wmol photons m~>
s~! light intensity. The FIC goes through four transient

steps from base fluorescence (F;) to maximum fluores-
cence (Fy). These steps are commonly denoted as O, J, I
and P, respectively (Strasser and Govindjee 1991; Strasser
et al. 1995), where the O-J step involves the passing of the
electron from PSII to the primary electron acceptor Q,, the
J-I transient is linked with the reduction in the secondary
quinone Qp and finally the P step, which is reached once
the PQ pool is filled, represents the re-oxidation of Qj
(Strasser et al. 1995). Prior to measurements, tests were
done to ensure that cells were not damaged due to filtration
(as indicated by unaffected Fy/F),). Fluorescence measure-
ments on dark-adapted (10 min) samples were recorded
every 10 ps for the first 2 ms, every 1 ms until 1 s, then
every 500 ms up to 3 s. All FICs were normalized to F,
where all values were divided by the O step (at 50 ws).
Effective absorption cross-sectional area (opgy), the ratio
of PSII o and P centers (PSIa:fB), and PSII connectivity
(Jcon) were calculated from a single turnover flash of 80 s
at >3,000 pwmol photons m~2 s~! light intensity in accord-
ance with the methods outlined in Nedbal et al. (1999).

Chemical inhibitor experiments

To better understand the role of iron in photosynthesis and
gain greater insight into iron and carbon uptake physiol-
ogy, a suite of specific inhibitors were used on the +Fe and
+DFB cultures. A total of nine different inhibitors (Table 1)
were assessed in terms of their effect on photosynthesis,
carbon and iron uptake. Orthovanadate (Van, British Drug
Houses Company), an inhibitor of the plasma membrane-
bound P-type ATPases, was used to inhibit the active uptake
of iron and carbon, while diuron (DCMU, Sigma) was used
to inhibit linear electron transport. To investigate the form
of iron taken up, ascorbate (Asc, Sigma) and ferrozine (Fer,

Table 1 List of inhibitors used, their final concentrations and their biological and chemical modes of action

Inhibitor Final concentration (wmol LY Biological and chemical mode of action

Van 50 (0.1-50) Inhibits ATP use for transport by P-type ATPase®

DCMU 0.5 (0.1-50) Inhibits photosynthetic electron transport®

Asc 1,000 (100-10,000) Reduces Fe(IIT)-Fe(II)¢

Fer 100 (1-100) Complexes Fe(I)-Fe(II)¢

MV 100 (0.5-100) Strong electron acceptor, maintains active electron transport”
EZA 500 (50-1,000) Inhibits extra- and intracellular carbonic anhydrase®

AZA 100 (10-200) Inhibits extracellular carbonic anhydrase®

cccp 10 (0.5-100) Inhibits oxidative phosphorylation®

The final concentration of inhibitor used in our experiments was defined as the concentration causing approx. 50 % of inhibition of maximum
quantum yield of PSII and rETR applying different concentrations of each inhibitor (concentration range tested shown in brackets). When no
decrease in the maximum quantum yield of PSII was observed, the concentration was set to its maximum or to a concentration previously
reported effective on phytoplankton. Inhibitors were orthovanadate (Van), diuron (DCMU), ascorbate (Asc), ferrozine (Fer), methyl viologen
(MV), ethoxzolamide (EZA), acetazolamide (AZA) and carbonyl cyanide m-chlorophenyl hydrazone (CCCP)

@ Meisch and Becker (1981), ® Duysens (1979), ¢ Maldonado and Price (2001), 4 Shaked et al. (2005), ¢ Palmqvist et al. (1994), fRaven and
Glidewell (1975)
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Tokyo Chemical Industry Ltd.,) were applied individually
and in combination. Methyl viologen (MV, Sigma) was
used to prevent the reduction in the photosynthetic electron
transport chain and maintain ATP production. To inves-
tigate the effects of iron limitation on carbon uptake, two
inhibitors for carbonic anhydrase were applied: ethoxzola-
mide (EZA, Sigma), inhibits both internal and external car-
bonic anhydrase (CA), while acetazolamide (AZA, Sigma)
blocks only external CA. Carbonyl cyanide m-chlorophenyl
hydrazone (CCCP, Sigma) was used to inhibit oxidative
phosphorylation. Concentration for each inhibitor (Table 1)
was determined based on a series of titrations. The chosen
concentration for each inhibitor was the lowest at which a
photophysiological effect was evident.

Stock solutions for each inhibitor were freshly pre-
pared, stored according to supplier guidelines and used
within a period of 3 weeks. Four cycles of 10-min heat-
ing (80 °C) and cooling (4 °C) with pH adjustment
between each cycle were used to ensure that the stock
solution of Van (10 mmol L~ 'in MilliQ water, Sartorius,
<18 MQ, pH = 7.2) was in its orthovanadate form as sug-
gested by Furla et al. (2000). The stock solutions of Asc
(10 mmol L") and Fer (10 mmol L") were prepared in
MilliQ water. The stock solutions of DCMU (I mmol L")
and CCCP (2.4 mmol L") were prepared in ethanol
(Sigma, ACS grade), whereas MV was prepared in 1:1
ethanol: MilliQ water, resulting in ethanol addition of
0.05, 0.42 and 0.64 % in the experimental media, respec-
tively. The stock solution of EZA (50 mmol L~') and AZA
(20 mmol L) were prepared in DMSO and 1:1 DMSO:
MilliQ water, respectively, resulting in a DMSO addition of
<1 % in the experimental media. The effect of ethanol and
DMSO addition on the parameters measured was quanti-
fied as a procedural blank in duplicate and used to correct
the results from the inhibitor experiments for CCCP, MV,
EZA and AZA.

Before fluorometric measurements were made, volumes
(30 mL) of +Fe and +DFB cultures were inoculated with
the respective concentration of chemical inhibitor (Table 1)
for 24 h under growth conditions. Chlorophyll a fluores-
cence measurements of inhibitor-exposed cells were per-
formed 4 h after the onset of light using the same Water-
PAM as described above. A 3-mL aliquot of sample was
transferred into a quartz cuvette and left in the dark for
10 min before maximum quantum yield was determined.

