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Many regions of Antarctica are classified as high nutrient low chlorophyll (HNLC) areas.
In these, iron availability is limiting primary productivity and subsequent carbon export.
Domoic acid (DA) has previously been detected in the Southern Ocean and suggested
to act as a ligand that facilitates iron assimilation for Pseudo-nitzschia spp., species that
contribute to Antarctic diatom blooms. An incubation experiment using the Antarctic
species Pseudo-nitzschia subcurvata was performed in Antarctic seawater at low and
high iron concentrations. Dissolved DA was added to one set of each of the two
treatments. This was done to verify whether DA positively affects the growth of the
non-toxic species Pseudo-nitzschia subcurvata and increases its cellular iron content,
particularly under low iron conditions. We hypothesize that (i) DA is taken up under
low iron conditions (ii) that more iron is taken up if DA is available and (iii) that the
growth rate increases in the presence of DA. We showed that P. subcurvata did not
take up any added DA, even under low iron conditions. Additionally and contrary to our
hypothesis, the cells were not positively influenced by the addition of dissolved DA in
terms of growth rate, cellular iron and carbon content. Hence, there was no significant
difference in iron content between the different treatments. However, the cellular copper
content increased under low iron conditions when DA was added. This study suggests
that dissolved DA in naturally occurring concentrations does not increase bioavailability
of iron to P. subcurvata and that only species producing DA might benefit from it.

Keywords: Antarctica, copper, incubation experiment, diatoms (Bacillariophyceae), phytoplankton, toxin, high
nutrient low chlorophyll regions

INTRODUCTION

Marine and terrestrial primary production, similarly, contribute to global net primary production
(Field et al., 1998). Phytoplankton fix marine carbon (Falkowski, 1994), a process which also
requires nitrogen and phosphorous (Redfield, 1958), as well as trace elements such as iron,
manganese, zinc, copper, cadmium, cobalt, and molybdenum (Quigg et al., 2003). Iron is a
particularly important trace element as it is involved in many metabolic pathways including
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respiration and photosynthesis (Geider and La Roche,
1994). Many areas of the Southern Ocean (SO) are rich in
macronutrients, but harbor low primary productivity making
them so-called high nutrient low chlorophyll (HNLC) areas
(Allanson et al., 1981). One of the most important limiting
factors for phytoplankton growth in the SO is iron availability
(Martin et al., 1990; De Baar et al., 1995). Important sources of
iron to the SO are upwelling of iron rich deep water (Blain et al.,
2007), iron rich sediments (Martin et al., 1990), atmospheric
dust deposition (Martin, 1990), hydrothermal vents (Tagliabue
et al., 2014), and icebergs (Smith et al., 2007). However, iron
bioavailability critically depends on its chemical speciation and
resulting solubility (Boye et al., 2001). The speciation of iron
can control phytoplankton community composition (Trimborn
et al., 2017) with some phytoplankton species possessing more
efficient mechanisms to adapt to low iron concentrations than
others (Meyerink et al., 2017; Bender et al., 2018).

Iron limitation can lead to a reduction of photosynthetic
pigments (chlorosis) in phytoplankton (Greene et al., 1991, 1992;
Geider and La Roche, 1994). Such a decrease in the cellular
light harvesting pigment (fucoxanthin, chlorophyll a and c2)
contents, usually observed for iron-limited Antarctic diatoms
(i.e., van Leeuwe and Stefels, 1998; Koch and Trimborn, 2019),
can lead to a decrease in light absorption (Van Oijen et al.,
2004). The de-epoxidation of diadinoxanthin to diatoxanthin is
part of a protection mechanism against photoinhibition (Olaizola
et al., 1994). These xanthophyll cycle pigments usually increase
in phytoplankton under low iron conditions (Geider et al., 1993;
Petrou et al., 2014; Trimborn et al., 2019).

Domoic acid (DA) is primarily produced by different species
of the diatom Pseudo-nitzschia (Bates et al., 1989) and is well-
known for its neurotoxicity, causing amnesic shellfish poisoning
(Quilliam et al., 1989). While Pseudo-nitzschia species have a
cosmopolitan distribution (Hasle, 2002; Trainer et al., 2012), not
all species are capable of DA production (Silver et al., 2010; Lelong
et al., 2012) and the amounts of DA produced can differ greatly.
Depending on the species, blooms and different environmental
conditions, the particulate DA (pDA) content can vary by eight
orders of magnitude, between 2.5 × 10−9 pmol cell−1 (for a
cell density of 6 × 108 cells mL−1 in cultures Cerino et al.,
2005) to 0.25 pmol cell−1 (for a cell density of 49 cells mL−1

in field samples Trainer et al., 2000). pDA quantified in
the SO was 2.7 10−3 pmol cell−1 and thus two orders of
magnitude lower than this high value of 0.25 pmol cell−1.
During the same study, dissolved DA (dDA) in the range
of 6–707 pmol L−1 was measured (Silver et al., 2010). In a
recent study, dDA up to 20 pmol L−1 was found in the SO
(Geuer et al., 2019). The amount of DA released by cells can
differ greatly (between 11% and in rare cases up to 83% of
total DA) (Wang et al., 2007; Delegrange et al., 2018). The
amount of dDA released depends on a variety of factors such
as inter- and intraspecific differences as well as environmental
conditions (Hagström et al., 2007). Iron and copper deficiency
can also increase the release of dDA (Maldonado et al., 2002;
Wells et al., 2005).

Although the primary ecological function of DA is still
not well understood, various effects of the substance on its

environment have been described. The diatom species Pseudo-
nitzschia seriata increased DA production when exposed to
exudates of predatory copepods (Tammilehto et al., 2015).
Copepod escape response level decreased after ingestion of
toxic Pseudo-nitzschia cells suggesting a role of DA as defense
mechanism (Harðardóttir et al., 2018). Phosphate limitation also
stimulated DA production (Lema et al., 2017). Furthermore,
DA has been suggested to act as a ligand, binding both
iron and copper (Rue and Bruland, 2001). Increased DA
production under iron limitation and an even higher production
under copper stress coupled to observations of increased DA
release into the surrounding medium support such a role
(Maldonado et al., 2002). DA was also suggested to act as
a copper ligand as part of an efficient iron uptake system
(Wells et al., 2005). Iron in connection with DA production
is likely to improve competitiveness of Pseudo-nitzschia spp.
over other diatoms (Prince et al., 2013). Generally, Pseudo-
nitzschia spp. are known to adapt to low iron environments
by modifying their cellular iron content (Marchetti et al.,
2006) as well as their cell morphology by increased surface to
volume (A:V) ratios (Marchetti and Harrison, 2007). Due to
its ability to adapt to low iron environments, various Pseudo-
nitzschia spp. can be found in open ocean HNLC regions
(Marchetti et al., 2008, 2015). Furthermore, many Pseudo-
nitzschia spp. are among the best adapted species to low
iron concentrations within the SO (Smetacek et al., 2004;
Marchetti et al., 2006; Hoppe et al., 2013; Russo et al., 2015).
In the species P. granii, which is associated with open ocean
HNLC areas, genes were discovered, which encode iron storage
and iron concentration proteins, showing that HNLC Pseudo-
nitzschia spp. possess mechanisms for an efficient iron uptake
(Marchetti et al., 2017).

At least seven different Pseudo-nitzschia spp. (P. heimii,
P. lineola, P. turgidula, P. prolongatoides, P. turgiduloides,
P. subcurvata, and P. antarctica) occur in the Weddell Sea and
contribute to the diatom diversity (Kang and Fryxell, 1993;
Almandoz et al., 2008; Lelong et al., 2012). P. lineola and
P. turgidula are cosmopolitan species, while P. prolongatoides,
P. turgiduloides, and P. subcurvata are endemic to the SO
(Hasle and Syvertsen, 1997; Bates et al., 2018). Of the species
found within Antarctica, DA production has been verified for
P. turgidula and P. lineola (Rhodes et al., 1996; Silver et al.,
2010). DA production in endemic Pseudo-nitzschia spp. of
Antarctica, however, has barely been described (Kegel et al., 2013;
Bates et al., 2018). P. subcurvata are reported to not produce
DA (Fryxell et al., 1991), while the species P. prolongatoides
and P. antarctica have not yet been tested for DA production
(Lelong et al., 2012; Bates et al., 2018). Generally, the connection
between DA, iron and Antarctic Pseudo-nitzschia species has
been rarely studied (Bates et al., 2018), even though Pseudo-
nitzschia are important contributors to local blooms under
HNLC conditions.

In this study, we used the Antarctic species Pseudo-nitzschia
subcurvata, which does not produce DA, to test whether this
species benefits from the addition of dDA. We hypothesize that
(i) the growth rates of P. subcurvata in low iron conditions
potentially increase, if DA is available, (ii) that DA is taken up
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by the cells, and that (iii) the intracellular iron content increases
in presence of dDA.

MATERIALS AND METHODS

Experimental Conditions
The experiment was conducted under trace metal clean
conditions according to GEOTRACES guidelines (Cutter et al.,
2017). All equipment was soaked for 1 week in a 1%
aqueous detergent solution (Citranox R©, Alconox, Sigma-Aldrich,
Germany), rinsed thoroughly with ultrapure water (UPW, Milli-
Q R©, Millipore A 10 system, Merck KGaA, Germany), and then
placed in a hydrochloric acid (HCl) bath (1 mol L−1, HPLC grade,
Merck KGaA) for another week. Then, the items were rinsed with
UPW again, dried in a clean bench (Class 100, Opta, Germany),
and stored in two polyethylene (PE) bags until use.

The diatom Pseudo-nitzschia subcurvata, identified by
scanning electron microscopy (SEM) (Almandoz et al., 2008)
was isolated at 49◦ S, 02◦ E during ANT-XXI/4 in April 2004 by
Philipp Assmy and used in previous studies (Trimborn et al.,
2013, 2014). Monocultures of P. subcurvata were kept for more
than 2 years in stock cultures in iron-deplete (0.7 nmol L−1)
and -replete (1.7 nmol L−1) natural Antarctic seawater medium.
In the main experiment, iron replete treatments (+Fe and
+FeDA) were additionally spiked with iron [Fe(III), ICP-MS
standard, TraceCERT R©, Fluka, Germany] to obtain a final iron
concentration of 1.7 nmol L−1. Iron deplete treatments (Control,
+DA; 0.7 nmol L−1) received no additional iron. Before the
start of the main experiment, P. subcurvata was pre-acclimated
for 2 weeks in dilute batch cultures in four different treatments
(Table 1). To the Control treatment, no additions of iron and
DA were made (Table 1). The iron replete treatments +Fe and
+FeDA received additional iron (Table 1). dDA was added to the
treatments +DA and +FeDA (Table 1).

Triplicate polycarbonate (PC) bottles were filled with 4.2 L
of sterile filtered (0.2 µm, acid-cleaned Sartobran capsule,
Sartorius, Germany) naturally low iron Antarctic seawater
(0.7 nmol L−1 iron, collected at 59◦ 61’ S, 148◦ 64’ W in January
2017) and spiked with macronutrients (100 µmol L−1 NO3

−,
6.25 µmol L−1 PO4

3, and 100 µmol L−1 Si−) and vitamins
(30 nmol L−1 B1, 23 nmol L−1 B7, and 0.228 nmol L−1 B12) (F/2R

medium; Guillard and Ryther, 1962).
In order to remove trace metals, all macronutrients and

vitamins were passed through a chelex column (Chelex R© 100,

TABLE 1 | Experimental setup.

Treatment Domoic acid (nmol L−1) Iron (nmol L−1) Copper (nmol L−1)

+FeDA 3.5 1.72 ± 0.01 1.75 ± 0.04

+Fe 0 1.59 ± 0.13 1.63 ± 0.05

+DA 3.5 0.66 ± 0.08 1.28 ± 0.35

Control 0 0.75 ± 0.08 1.41 ± 0.09

The treatments differed by concentrations of total dissolved iron (Fe) and dissolved
domoic acid (dDA). Addition of dDA and iron was denoted by +. Initial dissolved
copper concentrations are also shown.

Merck KGaA). Since the experiment was performed in natural,
trace metal low Antarctic seawater, zinc (0.16 nmol L−1),
copper (0.08 nmol L−1), cobalt (0.09 nmol L−1), molybdenum
(0.05 nmol L−1), and manganese (1.9 nmol L−1) were also
added to maintain the ratio of the original f/2 recipe to prevent
potential limiting effects of the trace metals other than iron.
These trace metals were added in concentrations typical for
Antarctic open ocean waters (Sañudo-Wilhelmy et al., 2002;
Grotti et al., 2005; Hopkinson et al., 2007; Trimborn et al.,
2015). No ethylenediaminetetraacetic acid (EDTA) was added
to avoid changing natural trace metal interactions of seawater
(Gerringa et al., 2000). Treatments with DA addition were
adjusted to a final concentration of 3500 pmol L−1 (Table 1)
assuming an 11% release of dDA (Wang et al., 2007) from the
particulate phase of a Pseudo-nitzschia bloom event with high
pDA amounts (Smith et al., 2018). The final concentration of
dDA used in this experiment exceeded previously measured dDA
concentrations of the SO by fivefold (Silver et al., 2010). To
account for potential chemical changes of the treatments not
related to P. subcurvata, abiotic control bottles (filtered culture
medium without P. subcurvata cells) were incubated alongside
the main experiment in duplicate being exposed for the same time
to the same four different experimental conditions. The abiotic
controls were axenic since the culture media and all additions
(nutrients, vitamins, and trace metals) were filter sterilized prior
to use for the experiments.