Bioaccumulation experiments with '4C and *°Fe

Iron and carbon uptake was measured following a 24-h
incubation (4 °C with 30 wmol photons m~2 s~! light inten-
sity) using radioisotopes (Perkin Elmer, 20.82 mCi mg~!
Fe at the time of experiment and *C 1 mCi mL™!) in the
presence and absence of chemical inhibitors (described

above for chlorophyll a fluorescence measurements and in
Table 1). Bioaccumulation experiments and calculations
were carried out as in Hassler and Schoemann (2009a).
Solution for the uptake experiments consisted of artifi-
cial seawater (major salts, macronutrients only, Wake
et al. 2012) with 90 nmol L™! of total Fe and 110 nmol
L~! EDTA (Sigma). The iron concentrations present in
the inhibitor (detected by Inductive Coupled Plasma Mass
Spectroscopy by the team of Dr. E. Butler at CSIRO,
Hobart, Australia) and the radioactive iron added were
considered in the total iron concentration of the solutions.
Bioaccumulation solution with radioisotopes (10 nmol L™!
Fe and 5 pCi mL~! '*C) and inhibitors were prepared
16-20 h in advance, stored in the dark at 4 °C to reach equi-
librium and sampled for initial radioactivity (usually 1 mL)
prior to bioaccumulation experiment. C. simplex was con-
centrated by gentle filtration (2 pm, polycarbonate filter,
Millipore), rinsed in artificial seawater and re-suspended in
the bioaccumulation solution.

At the end of the accumulation period (24 h), cells were
collected by filtration (0.45 pm, nitrocellulose filter, Mil-
lipore), rinsed with filtered seawater (for '“C uptake, to
reduce the background of '*C-DIC) or rinsed with oxa-
late solution and then filtered seawater (for >>Fe uptake, to
remove extracellular °Fe, Hassler and Schoemann 2009b).
Each filter was collected in a scintillation vial and amended
with scintillation cocktail (10 mL, Ultima Gold, Perkin
Elmer) directly (*>Fe uptake) or following a degassing
phase (addition of 200 L of HC1 2 mol L™! to let the *C-
DIC degas overnight). Counts per minute were analyzed
using a scintillation counter (Perkin Elmer TriCarb 2000),
and uptake was expressed as percentage of the uptake in
the control (no inhibitor). Bioaccumulation experiments
were performed in triplicate for each of the isotopes (*>Fe
and '*C).

Because solvents used to prepare some inhibitors could
affect the permeability of the biological membrane (e.g.,
Wang et al. 2011) and thus alter biological uptake of iron or
carbon, their effect was measured to consider possible asso-
ciated artefacts. For that purpose, »Fe and '*C uptake was
measured in the presence of identical DMSO and ethanol
proportions. Ethanol and DMSO had no statistical effect on
14C uptake, but there was an increase in iron uptake by a
factor of 2.0 + 0.4 for DMSO (n = 5) and 1.9 £ 0.5 for
ethanol (n = 5).

Data analysis

Differences in physiological responses of cells between
+Fe and +DFB treatments were assessed using a one-way
analysis of variance (ANOVA) or standard 7 test (o« = 0.05).
To ensure that the assumption of equal variances for all par-
ametric tests was satisfied, a Levene’s test for homogeneity
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Table 2 Growth rate (day™!), particulate organic carbon (POC; pg cell™!) and chlorophyll a quota (Chl a; pg cell™!) as well as pigment concen-

trations (jug g~ ! Chl @) of 4+Fe and +DFB cultures of C. simplex

Treatment Growth rate POC Chlorophyll a Fucoxanthin Diadinoxanthin
(day™") (pg cell™) (pg cell™) (hgg™' Chla) (hgg™' Chla)
+Fe 0.33 +£0.12 9.01 £0.75 63.1 £8.0 0.445 £ 0.025 0.135 £ 0.023
+DFB 0.13 £ 0.07 5.89 £ 1.67 543 £21.1 0.457 +£0.018 0.222 £0.012
ANOVA P =0.050 P=0.019 ns*" ns*’ P =0.002"

Data represent mean + SD (n = 4, +Fe; n = 3, 4+DFB), in case of pigment data (n = 4, +Fe; n = 2, +DFB). Statistical results are from a one-

way ANOVA between treatments at significance o < 0.05
# P >0.05; " power = 1.0; " power = 0.54

of variance was applied to all data a priori. In the case of
the pigment data where the +DFB treatment only had two
replicates due to biomass limitations, a power analysis was
performed on the ANOVA to check for type II error prob-
ability. All analyses were performed using Minitab statisti-
cal software (version 15.1.0.0 2006, PA, USA).

Results
Iron concentration, growth rate, carbon quota and pigments

Initial iron concentrations (measured in the media prior to
the experiment) were 2.27 and 0.48 nmol L™! for the +Fe
and +DFB treatments, respectively. Final iron concentra-
tions (measure at the end of the experiment when cells were
harvested) were 1.12 & 0.09 and 0.37 + 0.06 nmol L™ for
the +Fe and +DFB treatments, respectively. Growth rates
were significantly lower in the +DFB culture than in the
+Fe culture (P > 0.001), with rates of 0.13 4+ 0.07 and
0.33 + 0.12 days™, respectively (Table 2). Cellular par-
ticulate organic carbon (POC) was significantly lower in
the +DFB treatment (P = 0.019; Table 2). No differences
in light-harvesting pigment (Chl a, fucoxanthin) concentra-
tions between the +Fe and +DFB treatments were detected
(Table 2). However, the relative proportion of the epoxi-
dized xanthophyll pigment, diadinoxanthin, was signifi-
cantly greater in the +DFB cultures (P < 0.002).

Chlorophyll a fluorescence

Chlorophyll a fluorescence showed clear differences in
photosynthetic activity between the +Fe and +DFB cul-
tures. Maximum quantum yield of PSII (F\/F),) was sig-
nificantly lower in the +DFB cultures (P < 0.001), <50 %
of that measured in the iron-enriched cells (Table 3). Under
iron limitation, there was a significant increase in opgy
(P < 0.001), as well as a decline in the proportion of PSII
a:p centers (P < 0.001) compared to the +Fe treatment
(Table 3). Furthermore, there was a significant decrease in
reaction center connectivity from 0.658 in +Fe cells to zero
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in the +DFB treatment (Table 3). FICs showed clear differ-
ences in both shape and amplitude, with a less acute slope
of the initial rise and a flattening of the fluorescence rise in
the +DFB-treated cells (Fig. 1). The amplitude of all FIC
steps (J, I and P) was significantly higher in 4Fe culture
(P < 0.001), with more than a 50 % drop in amplitude in
the +DFB cultures (Table 3).