To avoid carry-over from previous culture conditions, the
cultures were kept in pre-acclimation (2 weeks) prior to the
experiment. During this preacclimation phase as well as during
the main experiment (duration of 6–7 days), cultures were
maintained at 2◦C under a light:dark cycle of 16:8 h in
front of light emitting diodes (LEDs, SolarStinger SunStrip
Daylight, Econlux, Germany) at 100 µmol photons m−2 s−1

at color temperature of 8100 K. All treatments were harvested
during exponential growth of the cells when a density of 0.6–
1.2 × 105 cells mL−1 was reached after 6 up to 7 days, with
no pH shifts occurring (Table 2). All treatments were tested for
the presence of bacterial DNA using polymerase chain reaction
(PCR) with universal bacterial primers and subsequent agarose
gel electrophoresis. The treatments were not axenic. However,
under visual microscopic observations only very few bacterial
cells were observed.

Seawater Iron Chemistry and
Macronutrient Concentrations
To prevent pH drifts in the cultures, the pH was monitored
at least every second day at the growth temperature using a
pH-Meter (827, Metrohm AG, Germany), which was calibrated
(3-point calibration) with buffers certified from the National
Institute of Standards and Technology before use. Upon harvest
of the experiments, samples for dissolved inorganic carbon
(DIC) were filtered through cartridges (0.2 µm, Thermo Fisher
Scientific, Germany) into 5 mL air-tight borosilicate bottles with
no headspace and stored at 4◦C until analysis. Quantification
was performed via colorimetric analysis on an autoanalyzer
(QuAAtro, SEAL Analytical GmbH, Germany). At the final time
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TABLE 2 | P. subcurvata grown under absence/addition of dissolved iron (Fe) and domoic acid (DA), respectively.

Control +DA +Fe +FeDA

pH (Seawater scale) 8.16 ± 0.04 8.09 ± 0.01 8.14 ± 0.02 8.15 ± 0.00

DIC (µmol kg−1) 2089 ± 4 2093 ± 2 2104 ± 17 2084 ± 3

dDA Conc. (pmol L−1) b.d. 3258 ± 71 b.d. 3147 ± 124

Recovery (%) – 92 ± 2 – 89 ± 4

pDA Amount (pmol cell−1) – 3.5 × 10−8 (n = 2) – 3.4 × 10−8 (n = 1)

Contribution dDA (%) – ∼0.09 – ∼0.12

Measured pH, and dissolved inorganic carbon (DIC) concentrations are shown. No DA was detected in the treatments without DA addition. Dissolved domoic acid
(dDA) concentration and its relative recovery compared to the initial concentration are depicted as average ± standard deviation (n = 3). dDA was below the limit of
detection (b.d.) in samples without DA addition. Particulate domoic acid (pDA) was above the limit of detection (LOD = 2095 pmol L−1 in cell extract) but below the limit
of quantitation (LOQ = 6349 pmol L−1). A theoretical calculated quantification of pDA for the treatments above LOD was performed (pDA amount). The results are shown
as mean (n = 3).

point when the cells were harvested (6–7 days), salinity was
determined for every sample as well.

For the determination of total dissolved metal concentrations
(Mn, Fe, Co, Cu, Zn), 100 mL of seawater was filtered under
a laminar flow bench (Class 100, Opta). All used labware was
cleaned as described in Dick et al. (2008). Prior to analysis,
all seawater samples were acidified to pH 1.7 with sub-boiled
HNO3 (distilled 65% HNO3, pro analysis, Merck KGaA) and
irradiated for 1.5 h using a UV power supply system (7830)
and photochemical lamp (7825) from ArcGlass to provide total
dissolved concentrations of Cu (Biller and Bruland, 2012). Fe and
Cu concentrations in seawater samples were analyzed via external
calibration using a SeaFAST system (Elemental Scientific,
Germany) coupled to an Element2 mass spectrometer (Thermo
Fisher Scientific). Standards for external calibration were
prepared from Antarctic seawater and spiked with commercially
available inductively coupled plasma mass spectrometry (ICP-
MS) single element standards (SCP Science; 1000 mg L−1). The
SeaFAST system eliminates matrix components, such as Na, Mg,
and Cl from the seawater and preconcentrates the samples by
a factor 40. This procedure reduces possible interferences by
the matrix and enables analyzing expected low concentrations
of elements of interest. The Nass-7 reference material (Natural
Research Council Canada) was used to validate the quality of the
analysis of trace elements in seawater at the beginning and end
of a batch run. Since the element concentrations of the reference
material are much higher than the concentrations expected in
our seawater samples, the reference material was analyzed in
a 1:10 dilution. The analysis of the Nass-7 reference material
(n = 10) showed good results for Fe and Cu, for which average
and standard deviation were in range of the certified material.
Recovery rates were Fe (99.7%) and Cu (93.2%).

Dissolved and Particulate Domoic Acid
For dDA quantification, 1000 mL of sample were filtered via
a combusted filter (glass microfiber filters, GF/F, ∼0.7 µm,
Whatman GmbH, Germany) at the end of the experiment.
The aqueous phase was acidified to pH 2 and stored at 4◦C
for a maximum of 2 days. The samples were then processed
via solid-phase extraction. Cartridges (PPL, 200 mg, Agilent
Technologies GmbH, Germany) were conditioned with 6 mL of
methanol (100%, LiChrosolv R©, HPLC grade, Merck KGaA) and

6 mL of acidified UPW (pH2, acidified with HCl, Suprapur R©,
Merck KGaA). Subsequently, the samples were loaded onto
the cartridge. After loading, the cartridges were washed by
filling them three times with acidified UPW before drying
them with clean N2. Two additions of 500 µL methanol were
used to elute into weighed combusted screw top vials (Agilent
Technologies GmbH). To determine the exact volume of the
extract, the filled vials were weighed again and the actual volume
of methanol extract as well as the enrichment factor of each
sample was calculated. The samples were then stored at −20◦C
until further analysis.

Corresponding filters for pDA analysis were stored in
centrifuge tubes (FalconTM, Thermo Fisher Scientific, Germany)
at −20◦C until further processing. For pDA extraction, the
filters were thawed and transferred into microcentrifuge tubes
(Eppendorf, Germany) filled with 0.9 g of ceramic beads. 1 mL
of methanol was added to each sample, which was shaken
at 6500 rpm for 45 s (MagNA Lyser, Roche, Switzerland).
Subsequently, the samples were centrifuged for 15 min at
18,111 × g (Centrifuge 5424 R, Eppendorf). In two steps, the
supernatant was transferred onto a filter unit insert (0.45 µm,
Durapore R©, Merck KGaA) on a micro tube (Sarstedt, Germany),
centrifuged for 30 s at 18,111 × g, transferred into combusted
screw top vials (Agilent Technologies GmbH) and stored at
−20◦C until analysis. A process blank underwent the same
procedure starting with filtration of 1000 mL of UPW.

Both dDA and pDA were analyzed via reversed phase ultra
high performance liquid chromatography coupled to a triple
quadrupole mass spectrometer (RP-UPLC-MS/MS, ACQUITY
UPLC with Xevo TQ-XS, Waters) with electrospray ionization
in positive mode. Total run time was 4.5 min at a flow rate
of 0.6 mL min−1 with an aqueous formate buffer as mobile
phase A, (pH 5.8, 20 mM ammonium formate, Riedel-de Haën,
formic acid, Merck KGaA) and acetonitrile (LiChrosolv R©, Merck
KGaA) as mobile phase B. From 0 to 3.8 min, a gradient
from 1 to 99% B was run, followed by isocratic conditions
for 0.2 min. In a 0.3 min linear gradient the initial conditions
were restored and the column equilibrated for another 0.2 min.
Separation was performed on a C18 column with pre-column
(2.1× 50 mm, 1.7 µm, ACQUITY, Waters GmbH with BEH C18,
1.7 µm, VanGuardTM, Waters GmbH, Germany) at 35◦C. DA
was detected with mass transitions m/z 312 > 266 and 312 > 193.
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For dDA quantification the calibration curve was prepared in
the extract of one of the abiotic treatments without DA addition
to account for potential matrix effects. The calibration curve
for pDA quantification was prepared in UPW. To determine
limit of detection (LOD) and limit of quantification (LOQ), a
calibration curve with DA concentrations of 0.8, 1.6, 3.2, 16.1,
32.1, 160.1 nmol L−1 was measured 5 times. The calibration
curves were prepared in an abiotic extract of the respective matrix
and the limits calculated as described previously (Geuer et al.,
2019). For dDA quantification, LOD was 9 pmol L−1 and LOQ
was 28 pmol L−1 in water, accounting for an enrichment factor of
1000. LOD for pDA in medium was 2.1 pmol L−1 and LOQ was
6.3 pmol L−1 normalized to the biomass in 1 L filtered medium.

Growth Rate and Cell Volume
Right after sampling, determination of cell density was performed
at least every second day using a Multisizer 3 Particle Counter R©

(Beckman Coulter, Germany). Additionally, another set of
subsamples was taken and fixed with 10% acid Lugol’s solution
and stored in the dark at 2◦C. To determine start and end
point cell densities, cells were counted in Utermöhl chambers
(Hydrobios, Germany) under an inverted microscope (Axio
Observer D1, Zeiss, Germany) according to the method described
by Utermöhl (1958). To this end, samples were allowed to settle
for 24 h before counting at least 400 cells in stripes. Growth rates
were calculated from cell densities derived by light microscopy
using the following formula:

µ = ln
(
Ntend : Nt0

)
/t

where µ (d−1) is the growth rate, Nt0 and Ntend are the initial
and final cell densities, respectively, and t is the time between the
sampled time points of the experiment (e.g., Furnas, 1990).

To determine cell sizes, Lugol fixed samples from the end
point of each sample were used. The length and width of 25
cells per sample were measured using the program AxioVision
(Release 4.8.2, Carl Zeiss Microscopy GmbH, Germany) from
pictures that were previously taken using a camera connected to
the inverted microscope (Axio Observer, Carl Zeiss Microscopy
GmbH) at a magnification of 640×. The cell height was assumed
to be half the cell width, since due to their elliptical shape
the cells were only visible in valve view under the microscope.
From these dimensions, cellular biovolume and cell surface
and subsequently cellular surface to volume ratios (A:V) were
calculated using the formula for prism on parallelogram-base
according to Hillebrand et al. (1999).

Organic Matter
Particulate organic matter was sampled at the end of the
experiment. For the analyses of particulate organic carbon (POC)
and particulate organic nitrogen (PON), 300 mL of sample were
filtered through a precombusted (15 h, 500◦C) filter (GF/F,
0.7 µm, Whatman GmbH). The filters were stored in combusted
(15 h, 500◦C) glass petri dishes at −20◦C. All POC samples
were taken in duplicate. Between the two filtrations, a blank
filter was put onto the filtration unit and pressure was applied
for a few seconds. Prior to POC analysis, the samples were

dried for 12 h at 60◦C. After drying, the filters were acidified
with 200 µL of 0.2 N HCl (reagent grade, Sigma-Aldrich). The
filters were again dried for 12 h at 60◦C. The dry filters were
folded under clean air, packed into tin cups and stored at room
temperature and a humidity of 32% until quantification. Analysis
was performed on an Elemental Analyzer (Euro EA – CHNSO,
HEKAtech GmbH, Germany). Combusted filter blanks were
subtracted from the obtained yields. For cellular quotas, POC and
PON were normalized to filtered volume and cell volume. For
POC production, the cell-volume-normalized POC content was
multiplied by the growth rate.

Pigment Analysis
For pigment content, 200 mL of sample were filtered (GF/F,
∼0.7 µm, Whatman GmbH). The filters were flash frozen
in liquid nitrogen and subsequently stored at −80◦C. Before
analysis, a 24 h dark extraction at 4◦C in 90% acetone was
performed. After centrifugation (5 min, 4◦C, 18,111 × g) and
filtration (0.45 µm, Nalgene, Thermo Fisher Scientific) pigment
concentrations were determined by RP high performance liquid
chromatography (HPLC). The LaChrom Elite R© HPLC system
was equipped with a chilled autosampler (L-2200) connected
to a DAD detector (L-2450, both VWR Hitachi International
GmbH, Germany). For data analysis, the software EZChrom
Elite (Ver. 3.1.3.; Agilent Technologies) was used. Separation
was performed on a Spherisorb ODS-2 column (5 µm particle
size, 25 cm × 4.6 mm, Waters) guarded by a guard cartridge
(LiChrospher 100-RP-18, Merck KGaA). A gradient was run as
described in Wright (1991). Peaks of the pigments chlorophyll
a and c2, fucoxanthin, diadinoxanthin, diatoxanthin and β-
carotene were identified and quantified against known standard
concentrations (DHI Lab Products, Denmark).

Intracellular Trace Metal Content
The cellular metal content was determined by filtering 500 mL
over trace metal clean filters (0.2 µm, PC, Whatman GmbH).
The filters were stored in clean reaction tubes (Eppendorf).
For intracellular iron content, 500 mL were filtered over trace
metal clean filters again. After filtration, the filters were rinsed
with oxalic acid to remove cell surface bound metals (Hassler
and Schoemann, 2009). After rinsing, the filters were stored in
clean reaction tubes. Before analysis, the filters were digested
in 5 mL HNO3 (distilled 65%, p.a. Merck, United States)
for 16 h at 180◦C with 0.5 mL Hydrofluoric acid (HF,
40%, Suprapure R©, Merck KGaA) (Twining and Baines, 2013).
Subsequently, 0.5 mL UPW was added. By evaporation under
a glass hood at 140◦C, the cell extract was reduced to 0.5 mL.
After the addition of 0.2 mL HNO3 (distilled 65%, Merck,
United States) and moving the solution to a clean vial, 10 µL
Rh (1 mg L−1) was added as internal standard. The sample
was filled up to 10 mL with UPW and analyzed on an ICP-
MS (Attom, Nu Instruments, United Kingdom). As reference
samples to ensure low background trace metals and the quality
of digestion, acid (5 mL 65% distilled HNO3, 0.5 mL HF),
two filter blanks and BCR-414 (Plankton reference material,
Sigma-Aldrich) were processed and analyzed. BCR-414 recovery
rates were Mn (87.1%), Fe (93.1%), Co (81.2%), Cu (81.5%),
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and Zn (85.1%). Intracellular iron quotas were normalized
per cell volume.