Steady-state light curves showed clear differences
in @pg with lower values at all irradiance levels in the

Table 3 Photophysiological parameters from steady-state light
curves and fast induction curves for iron-enriched (+Fe) and iron-
limited (+DFB) C. simplex including: maximum quantum yield of
PSII (Fy/F\y), recovered Fy/F\; (tFy/Fy) and recovered non-photo-
chemical quenching (rNPQ) measured after 10-min dark adaptation
following the steady-state light curve, effective absorption cross-
sectional area (opgy), proportion of PSII o and B centers (PSIIa:B),
photosystem II connectivity (Jcon), J, I and P, derived from OJIP fast
induction curves, maximum relative electron transport rate (tfETR,,),
minimum saturating irradiance (E,) and light utilization efficiency («)

+Fe +DFB ANOVA
FylFy 0.609 & 0.011 0.300 £ 0.035 P <0.001
rFy/Fy 0.575 £0.019 0.300 £0.020 ns
rNPQ 0.175 £0.046 1.844 £0.151 P <0.001
opgyp (rel. units) 1.76 £3.95 3.65+£2.16 P <0.001
PSIa:p 2423 +0.514 1.390 £0.367 P <0.001
Jcon (rel. units) 0.658 = 0.110 0.000 £ 0.000 P < 0.001
J (rel. units) 2334007 1.27+£0.05 P<0.001
I (rel. units) 263 £0.10 1.29+£0.05 P<0.001
P (rel. units) 278+£0.14 131£0.05 P<0.001
rETR ., (wmol electrons 111 +£4.97  42.6+3.54 P <0.001
m2s7)
E, (umol photons 202 £ 185 164 +£33.2 P <0.001
m2s )
o 0.554+0.03 026+£0.03 P<0.001

Data represent the mean £+ SD (n = 4, +Fe; n = 3, +DFB). Statis-
tical results are from a one-way ANOVA at significance o < 0.05.
ANOVA results are for tests between +Fe and +DFB treatments in
all cases except rFy/Fy;, where data were tested for significant dif-
ferences against the initial F\/Fy and rNPQ, which was tested
against the NPQ measured at the highest irradiance (2,260 pmol pho-
tons m™2 s ")
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Fig. 1 Fast induction curves (FICs) for +Fe (filled circles) and
+DFB (open circles) cultures. Individual O-J-I-P steps of the FIC
are denoted. Curves are plotted on a semi-log scale and represent the
mean of independent curves (n = 4)

+DFB cultures (Fig. 2a). Initial F\/F\; values were <0.3
in the +-DFB cultures compared with values of nearly 0.6
in the +Fe treatment (Fig. 2a). At the maximum irradi-
ance (2,260 pmol photons m 2 s_l), however, yield val-
ues dropped well below 0.1 in both treatments (Fig. 2a).
There was a significant increase in NPQ of the +DFB
cultures at the highest irradiances (P < 0.001 at 1,220 and
2,260 pmol photons m~2 s~!), with NPQ values being
twice as high as in 4-Fe cultures (Fig. 2b). There was com-
plete recovery of F\/F\ (tFy/Fy;) following the additional
10-min dark-adaptation period applied at the end of the
light curve with values returning to those measured initially
for the +Fe cultures and the +DFB (Table 3). Addition-
ally, after 10 min of darkness, rNPQ had declined signifi-
cantly from 0.396 to 0.175 in the +Fe cultures (P < 0.001)
and from 3.062 to 1.844 in the +DFB cultures (P < 0.001;
Table 3). rETR was greater in the +Fe cultures than those
measured in the +DFB cultures (Fig. 2c), showing yet
similarly low values at the highest irradiance. In the +Fe
cultures, there was evidence of photoinhibition only at the
highest irradiance as indicated by a large drop in rETR,
whereas rETR values remained consistently low in the
+DFB cultures over the complete range of tested irradi-
ances (Fig. 2c). The light curve parameters derived from
Fig. 2c, rfETR,,,, E, and o, were all significantly lower in
the +DFB cultures (P < 0.001; Table 3; Fig. 2c).

Effect of inhibitors on chlorophyll a fluorescence

Maximum quantum yield of PSII varied in response to
the different chemical inhibitors and between the +Fe
and +DFB cultures (Fig. 3a, b). The greatest reduction
in Fy/Fy was in response to the photosynthetic electron
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Fig. 2 Fluorescence parameters. a Effective quantum yield of PSII
(¢ps)- b Non-photochemical quenching and c relative electron trans-
port rate in +Fe (filled circles) and +DFB (open circles) cultures as
a function of irradiance derived from steady-state light curves. Data
represent mean £ SD (n = 4)

transport inhibitor DCMU, the carbonic anhydrase inhibitor
EZA and the inhibitor of oxidative phosphorylation CCCP
in both the +Fe and +DFB treatments (Fig. 3a, b), with
the effect of EZA being stronger in the +DFB culture. The
addition of the P-type ATPase inhibitor Van and the strong
electron acceptor MV resulted in a significant decline in
Fy/Fy; in the +Fe cultures (P < 0.05), contrasting strongly
to the lack of response in the +-DFB cultures (Fig. 3a, b).
Irrespective of the treatment, the addition of the inhibitor
Asc, which reduces Fe(IlI)-Fe(II), did not affect Fy/Fy;.
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Ferrozine, which complexes Fe(II)-Fe(Ill), elicited a posi-
tive response in the +DFB cultures, with an increase in
Fy/Fy; of ~15 % compared to the control. Similarly, the
external carbonic anhydrase inhibitor AZA resulted in a
significant positive response in the +DFB cultures (40 %
increase in F\/Fy;; P < 0.001; Fig. 3b).

Effect of inhibitors on C and Fe uptake

In control treatments, carbon uptake decreased by sixfold
in iron-limited compared to iron-enriched cells. In the
presence of DCMU, EZA and CCCP, there was a decline
in '*C incorporation in both the +Fe and +DFB cultures
(P < 0.05; Fig. 3c, d). In comparison, CCCP had greater

@ Springer

impact in the +Fe in comparison with +DFB treatments.
The addition of MV resulted only in a decline in the +DFB
treatments. AZA was only applied in +DFB treatments and
induced an increased '“C incorporation with respect to the
control (Fig. 3d). Under iron limitation, in absence of inhib-
itors, the iron uptake rates increased by a factor of two com-
pared with cells grown under iron-replete conditions. Iron
uptake was reduced significantly in the presence of Van,
Asc, Asc + Fer, MV, EZA and AZA in the +Fe cultures
(P < 0.05; Fig. 3e). For the +DFB cultures, iron uptake
was significantly reduced by Van, Asc, Asc + Fer and AZA
(P < 0.05; Fig. 3f). The effect of Van, Asc and Asc + Fer
on iron uptake was significantly greater in +DFB treatment
than in the +Fe cultures (P < 0.05; Fig. 3e, f). There was an



Mar Biol (2014) 161:925-937

933

opposite response for EZA and MV in the +DFB cultures
to that seen in the +Fe cells, where >Fe uptake in the iron-
limited cultures was enhanced in the presence of these two
inhibitors (Fig. 3f).