Statistical Analyses
To test normality of the data the Shapiro-Wilk test was applied.
Normally distributed data was tested for statistical differences in
means using analysis of variance (ANOVA). For non-normally
distributed data Wilcoxon signed-rank test and Wilcoxon rank-
sum test were used. Correlations between variables were tested
using a correlation matrix based on Person correlation. The
significance level for all tests was chosen as α = 0.05 and
significance was assumed when p ≤ 0.05. Statistical tests were
performed using the programming language R in the software
application RStudio R©.

RESULTS

Iron Chemistry and Domoic Acid
Concentrations
The salinity of all treatments during the experiment was
33.8 ± 0.2 (n = 12). DIC and pH did not show any significant
differences between the treatments (p > 0.05, Table 2). dDA was
below detection in non-amended controls but could be almost
fully recovered in the different incubations of P. subcurvata, to
which DA was added (Table 2), with a recovery rate for dDA
of 92 ± 2% for treatment +DA and 89 ± 4% for treatment
+FeDA. Recovery rates did not differ significantly between
these treatments (p > 0.05). pDA was only quantified in the
treatments with dDA addition. pDA levels were very low and
only above detection in two bottles of +DA and in one bottle
of the +FeDA treatment (Table 2). The approximate amount
of pDA in these samples was 3.4 × 10−8 pmol cell−1. This
pDA amount accounted on average for 0.10 ± 0.02% of the
initially added DA.

Growth, Cell Volume, Metal Content, and
POC Production
Growth rates differed significantly between low iron and +Fe
treatments. Treatments Control and +DA showed significantly
lower growth rates (p < 0.01, for both: 0.44 ± 0.01 d−1)
compared to the +FeDA and +Fe treatments (0.53 ± 0.02 and
0.53 ± 0.01 d−1; respectively, Table 3). Significant differences in
A:V quotients were observed between all treatments (p < 0.01,
Table 3). The +DA treatment showed the highest A:V quotient
(2.36 ± 0.01 µm−1), while it was lowest in the +Fe treatment
(1.99 ± 0.03). A:V quotient was significantly higher for
low compared to high iron treatments (p < 0.01). POC
production in the +DA treatment was lowest (p < 0.05,
6.8 ± 0.5 fmol µm−3 d−1, Table 3) while highest POC
production was found in the +FeDA treatment (p < 0.05,
12.0 ± 1.2 fmol µm−3 d−1). The POC content was highest
in the +FeDA (23.2 ± 2.1 fmol µm−3), followed by the +Fe
treatment (18.9 ± 0.7 fmol µm−3). In the Control and +DA
treatment a significantly lower POC was observed (p > 0.05,
17.5 ± 0.6, 15.6 ± 1.4 fmol µm−3, respectively, Table 3).

Compared to all other treatments, +DA showed the highest
C:N ratio (p < 0.05, 6.5 ± 0.2 mol mol−1). There was no
statistical difference between the other treatments (p > 0.05).
The PON content in +DA was significantly lower than in the
other treatments (p < 0.05, 2.4 ± 0.2 fmol µm−3), while
it was highest in +FeDA (p < 0.01, 3.9 ± 0.2 fmol µm−3,
Table 3). Cellular iron contents did not differ significantly
between the treatments (p > 0.05). The +Fe treatment showed
the highest average iron content of 1.09 ± 0.61 amol µm−3.
In contrast, the cellular copper content was highest in +DA
and differed significantly from the other treatments (p < 0.05).
Standard deviations for iron to carbon (Fe:C) ratios were
high, particularly for treatment +Fe, which did not differ
significantly from any other treatment (57.0 ± 30.4 µmol
mol−1). Lowest Fe:C ratios were found in the Control and
+FeDA treatment (23.1 ± 5.1 and 19.2 ± 4.7 µmol mol−1,
respectively), a significantly higher Fe:C ratio was found
in treatment +DA (p < 0.05, 50.2 ± 12.7 µmol mol−1,
Table 3).

Pigment Concentrations
The concentration of the pigments diatoxanthin and β–carotene
did not differ significantly between the treatments (p > 0.05,
Table 4). Diatoxanthin could not be quantified in Control and
+DA treatments and was low in +Fe treatments. For pigments
chlorophyll a and c2, fucoxanthin and diadionoxanthin, both
low iron treatments showed significantly lower concentrations
than the +Fe treatments (p < 0.05). Both chlorophyll c2 and
fucoxanthin were highest in the +FeDA treatment (p < 0.05).

TABLE 3 | Growth rates, surface to volume quotients (A:V) and particulate organic
carbon (POC) production rates and elemental composition of the cells:
cell-volume-normalized particulate organic carbon and nitrogen (POC, PON)
contents, molar carbon to nitrogen ratios (C:N), cell-volume-normalized iron and
copper contents and molar iron to carbon (Fe:C) ratios for the four different
treatments.

Control +DA +Fe +FeDA

Growth rate µ (d−1) 0.44 ± 0.01* 0.44 ± 0.01* 0.53 ± 0.02# 0.53 ± 0.01#

Surface:Volume
(A:V)

2.27 ± 0.03* 2.36 ± 0.01# 2.00 ± 0.03• 2.07 ± 0.02�

POC production
(fmol µm−3 d−1)

7.75 ± 0.21* 6.83 ± 0.51# 9.98 ± 0.16• 12.03 ± 1.18�

POC content
(fmol µm−3)

17.5 ± 0.8* 15.6 ± 1.4* 18.9 ± 0.7# 23.2 ± 2.1•

PON content
(fmol µm−3)

2.9 ± 0.2* 2.4 ± 0.2# 3.2 ± 0.1* 3.9 ± 0.2•

C:N (mol mol−1) 5.9 ± 0.3* 6.5 ± 0.2# 5.9 ± 0.0* 5.7 ± 0.3*

Iron content
(amol µm−3)

0.41 ± 0.10* 0.77 ± 0.15* 1.09 ± 0.61* 0.44 ± 0.12*

Copper content
(amol µm−3)

0.04 ± 0.03* 0.21 ± 0.11# 0.03 ± 0.04* 0.02 ± 0.02*

Fe:C (µmol mol−1) 23.1 ± 5.1* 50.2 ± 12.7# 57.0 ± 30.4*,# 19.2 ± 4.7*

All values are depicted as average ± standard deviation (n = 3). Significant
differences between the treatments are denoted by different superscript symbols
(*,#,•,�) (p < 0.05). In each line, treatments with the same symbols showed
no statistically significant difference, treatments with a different symbol differed
significantly from all other treatments. Treatments with two symbols did not differ
significantly from other treatments with the same symbols.
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TABLE 4 | Cellular pigment content in P. subcurvata grown in the four different
treatments, normalized to cell volume.