Discussion
Physiological responses to iron limitation

Iron limitation led to a 65 % decline in growth rate in C.
simplex cells compared to those grown under replete con-
ditions (Table 2). Reduced growth rates are commonly
observed in Fe-limited phytoplankton (Timmermans et al.
2001; Alderkamp et al. 2012; Strzepek et al. 2012). In
line with this, POC quotas were also reduced in +DFB
cultures (Table 2), which suggests lower carbon fixa-
tion capacities. Along with these changes, several aspects
of photophysiology were impacted by the differences in
iron availability in C. simplex. In the +DFB-treated cells,
for instance, an increased disconnection of antennae from
PSII reaction centers is supported by our data, as Jcon
was strongly reduced (Table 3). Congruently, also a shift
from a-dominant PSII to a B-dominant PSII structure was
observed under these conditions (Table 3), which indicates
reorganization of the light-harvesting antenna systems into
more isolated units (Lavergne and Briantais 1996). Conse-
quently, the transfer of excitons to the PSII reaction cent-
ers is hindered, and thus, the efficiency of PSII is reduced,
causing a decline in the F\/Fy; in C. simplex grown in the
+DFB medium (Table 3). This finding is consistent with
general photosynthetic responses to iron limitation in
phytoplankton (Greene et al. 1991, 1992; Vassiliev et al.
1994). Reduced Fy/F); in +DFB-treated cells of C. sim-
plex was countered by an increase in opgy; (Table 3). Simi-
lar responses in opg;; were also observed for various iron-
limited Southern Ocean diatoms (Timmermans et al. 2001;
Van Oijen et al. 2004; Alderkamp et al. 2012; Strzepek
et al. 2012). An increase in opgy; corresponds to an increase
in the ratio of antenna complexes relative to the reaction
center core complexes (Greene et al. 1992). Strzepek et al.
(2012) suggested that a larger size of opg;; compensates for
fewer iron-rich photosynthetic reaction centers in Southern
Ocean phytoplankton species.

Iron is required in both photosystems (2-3 atoms for
PSII; 12 atoms for PSI): the cytochrome bf complex (5
atoms), which links the two photosystems, and the ferre-
doxin molecule (2 atoms; Raven 1990). Given the substan-
tial requirement of iron within the photosynthetic electron
transport chain, Fe-limitation strongly influences electron
transport kinetics (Fig. 2; Table 3). In line with a previ-
ous study (Beer et al. 2011), the significant drop in ampli-
tude and flattening of the OJIP curves suggest slowing of

electron transport and that the plastoquinone (PQ) pool was
in a reduced state under iron limitation (Fig. 1). The reason
for this is that re-oxidation of the PQ pool is dependent on
the Cyt byf complex, which is impacted by iron limitation
(Greene et al. 1992). The lack of iron inhibits the synthesis
of functional components of the Cyt byf complexes (Bruce
and Malkin 1991), thus resulting in the full reduction of the
PQ pool and hindering electron transfer from PSII to PSI.
As a result of this bottleneck, there is a buildup of protons
and consequently an increase in heat dissipation in the form
of NPQ (Fig. 2b). The complete recovery of Fy/F,; and
rapid relaxation of NPQ in the +DFB culture following
the light curve would indicate that the majority of the high
quenching observed was photoprotective and not photoin-
hibitory (Table 3). Correspondingly, the relative increase
in diadinoxanthin content in the +DFB cultures (Table 2)
suggests an increased investment into photoprotection, a
response that has been previously recorded for iron-limited
phytoplankton communities when exposed to high light
(Petrou et al. 2011; Alderkamp et al. 2012, 2013).

Effect of inhibitors on maximum quantum yield of PSII
and carbon fixation

In C. simplex, the addition of Van, which blocks the plasma
membrane-bound P-type ATPases (Gilmour et al. 1985;
Palmgqvist et al. 1988), had no inhibitory effect on e
incorporation in +Fe and +DFB cultures (Fig. 3c, d), indi-
cating that no P-type ATPase-dependent inorganic carbon
uptake system was needed in this species. Orthovanadate
can also inhibit the activity of phosphatases (Gallagher and
Leonard 1982), an important group of enzymes involved
in post-translational modification of proteins. Hence, our
results also suggest a minor role of phosphatases in meta-
bolic processes. In agreement with this, the temperate dia-
tom Chaetoceros muelleri was also found to be insensi-
tive to orthovanadate (Ihnken et al. 2011). Orthovanadate
did, however, cause a decline in Fy/Fy; but only in the
+Fe treatment (Fig. 3a, b), suggesting a greater demand
on P-ATPases of the thylakoid membrane when electron
transport rates are high and not compromised by iron limi-
tation. Under iron-replete conditions, when ATPase activity
is inhibited, the protons being generated through photosyn-
thetic electron transport are not utilized by the ATPase, thus
leading to proton buildup and consequently higher NPQ. In
contrast, the lack of response to Van in the +DFB culture
is likely due the already lowered ETRs and thus reduced
proton gradient. Under these conditions, blocking ATPase
by orthovanadate has no further effect.

As expected, the electron transport inhibitor DCMU
(Duysens 1979) resulted in a decline in Fy/Fy; in C. sim-
plex (Fig. 3a, b). DCMU blocks the Qp binding site of PSII
and therewith the electron transport between PSII and PSI
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(Ralph et al. 2010), meaning that less energy (NADPH and
ATP) is available for inorganic carbon uptake and fixation.
In agreement with this and previous studies (Siiltemeyer
et al. 1991; Bhatti et al. 2002), the addition of DCMU
caused a pronounced inhibition in '*C incorporation in both
+Fe and +DFB treatments (Fig. 3c, d). Similarly, the com-
plete loss of Fy/Fy by the inhibitor CCCP was expected
(Fig. 3a, b), as it dissociates electron transport from ATP
synthesis and impedes the establishment of a pH gradient
across the thylakoid membrane (Ralph et al. 2010). Conse-
quently, CCCP also strongly inhibited '“C incorporation in
+Fe and +DFB cells (Fig. 3c, d).

Given that the inhibitors Asc and Fer were mainly used
to identify the iron uptake strategy by C. simplex, it was not
surprising that Asc had no effect on F\/F\, (Fig. 3a, b). Fer-
rozine, however, did result in an increase in Fy/F\; in the
+DFB cells, possibly as a result of some iron contamina-
tion. While care was taken to minimize iron input through
the addition of 100 nM Fe buffered with 120 nM EDTA,
Fer might have introduced additional iron into the solution.