Control +DA +Fe +FeDA

Chlorophyll c2

(amol µm−3)
0.66 ± 0.09* 0.56 ± 0.03* 0.79 ± 0.05# 1.04 ± 0.14•

Chlorophyll a
(amol µm−3)

3.04 ± 0.42* 3.00 ± 0.25* 4.71 ± 0.44# 5.57 ± 0.95#

Fucoxanthin
(amol µm−3)

3.02 ± 0.38* 2.96 ± 0.08* 4.23 ± 0.31# 6.16 ± 1.22•

Diadinoxanthin
(amol µm−3)

0.85 ± 0.11* 0.77 ± 0.03* 1.36 ± 0.14# 1.42 ± 0.27#

Diatoxanthin
(amol µm−3)

n.d. n.d. 0.06 ± 0.02* 0.08 ± 0.04*

β-carotene
(amol µm−3)

0.10 ± 0.02* 0.09 ± 0.04* 0.16 ± 0.02* 0.16 ± 0.04*

Chlorophyll c2 and a, fucoxanthin, diadinoxanthin, diatoxanthin, and β–carotene
are listed. No diatoxanthin was detected (n.d.) in treatments Control and +DA.
All values are mean of the triplicates ± standard deviation. Different symbols in
superscript (*,#,•) denote statistical differences between the treatments (p < 0.05).
In each line, treatments with the same symbols showed no statistically significant
difference, treatments with a different symbol differed significantly from all other
treatments. Treatments with two symbols did not differ significantly from other
treatments with the same symbols.

DISCUSSION

To determine whether dDA facilitates iron uptake for Pseudo-
nitzschia spp. from HNLC regions can be useful to further
elucidate the ecological role of DA (Marchetti et al., 2008). This
study furthers our understanding of whether DA plays a role in
iron acquisition by P. subcurvata.

Experimental Conditions, Recovery of
Dissolved Domoic Acid, and Low Iron
Conditions
dDA was exclusively quantified in the treatments, to which it
was added (+DA, +FeDA; Table 2). This outcome was expected
as DA production by P. subcurvata has not been reported in
another strain identified by SEM (Fryxell et al., 1991). In both
+DA treatments, even though the recovery rate of dDA was
91 ± 3%, the amount of DA measured in the cells accounted
for approximately 0.1%. Thus, the 10% loss of dDA cannot be
explained by cellular uptake. Potential reasons for the observed
loss of dDA are adsorption and photodegradation. DA adsorbs
to natural clays in a comparatively low amount compared with
other common non-polar organic substances. Furthermore, the
adsorption is enhanced if metal ions are present (Burns and
Ferry, 2007). In an experiment investigating the production of
DA and chemical cues, a PC membrane was used (Tammilehto
et al., 2015). The authors suspected the PC membrane to hold
back only lipophilic components. Bottles used for incubation in
this experiment were also made from PC. The hydrophilic DA
should thus not adsorb onto the surface of the treatment bottles
in large amounts. DA is photochemically degraded in natural
seawater if subjected to radiation (Bouillon et al., 2006; Fisher
et al., 2006). The photodegradation rate usually decreases with
decreasing radiation energy and is strongest at wavelengths in the
UV range (280–400 nm) with a maximum at 330 nm (Bouillon

et al., 2006). Photodegradation still occurs at higher wavelengths
and is promoted if Fe(III) ions and DOM are present (Fisher et al.,
2006). In fact, all our treatments were illuminated 16 h per day
with 100 µmol photons m−2 s−1 at 8100 K in this experiment,
covering the range of wavelengths representative for daylight, but
being out of the UV range in which photodegradation is most
efficient. Moreover, light in this range would not have passed
the walls of the PC bottles used, since they are nearly opaque
to these wavelengths. Thus, it is likely that only a slight loss of
dDA by photodegradation occurred in this experiment. Since the
treatments were not axenic, only few bacteria were present and
determined by PCR and light microscopy, bacterial degradation
may also have removed some of the dDA (Hagström et al., 2007).

Iron concentrations in the medium without iron addition
were 0.66 ± 0.08 nmol L−1 and 0.75 ± 0.08 nmol L−1,
respectively (Table 1). For both treatments without iron addition,
the growth rate and POC production was significantly lower
than for iron enriched treatments, while the A:V quotient was
higher, indicating that the cells were physiologically iron limited
(Maldonado et al., 2002; Marchetti and Harrison, 2007; Zhu
et al., 2016). This is supported by light harvesting pigments
(fucoxanthin, chlorophyll a and c2, Table 4) being significantly
lower in the low iron treatments (Koch and Trimborn, 2019;
Koch et al., 2019).

Effects of the Experimental Conditions
on Growth, Size, and Elemental and
Pigment Composition
Low iron treatments (Control and +DA) showed a significantly
lower growth rate than high iron treatments (+Fe and +FeDA,
Table 3). Under iron deficiency and copper stress, growth rates
of temperate Pseudo-nitzschia species can decrease by as much
as 50% (Maldonado et al., 2002). We observed a 20% lower
growth rate for both low iron treatments compared to the +Fe
treatments (Table 3). In a previous temperature experiment with
P. subcurvata the growth rate at 2◦C was 0.6 d−1 under ample
supply of iron (Zhu et al., 2017) and thus similar to our +Fe
treatments. In agreement with our results, another experiment
by Zhu et al. (2016), reported a 20% difference in growth rate
of P. subcurvata at 0◦C between low and high iron conditions.
Cell numbers of Pseudo-nitzschia have been reported to increase
when dDA was added to the medium (Trick et al., 2010) and
an increased growth rate was previously observed upon the
addition of dDA (Wells et al., 2005). Similarly, Prince et al. (2013)
showed increased growth of P. delicatissima under iron replete
conditions when dDA was added to the culture (Prince et al.,
2013). In this study we observed no increase in growth rate when
dDA was added even at low iron conditions, findings contrary
to our initial hypothesis. They are, however, consistent with
observations for DA producing Pseudo-nitzschia species. Even
though an increased release of dDA in iron limited treatments
was observed, exponential phase growth rates remained lower for
these treatments than for iron sufficient treatments (Maldonado
et al., 2002; Sobrinho et al., 2017).