Methyl viologen interacts at the binding site of ferre-
doxin on PSI, competing for the terminal electron and thus
preventing the reduction of ferredoxin and the continued
pathway of electrons to carbon fixation (Dan Hess 2000;
Ralph et al. 2010). The addition of MV to C. simplex had
no effect on Fy/Fy; in the +-DFB cultures, but did cause
a significant decline in the +Fe cultures (Fig. 3a, b). The
reason for the different response in the +Fe and +DFB
treatments is likely to be that MV can react with oxygen
and produce the superoxide radical O, (Kohen and Che-
vion 1985). In presence of iron, O, can reduce Fe and
react with hydrogen peroxide to produce the very reactive
and deleterious hydroxyl radical (Zer et al. 1994), causing
thus the decrease in F\/F);. Opposingly, DFB is known to
chelate Fe, but also to scavenge free radicals; therefore, the
effect by MV could have been reversed. According to our
results, MV resulted in a strong inhibition of '4C incorpora-
tion in the +DFB treatment (Fig. 3c, d). This response is
likely due to lowered electron transport under iron limita-
tion, whereby all of the electrons being generated at PS II
were effectively scavenged by the MV at PSI and therefore
not utilized in carbon fixation.

Carbonic anhydrases (CAs) play an important role
in inorganic carbon acquisition by accelerating the oth-
erwise slow interconversion between HCO;™ and CO,.
Next to various internal CAs, which all diatoms possess
(Reinfelder 2011), most diatoms also have the poten-
tial to express high activities of external CA (e.g., Hop-
kinson et al. 2013; Trimborn et al. 2013). They can be
selectively blocked by EZA and AZA. While AZA blocks
CAs that are located at the cell surface, EZA addition-
ally inhibits CAs inside the cell (Palmqvist et al. 1988).
Independent of the Fe treatment, the presence of AZA
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did not alter "*C incorporation (Fig. 3c, d), indicating that
C. simplex does not possess any extracellular CA and/or
does not require it for carbon fixation under the applied
conditions. In contrast, the addition of EZA led to a
decline in '“C incorporation in both the +Fe and +DFB
treatments (Fig. 3c, d), demonstrating the involvement of
internal CAs in carbon fixation. A similar response was
detected for photosynthetic efficiency, where EZA leads
to a strong decline in Fy/F)y; in both treatments (Fig. 3a,
b), lending support to C. simplex’s reliance on internal
CAs to fuel carbon fixation in the Calvin cycle, the major
sink for electrons from the photosynthetic electron trans-
port chain.

Effect of inhibitors on iron uptake

The dependence of the level of iron stress on iron uptake
is well described, where cells in a low-iron environment
can increase the density of iron transporters on the cell sur-
face and induce high-affinity transporters (see Shaked and
Lis 2012; Hassler et al. 2012 for recent reviews). Numer-
ous studies have demonstrated that diatoms rely on a fer-
ric reductase pathway to acquire iron (e.g., Maldonado and
Price 2000; Shaked et al. 2005; Maldonado et al. 2006).
Furthermore, genomic sequencing has indicated additional
iron uptake pathways in Thalassiosira pseudonana (Kustka
et al. 2007) and a putative ATP-binding cassette (ABC)
transporter in Phaeodactylum tricornutum (Allen et al.
2008). To enhance iron uptake, cells also excrete strong
organic ligands, reduce their cell size and requirement
for iron (see Shaked and Lis 2012; Hassler et al. 2012 for
recent reviews). All of these can result in the increased iron
uptake rate under iron-limited conditions observed here
(Fig. 3e, f). Please note that these experiments were con-
ducted at relatively low growth irradiances (30 pwmol pho-
tons m~2 s~ 1). The low light likely influenced the balance
between the uptake of carbon and iron, as iron require-
ments tend to be higher at lower irradiances (Raven 1990).
At higher light, for example, the lower electron transport
and concomitant-increased photoprotective capacity in the
+DFB cultures would have less of an impact on the uptake
of iron than under low-light conditions.

The decline in iron incorporation in the presence of Van
(Fig. 3e, f) suggests that iron uptake involves a high-affinity
active transport system that is directly dependent on ATP
(Allnutt and Bonner 1987). Whether this transport pathway
is the commonly reported reductive pathway or a separate
uptake pathway remains unclear. The stronger inhibition of
iron uptake by Van in the +DFB treatment demonstrates an
induction of this P-type ATPase transporter under iron limi-
tation (Fig. 3f).

In accordance with previous studies, iron uptake by dia-
toms was significantly lower (60-90 %) in the presence of
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Asc, indicating that Fe(Il) cannot be directly transported
into the diatom, but that re-oxidation of Fe is required
before it can be taken up (Maldonado et al. 2006). Func-
tional studies and analysis of gene sequences further
supported the existence of this re-oxidation step, which
involves other essential redox trace metals such as Cu
(Armbrust et al. 2004; Maldonado et al. 2006). The stronger
effect of Asc in the +DFB treatment suggests that a sur-
face reductase, followed by a re-oxidation step, is also used
under iron limitation. The addition of ferrozine is sought to
compete with the biological transport site for Fe(II) binding
prior to re-oxidation and transport inside the cell (Shaked
et al. 2005). However, iron uptake was not affected by Fer
(Fig. 3e, f), which could suggest that Fer was not efficient
in competing with Fe(II) cellular binding or that a Fe(III)
transporter was present.

The strong electron acceptor MV, which provides unin-
terrupted linear electron transport and ATP production
(Brooks et al. 1988), elicited a different response in the
+Fe and +DFB treatments (Fig. 3e, f). In the +Fe cultures,
there was a decline in Fe uptake, while it increased in the
+DFB treatment. This could be explained by reductive
transport pathways being different from the ATP-dependent
uptake pathway, where iron-replete diatoms more heav-
ily rely on the two-step redox reactions on the cell surface
prior to uptake (Shaked et al. 2005), and iron-limited cells
depend more on the P-type ATPase transport system for
iron acquisition. The decline in iron acquisition in +Fe cul-
tures in the presence of MV could then be due to the strong
electron acceptor reacting with the surface reductase,
blocking the re-oxidation step that is central for iron uptake
in iron-replete cells. However, our data are yet insufficient
to clearly demonstrate two distinct iron uptake pathways in
this Antarctic diatom.

The addition of DCMU strongly reduced both the
Fy/Fy and 'C incorporation in +Fe and +DFB cultures
(Fig. 3a—d). However, contrary to our expectation, DCMU
had no effect on Fe uptake (Fig. 3e, f), suggesting that iron
uptake can run on mitochondrial respiration alone. A simi-
lar observation was made in P. antarctica (Hassler, unpub-
lished data). Carbon incorporation was strongly inhibited by
CCCP, and although Fe uptake in presence of CCCP was
not measured here, other studies have demonstrated that the
Fe uptake by the algae Chlorella (Allnutt and Bonner 1987)
was also inhibited in the presence of CCCP. This suggests
that both C and Fe incorporation is dependent on the energy
(ATP) generated from the transmembrane pH gradient.

Conclusion

This study has investigated photosynthesis, iron and car-
bon uptake in the iron-limited Antarctic diatom C. simplex.

There was a shift away from optimizing photochemis-
try toward enhancing photoprotection as indicted by the
decline in photon absorption, the reorganization of energy
partitioning through light-harvesting complexes and the
increase in the relative proportion of diadinoxanthin. These
physiological responses can be explained by a strongly
reduced electron transfer capacity, where a lack of iron led
to a reduction in electron transfer and subsequent partial
inhibition of the photosystem. Being dependent on electron
transport capacity, carbon fixation was strongly reduced
under iron-limited growth conditions, which led to changes
in iron acquisition strategy in C. simplex, inducing high-
affinity transport pathways to maximize iron uptake. The
observed changes in the photosynthetic processes as well
as in carbon and iron uptake under iron limitation serve to
highlight the strong influence iron can have on photochem-
istry and phytoplankton cell physiology.

Acknowledgments We thank three anonymous reviewers that
helped to significantly improve the manuscript. This work was
supported by the Australian Research Council awarded to Ralph
(DP0773558) and to Hassler (DP1092892), the European Research
Council under the European Community’s Seventh Framework Pro-
gramme (FP7/2007-2013)/ERC Grant Agreement No. (205150)
awarded to Rost. Petrou was supported by an Australian Postgradu-
ate Award and the Commonwealth Scientific and Industrial Research
Organisation top-up scholarship. Trimborn was funded by the German
Science Foundation (TR899). Hassler was funded by a Chancellor’s
Fellowship, University of Technology, Sydney, and a Swiss National
Science Foundation Professor Fellowship. Thanks to Drs. Andrew
Bowie and Pier Van Der Merwe (University of Tasmania, Australia)
for flow injection analyses and to Roslyn Watson, Jeanette O’Sullivan
and Edward Butler (CSIRO) for determination of background iron
concentrations in inhibitors.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
and the source are credited.

References

Alderkamp A-C, Kulk G, Buma AGJ, Visser RIW, Van Dijken GIJ,
Mills MM, Arrigo KR (2012) The effect of iron limitation on the
photophysiology of Phaeocystis antarctica (Prymnesiophyceae)
and Fragilariopsis cylindrus (Bacillariophyceae) under dynamic
light. J Phycol 48:45-59

Alderkamp A, Mills M, van Dijken G, Arrigo K (2013) Photoacclima-
tion and non-photochemical quenching under in situ irradiance in
natural phytoplankton assemblages from the Amundsen Sea, Ant-
arctica. Mar Ecol Prog Ser 475:15-34

Allen AE, LaRoche J, Maheswari U, Lommer M, Schauer N, Lopez
PJ, Finazzi G, Fernie AR, Bowler C (2008) Whole-cell response
of the pennate diatom Phaeodactylum tricornutum to iron starva-
tion. Proc Natl Acad Sci 105:10438-10443

Allnutt FCT, Bonner WD (1987) Characterization of iron uptake from
ferridoxamine B by Chlorella vulgaris. Plant Physiol 85:746-750

Armbrust EV, Berges JA, Bowler C, Green BR, Martinez D, Putnam
NH, Zhou S, Allen AE, Apt KE, Bechner M, Brzezinski MA,

@ Springer



936

Mar Biol (2014) 161:925-937

Chaal BK, Chiovitti A, Davis AK, Demarest MS, Detter JC,
Glavina T, Goodstein D, Hadi MZ, Hellsten U, Jenkins BD, Jurka
J, Kapitonov VV, Kroger N, Lau WWY, Lane TW, Larimer FW,
Lippermeier JC, Lucas S, Medina M, Montsant A, Obornik M,
Parker MS, Palenik B, Pazour GJ, Richardson PM, Rynearson
TA, Saito MA, Schwartz DC, Thamatrakoln K, Valentin K, Vardi
A, Wilkerson FP, Rokhsar DS (2004) The genome of the diatom
Thalassiosira pseudonana: ecology, evolution, and metabolism.
Science 306:79-86

Beer A, Juhas M, Biichel C (2011) Influence of different light intensi-
ties and different iron nutrition on the photosynthetic apparatus in
the diatom Cyclotella meneghiniana (Bacillariophyceae). J Phy-
col 47:1266-1273

Behrenfeld MJ, Milligan AJ (2012) Photophysiological expressions of
iron stress in phytoplankton. Annu Rev Mar Sci 5:4.1-4.30

Bhatti S, Huertas E, Colman B (2002) Acquisition of inorganic car-
bon by the marine haptophyte Isochrysis galbana (Prymnesio-
phyceae). J Phycol 38:914-921

Bowie AR, Lohan MC (2009) Analysis of iron in seawater. In: Wurl O
(ed) Practical guidelines for the analysis of seawater. CRC Press,
Boca Raton, pp 235-257

Boyd PW, Crossley AC, DiTullio GR, Griffiths FB, Hutchins DA,
Queguiner B, Sedwick PN, Trull TW (2001) Control of phyto-
plankton growth by iron supply and irradiance in the subantarc-
tic Southern Ocean: experimental results from the SAZ project. J
Geophys Res 106:31573-31584

Brooks A, Portis AR, Sharkey TD (1988) Effects of irradiance and
methyl viologen treatment on ATP, ADP and activation of ribu-
lose bisphosphate carboxylase in spinach leaves. Plant Physiol
88:850-853

Bruce BD, Malkin R (1991) Biosynthesis of the chloroplast
cytochrome bgf complex: studies in a photosynthetic mutant of
Lemna. Plant Cell 3:203-212

Dan Hess F (2000) Review: light-dependent herbicides: an overview.
Weed Sci 48:160-170

de Baar HIW, van Leeuwe MA, Scharek R, Goeyens L, Bakker KMJ,
Fritsche P (1997) Nutrient anomalies in Fragilariopsis kerguelen-
sis blooms, iron deficiency and the nitrate/phosphate ratio (A. C.
Redfield) of the Antarctic Ocean. Deep Sea Res II 44:229-260

de Jong JTM, den Das J, Bathman U, Stoll MHC, Kattner G, Nolting
RF, de Baar HIW (1998) Dissolved iron at sub-nanomolar levels
in the Southern Ocean as determined by shipboard analysis. Anal
Chim Acta 377:113-124

Duysens LNM (1979) 3-(3,4-Dichlorophenyl)-1,1-Dimethylurea
(DCMU) inhibition of system II and light-induced regulatory
changes in energy transfer efficiency. Biophys J 12:858-863

Furla P, Allemand D, Orsenigo MN (2000) Involvement of H'-
ATPase and carbonic anhydrase in inorganic carbon uptake for
endosymbiont photosynthesis. Am J Physiol Reg Integr Comp
Physiol 278:870-881