A:V quotients were higher for the low iron treatments
compared to the +Fe treatments. Enhanced A:V quotients are
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beneficial for cells since they help increase nutrient uptake,
release of waste products and heat as well as uptake and loss of
other compounds (Lewis, 1976). Surprisingly, the A:V quotient
was highest in the +DA treatment, suggesting enhanced iron
limitation stress for this treatment, because increasing A:V
quotients under low iron environments is a common adaptation
strategy of phytoplankton since it facilitates the uptake of trace
metals (Raven and Kübler, 2002; Koch and Trimborn, 2019).
The increase in A:V quotients was previously reported for
Pseudo-nitzschia spp. grown under low iron conditions and
hypothesized to facilitate iron uptake (Marchetti and Harrison,
2007). In this study, the average difference in A:V quotients
between low and high iron treatments was 13%, which is in the
range of what was previously observed for other species (9–40%,
Marchetti and Harrison, 2007) and indicative of an acclimation
to low iron conditions.

In our experiment, POC production was lowest in the low iron
treatments (Table 3). This is in line with previous studies, which
showed generally a reduction of POC under iron deficiency in
various phytoplankton species (e.g., Hutchins et al., 1999; Hoppe
et al., 2013; Koch et al., 2019; Trimborn et al., 2019), the same as
in temperate Pseudo-nitzschia species (Marchetti and Harrison,
2007), but also for the Antarctic P. subcurvata (Zhu et al., 2016).
From our results it seemed that when iron was available in
sufficient amounts, the addition of dDA was more beneficial than
when it was depleted, which was contrary to our hypothesis.
Hence, cellular POC production and POC and PON contents
were significantly higher in the +FeDA treatment relative to the
other treatments. Furthermore, the intracellular contents of the
light harvesting pigments fucoxanthin and chlorophyll c2 were
also significantly higher in this treatment. This might hint toward
a better light utilization, which translated into a higher POC
production (Table 3).

Except for the +DA treatment, no changes in C:N ratios
were observed (Table 3), with values being consistent with
other temperate oceanic Pseudo-nitzschia spp. (Marchetti and
Harrison, 2007). Similarly, the C:N ratio of P. subcurvata
remained constant in response to different iron availabilities (Zhu
et al., 2016) as well as temperature and pCO2 (Zhu et al., 2017).
Only for P. pseudodelicatissima, an increase of the C:N ratio with
decreasing iron availability was reported (Sugie and Yoshimura,
2013). The authors suggested a rapid decrease in N relative to
C assimilation under iron limitation. For our experiment, this
was only observed in the +DA treatment, in which PON was
lowest while POC remained similar in all treatments. Nitrogen
assimilation can be limited by iron availability, since iron is
essential for enzymes that reduce nitrate and nitrite (Morel
et al., 1991; Milligan and Harrison, 2000). Milligan and Harrison
(2000) suggested that during low iron availability the ability
to process photons becomes limited within the photosynthetic
electron transport chain, impacting also nitrite reduction as
limiting step in nitrogen assimilation, which is a common
phenomenon in iron limited phytoplankton (Hutchins et al.,
1999). Nitrate reductase reduction was previously observed
for low iron conditions, resulting also in a reduced nitrate
assimilation capacity, which can be compensated by recycling
proteins (Koch et al., 2019). Thus, an increase of C:N ratios may

be triggered by iron limitation but often no changes are observed
(Milligan and Harrison, 2000; Price, 2005; Koch et al., 2019).
From the significantly higher C:N ratio in our +DA treatment,
it appears that the combination of low iron availability and
DA addition might have caused higher iron stress and affected
nitrogen metabolism relative to the low iron treatment alone,
which contradicts the hypothesis that dDA addition is beneficial
to iron deplete cells.

Photosynthetic pigment contents in phytoplankton usually
are reduced when iron is limiting, a process called chlorosis
(Greene et al., 1991, 1992; Geider and La Roche, 1994).
Chlorophyll a content was reduced in both low iron treatments
(Table 4). The synthesis of chlorophyll a is negatively impacted
by iron deficiency, which decreases its cellular content. An
associated decrease in growth rate and carbon fixation was
also observed in this and other experiments (Davey and
Geider, 2001). P. subcurvata decreased their light harvesting
pigments fucoxanthin, chlorophyll a and c2 under iron limitation,
which was previously observed in the Antarctic diatom
Phaeocystis antarctica (Van Leeuwe and Stefels, 2007; Koch
et al., 2019). Pigments of the xanthophyll cycle (diadinoxanthin
und diatoxanthin) have been shown to decrease under iron
limitation in the Antarctic diatom Chaetoceros brevis, while
β–carotene content was not affected by iron limitation (Van
Oijen et al., 2004). In our experiment, only the diadinoxanthin
content was significantly lower in the low iron treatments.
Diatoxanthin was not detected in these treatments, implying no
increase in de-epoxidation of diadinoxanthin and thus no higher
investment in photoprotective mechanisms (Olaizola et al., 1994;
Van Oijen et al., 2004).

Uptake and Potential Effects of Domoic
Acid on Cellular Metal Contents Under
Low Iron Conditions
The amount of DA in the cellular fraction of the treatments
containing DA was below LOQ, which was contrary to the
hypothesis of dDA being taken up by the cells. This was not
surprising, since so far, only in the toxic species P. multistriata
amino-acid transporters were found in silico, which were
similar to kainoids transporters. These might be involved in
the transport of DA in- or outside the cell (Di Dato et al.,
2015). P. subcurvata, to our knowledge, does not possess
such a transporter. Furthermore, DA not necessarily increases
iron uptake by out-competing other ligands but by increasing
bioavailability due to increased iron exchange among ligands
and cell surface (Albrecht-Gary and Crumbliss, 1998; Maldonado
et al., 2002). Rue and Bruland (2001) discovered that the strength,
with which DA binds to iron and copper in combination with
its concentration relative to other naturally occurring ligands
does have the potential to affect their chemical speciation and
thus their bioavailability and detoxification. Moreover, dDA was
suggested to increase copper uptake under iron limitation, which
in turn could enable the synthesis of a copper containing high
affinity iron uptake system (Wells et al., 2005). In our experiment,
DA was added at ecologically relevant concentrations previously
reported for Pseudo-nitzschia blooms (Wang et al., 2007;
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Smith et al., 2018). The amount of DA present in the medium
was thus high enough to act as a ligand, also for non-producing
species (Maldonado et al., 2002). Furthermore, iron was added
as Fe(III), which was shown to bind well to DA (Bates et al.,
2001; Rue and Bruland, 2001) and was also used in previous
experiments investigating DA and iron uptake (Maldonado et al.,
2002; Wells et al., 2005). Still, the cellular iron content did not
differ significantly between the treatments (Table 3), although
Fe contents in the +DA and +Fe treatments were higher. The
differences were, however, obscured by a high standard deviation
between the replicates of the same treatments. However, the
Fe:C ratio was significantly higher in +DA compared to the
Control treatment. This might be related to the high iron
content in this treatment. Treatments with iron addition did
not show higher Fe:C ratios. The Fe:C in +FeDA was similar
to the Control treatment, while in +Fe, the standard deviation
within the triplicate was high, which was presumably related
to the high standard deviation of the iron content. In contrast,
other experiments using Pseudo-nitzschia describe Fe:C ratios
usually higher by one to two orders of magnitude in high
iron compared to low iron treatments (Maldonado et al., 2002;
Marchetti et al., 2006). For P. subcurvata, iron limited Fe:C
ratios of 25 µmol mol−1 (0◦C) to 50 µmol mol−1 (4◦C) were
reported, while iron replete Fe:C ratios were higher (∼70 and
210 µmol mol−1, respectively) (Zhu et al., 2016). Fe:C ratios in
our experiment were comparable to their iron limited Fe:C ratios.
Surprisingly, in our experiment, iron addition did not result
in elevated iron content and Fe:C ratios. Since Pseudo-nitzschia
spp. generally adapt well to low iron concentrations (Marchetti
et al., 2006; Sobrinho et al., 2017), the limiting effect of iron
might be relatively low in this experiment, resulting in changes
less prominent. With regard to DA addition, elevated Fe:C was
observable in the +DA treatment but not in the +FeDA treatment,
which showed equally low values as in the Control treatment.
In another experiment under iron limitation, an increased iron
uptake rate was observed when DA was added to present
concentrations of FeEDTA (Maldonado et al., 2002). The authors,
however, observed the same for iron replete treatments, even
though the effect was lower. Thus, from our results it remains
unclear whether dDA addition improves cellular iron acquisition.