Gallagher SR, Leonard RT (1982) Effect of vanadate, molybdate, and
azide on membrane-associated ATPase and soluble phosphatase
activities of corn roots. Plant Physiol 70:1335-1340

Garibotti TA, Vernet M, Smith RC, Ferrario ME (2005) Interannual
variability in the distribution of the phytoplankton standing stock
across the seasonal sea-ice zone west of the Antarctic peninsula. J
Plankton Res 27:825-843

Geider R, La Roche J (1994) The role of iron in phytoplankton photo-
synthesis, and the potential for iron-limitation of primary produc-
tivity in the sea. Photosynth Res 39:275-301

Gilmour DJ, Kaaden R, Gimmler H (1985) Vanadate inhibition of
ATPases of Dunaliella parva in vitro and in vivo. J Plant Physiol
118:111-126

Greene R, Geider R, Falkowski P (1991) Effect of iron limita-
tion on photosynthesis in a marine diatom. Limnol Oceanogr
36:1772-1782

@ Springer

Greene RM, Geider RJ, Kolber Z, Falkowski PG (1992) Iron-induced
changes in light harvesting and photochemical energy conversion
processes in eukaryotic marine algae. Plant Physiol 100:565-575

Hassler CS, Schoemann V (2009a) Bioavailability of organically
bound iron to model phytoplankton of the Southern Ocean. Bio-
geosciences 6:2281-2296

Hassler CS, Schoemann V (2009b) Discriminating between intra- and
extra-cellular metals using chemical extractions-the case of iron.
Limnol Oceanogr Methods 7:479-489

Hassler CS, Schoemann V, Mancuso Nichols CA, Butler ECV, Boyd
PW (2011) Saccharides enhance iron bioavailability to southern
ocean phytoplankton. Proc Natl Acad Sci 108:1076-1081

Hassler CS, Schoemann V, Boye M, Tagliabue A, Rozmarynowycz M,
McKay RML (2012) Iron bioavailability in the Southern Ocean.
In: Gibson RN, Gordon JDM, Atkinson RJA, Hughes RN (eds)
Oceanography and marine biology: an annual review. CRC Press,
Boca Raton, pp 1-50

Hopkinson BM, Meile C, Shen C (2013) Quantification of extracellu-
lar carbonic anhydrase activity in two marine diatoms and inves-
tigation of its role. Plant Physiol 162:1142-1152

Thnken S, Roberts S, Beardall J (2011) Differential responses of
growth and photosynthesis in the marine diatom Chaetoceros
muelleri to CO, and light availability. Phycologia 50:82-193

Kohen R, Chevion M (1985) Transition metals potentiate paraquat
toxicity. Free Radic Res Commun 1:79-88

Kustka AB, Allen AE, Morel FMM (2007) Sequence analysis and
transcriptional regulation of iron acquisition genes in two marine
diatoms. J Phycol 43:715-729

La Roche J, Boyd PW, McKay RML, Geider RJ (1996) Flavodoxin
as an in situ marker for iron stress in phytoplankton. Nature
382:802-805

Lam PJ, Bishop JKB, Henning CC, Marcus MA, Waychunas GA,
Fung I'Y (2006) Wintertime phytoplankton bloom in the subarctic
Pacific supported by continental margin iron. Glob Biogeochem
Cycl 20:GB1006. doi:10.1029/2005GB002557

Lannuzel D, Schoemann V, de Jong J, Chou L, Delille B, Becquevort
S, Tison J-L (2008) Iron study during a time series in the western
Weddell pack ice. Mar Chem 108:85-95

Lavergne J, Briantais J-M (1996) Photosystem II heterogeneity. In:
Ort DR, Yocum CF, Heichel IF (eds) Oxygenic photosynthesis:
the light reactions. Kluwer, Dordrecht, pp 265-287

Liu X, Millero FJ (1999) The solubility of iron hydroxide in sodium
chloride solutions. Geochim Cosmochim Acta 63:3487-3497

Maldonado MT, Price NM (1999) Utilisation of iron bound to strong
organic ligands by plankton communities in the Subarctic Pacific
Ocean. Deep Sea Res Part 11 46:2447-2473

Maldonado MT, Price NM (2000) Nitrate regulation of Fe reduc-
tion and transport by Fe-limited Thalassiosira oceanica. Limnol
Oceanogr 45:814-826

Maldonado MT, Price NM (2001) Reduction and transport of organi-
cally bound iron by Thalassiosira oceanica (Bacillariophyceae).
J Phycol 37:298-310

Maldonado MT, Allen AE, Chong JS, Lin K, Leus D, Karpenko N,
Harris SL (2006) Copper-dependent iron transport in coastal and
oceanic diatoms. Limnol Oceanogr 51:1729-1743

Marchetti A, Parker MS, Moccia LP, Lin EO, Arrieta AL, Ribalet F,
Murphy MEP, Maldonado MT, Armbrust EV (2009) Ferritin is
used for iron storage in bloom-forming marine pennate diatoms.
Nature 457:467-470

Martin JH (1990) Glacial-interglacial CO, change: the iron hypoth-
esis. Paleoceanography 5:1-11

Meisch HV, Becker LIM (1981) Vanadium in photosynthesis of
Chorella fusca and higher plants. Biophys Biochim Acta
636:119-125

Melis A, Homann PH (1976) Heterogeneity of photochemical centres
in system II of chloroplasts. Photochem Photobiol 23:343-350


http://dx.doi.org/10.1029/2005GB002557

Mar Biol (2014) 161:925-937

937

Morel FMM, Price NM (2003) The biogeochemical cycles of trace
metals in the oceans. Science 300:944-947

Nedbal L, Trtilek M, Kaftan D (1999) Flash fluorescence induction: a
novel method to study regulation of photosystem II. J Photochem
Photobiol B Biol 48:154-157

Palmgqvist K, Sjoberg S, Samuelsson G (1988) Induction of inorganic
carbon accumulation in the unicellular green algae Scenedes-
mus obliquus and Chlamydomonas reinhardtii. Plant Physiol
87:437-442

Palmgqvist K, Yu J-W, Badger MR (1994) Carbonic anhydrase activity
and inorganic carbon fluxes in low- and high-Ci cells of Chla-
mydomonas reinhardtii and Scenedesmus obliquus. Physiol Plant
90:537-547

Petrou K, Hassler C, Doblin MA, Ralph P, Shelly K, Schoemann V
(2011) Iron and light stress on phytoplankton populations from
the Australian Sub-Antarctic Zone (SAZ). Deep Sea Res Part 11
Top Stud Oceanogr 58:2200-2211

Price NM, Harrison GI, Hering JG, Hudson RJ, Nirel PMV, Palenik
B, Morel FMM (1989) Preparation and chemistry of the artificial
algal culture medium Aquil. Biol Oceanogr 6:443-461

Ralph PJ, Gademann R (2005) Rapid light curves: a powerful tool to
assess photosynthetic activity. Aquat Bot 82:222-237

Ralph P, Wilhelm C, Lavaud J, Jacob T, Petrou K, Kranz S (2010)
Fluorescence as a tool to understand changes in photosynthetic
electron flow regulation. In: Suggett D (ed) Chlorophyll a fluo-
rescence in aquatic sciences: methods and applications. Springer,
Berlin, pp 75-89

Raven JA (1990) Predictions of Mn and Fe use efficiencies of photo-
trophic growth as a function of light availability for growth and of
C assimilation pathway. New Phytol 116:1-18

Raven JA, Glidewell SM (1975) Effects of CCCP on photosynthesis
and on active and passive chloride transport at the plasmalemma
of Hydrodictyon africanum. New Phytol 75:205-213

Reinfelder JR (2011) Carbon concentrating mechanisms in eukaryotic
marine phytoplankton. Annu Rev Mar Sci 3:291-315

Sabine CL, Feely RA, Gruber N, Key RM, Lee K, Bullister JL., Wan-
ninkhof R, Wong CS, Wallace DWR, Tilbrook B, Millero FJ,
Peng T-H, Kozyr A, Ono T, Rios AF (2004) The oceanic sink for
anthropogenic CO,. Science 305:367-371

Schreiber U (2004) Pulse—amplitude-modulated (PAM) fluorometry
and saturation pulse method. In: Papagiorgiou GG (ed) Advances
in photosynthesis and respiration. Springer, Berlin, pp 279-319

Schulz KG, Rost B, Burkhardt S, Riebesell U, Thoms S, Wolf-Glad-
row DA (2007) The effect of iron availability on the regulation
of inorganic carbon acquisition in the coccolithophore Emiliania
huxleyi and the significance of cellular compartmentation for
stable carbon isotope fractionation. Geochim Cosmochim Acta
71:5301-5312

Shaked Y, Lis H (2012) Disassembling iron availability to phyto-
plankton. Front Microbiol. doi:10.3389/fmicb.2012.00123

Shaked Y, Kustka A, Ois B, Morel FMM (2005) A general kinetic
model for iron acquisition by eukaryotic phytoplankton. Limnol
Oceanogr 50:872-882

Strasser RJ, Govindjee (1991) The Fo and the O—J-I-P fluorescence
rise in higher plants and algae. In: Argyroudi-Akoyunoglou JH
(ed) Regulation of chloroplast biogenesis. Plenum Press, New
York, pp 423-426

Strasser RJ, Srivastava A, Govindjee (1995) Polyphasic chlorophyll
a fluorescence transient in plants and cyanobacteria. Photochem
Photobiol 61:32-42

Strzepek RF, Harrison PJ (2004) Photosynthetic architecture differs in
coastal and oceanic diatoms. Nature 431:689-692

Strzepek R, Maldonado M, Hunter K, Frew R, Boyd PW (2011)
Adaptive strategies by Southern Ocean phytoplankton to lessen
iron limitation: uptake of organically complexed iron and reduced
cellular iron requirements. Limnol Oceanogr 56:1983-2002

Strzepek RF, Hunter KA, Frew RD, Harrison PJ, Boyd PW (2012)
Iron-light interactions differ in Southern Ocean phytoplankton.
Limnol Oceanogr 57:1182-1200

Siiltemeyer DF, Fock HP, Canvin DT (1991) Active uptake of inor-
ganic carbon by Chlamydomonas reinhardtii: evidence for simul-
taneous transport of HCO;™ and CO, and characterization of
active CO, transport. Can J Bot 69:995-1002

Timmermans K, Davey M, van der Wagt B, Snoek J, Geider R, Veld-
huis M, Gerringa LJA, de Baar HIW (2001) Co-limitation by iron
and light of Chaetoceros brevis, C. dichaeta and C. calcitrans
(Bacillariophyceae). Mar Ecol Prog Ser 217:287-297

Trimborn S, Brenneis T, Sweet E, Rost B (2013) Sensitivity
of Antarctic phytoplankton species to ocean acidification: growth,
carbon acquisition and species interaction. Limnol Oceanogr
58:997-1007

Van Heukelem L, Thomas C (2001) Computer-assisted high-perfor-
mance liquid chromatography method development with applica-
tions to the isolation and analysis of phytoplankton pigments. J
Chromatogr A 910:31-49

Van Oijen T, Van Leeuwe MA, Granum E, Weissing FJ, Bellerby RG,
Gieskes WC, De Baar HIW (2004) Light rather than iron con-
trols photosynthate production and allocation in Southern Ocean
phytoplankton populations during austral autumn. J Plankton Res
26:885-900

Vassiliev IR, Prasil O, Wyman K, Kolber Z, Hanson AK Jr, Prentice J,
Falkowski PG (1994) Inhibition of PSII photochemistry by PAR
and UV radiation in natural phytoplankton communities. Photo-
synth Res 42:51-64

Wake BD, Hassler CS, Bowie AR, Haddad P, Butler ECV (2012) Phy-
toplankton selenium requirement: the case of temperate and polar
regions of the southern hemisphere. J Phycol 43:585-594

Wang X, Yuan Y, Li J, Chen C (2011) Changes in cell membrane per-
meability induced by DMSO and ethanol in suspension cultures
of Taxus cuspidata. Adv Mater Res 236-238:942-948

Zer H, Peleg I, Chevion M (1994) The protective effect of desferri-
oxamine paraquat-treated pea (Pisum sativum). Physiol Plant
92:437-442

@ Springer


http://dx.doi.org/10.3389/fmicb.2012.00123

	The impact of iron limitation on the physiology of the Antarctic diatom Chaetoceros simplex
	Abstract 
	Introduction
	Materials and methods
	Cultures
	Experimental setup
	Iron chemistry
	Growth rates
	Particulate organic carbon (POC)
	Pigments
	Chlorophyll a fluorescence
	Chemical inhibitor experiments
	Bioaccumulation experiments with 14C and 55Fe
	Data analysis

	Results
	Iron concentration, growth rate, carbon quota and pigments
	Chlorophyll a fluorescence
	Effect of inhibitors on chlorophyll a fluorescence
	Effect of inhibitors on C and Fe uptake

	Discussion
	Physiological responses to iron limitation
	Effect of inhibitors on maximum quantum yield of PSII and carbon fixation
	Effect of inhibitors on iron uptake

	Conclusion
	Acknowledgments 
	References