The cellular copper content was significantly higher in the
+DA treatment (Table 3). Rue and Bruland (2001) proved
that relative to natural copper-binding organic ligands rather
low concentrations of dDA are required to compete with
other ligands for free copper ions. Since more copper than
iron ions usually are available for complexation in natural
seawater, complex formation between DA and copper is likely,
even if DA has a higher theoretical complexation capacity for
iron (Ladizinsky, 2003). In a study where P. multiseries was
grown in low and high copper containing media (19.6 and
396 nmol L−1, respectively) both dDA and pDA were lower
in the low copper treatment (Fuentes and Wikfors, 2013). In
contrast Ladizinsky (2003) and Wells et al. (2005) observed a
DA production increase and high dDA release when copper was
deficient. In our experiment, the average copper concentration
was 1.5± 0.2 nmol L−1 and thus not limiting (Lelong et al., 2013).
An elevated copper uptake has been previously observed in iron

limited oceanic diatoms (Peers et al., 2005; Koch and Trimborn,
2019). Copper is required for iron acquisition by diatoms (Peers
et al., 2005). It was also previously shown, that copper is essential
for several Pseudo-nitzschia species to adapt to iron limiting
environments (Wells et al., 2005; Lelong et al., 2013). This
could explain that cellular copper was only elevated in the +DA
treatment and not in the +FeDA treatment, since the iron replete
treatments had lower copper requirements. Wells et al. (2005)
suggested a high affinity iron uptake system in some Pseudo-
nitzschia species involving copper uptake with the help of dDA.
Iron complexed by siderophores would thus be accessed. Further
tests of this hypothesis confirmed copper requirements in iron
limited P. delicatissima, but in their experiment no production of
DA was observed (Lelong et al., 2013). The authors interpreted
that either their strain did not possess such an iron uptake system
or not enough siderophores bound to iron were present in their
experiment. The P. subcurvata used in this experiment also did
not produce DA, but our results indicate that copper might be
useful for iron limited cells in that they better access it when
dDA was added to the medium. However, it remains uncertain
if the elevated copper content was involved in obtaining the
higher Fe:C ratio in the +DA treatment in comparison with the
Control treatment.

Furthermore, no advantages for cells in treatment +DA were
observed compared to the Control treatment in terms of growth,
morphology and element ratios. Instead, treatment +DA showed
increased A:V quotients, decreased POC production and higher
cellular iron and copper values, indicating that cells of this
treatment were in an even higher need for iron. Pseudo-nitzschia
spp. are known to adapt better to low iron concentrations
compared to other oceanic diatoms (Marchetti et al., 2006;
Hoppe et al., 2013; Russo et al., 2015; Sobrinho et al., 2017).
It was suggested, that Pseudo-nitzschia may cope with low iron
conditions by using an efficient iron uptake system (Wells et al.,
2005) and storing excess iron (Marchetti et al., 2006). Consistent
with this hypothesis, in the species P. granii, genes for an iron
independent photosynthetic and a putative iron transport system
were expressed under low iron concentrations (Cohen et al.,
2018). The results of our experiment indicate a relatively good
adaptation of cells to the low iron concentration in the low
iron treatments.

It is important to keep in mind that the biological function
of DA as ligand for Pseudo-nitzschia is still not fully understood
(Sobrinho et al., 2017). An increased uptake of iron was
previously observed in a non-producing strain that took up
more iron when DA was added (Maldonado et al., 2002). The
authors suggested that dDA might increase the rate of exchange
of iron among ligands in solution and the cell surface and
might help with iron uptake even if the respective species
might not possess the proposed uptake mechanisms (Albrecht-
Gary and Crumbliss, 1998; Maldonado et al., 2002). In our
experiments, no strong ligands were added to the treatments
but natural seawater was used that might have contained other
ligands and dDA. However, the amount of dDA added in
the experiment of Maldonado et al. (2002) was approximately
three orders of magnitude higher than in our experiment.
Lelong et al. (2013) postulated that if DA is used as an iron
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uptake system, it might not occur in every Pseudo-nitzschia
species, which might also apply to P. subcurvata used in this
experiment. To further elucidate the role of DA as ligand,
the mechanism of DA production in combination with iron
uptake mechanisms should further be assessed. For the non-DA-
producing species P. subcurvata, however, DA does not appear to
play an important role as ligand increasing iron bioavailability in
naturally occurring concentrations.

CONCLUSION

P. subcurvata was well adapted to deal with low iron conditions
and the cells did not draw down the DA added, as only very
small amounts were found in the cells and >90% remained as
dDA in the media. The availability of dDA did not result in
any physiological advantages for P. subcurvata under low iron
conditions, showing that using DA does not seem to be a strategy
to directly acquire more iron when it is scarce. In addition, while
the cellular iron content did not increase the cellular copper
content increased in the +DA treatment, possibly due to the
added DA. Further investigations would, however, be required
to investigate whether copper might be involved in subsequently
increasing iron uptake. This study highlights that if dDA is
produced and released as a ligand, it might only be advantageous
to Pseudo-nitzschia and Nitzschia species, which are also capable
of producing and taking up DA or that dDA would be required in
higher concentrations than naturally occurring in the SO. Thus,
it would be of interest to compare these results to other HNLC
species capable of producing DA. This study confirmed that there
still is considerable need for research in terms of the ecological
and physiological role of DA, especially when iron is scarce.
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