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Abstract

It is well known that a deficiency of iron, a trace element essential to every living
organism, limits the growth of algae and cyanobacteria. Nodularia spumigena
Mertens is a blue-green algae species inhabiting the Baltic region that often forms
toxic blooms.

The aim of the study was to assess the growth of the toxic cyanobacteria with
respect to iron bioavailability. The measured growth parameters were the numbers
of cells (optical density), chlorophyll ¢ and pheopigment a concentrations. The
iron concentrations used ranged from 10~7 to 10~% mol dm~3. Under iron stress
conditions (< 5 x 1077 mol dm~?), growth inhibition, gradual pigment decay and
cell mortality were observed. However, enriching the medium with complexing
factors like citric acid and EDTA significantly stimulated the growth rate and
chlorophyll a production. The citric acid — EDTA — Fe (5 x 1077 mol dm~3)
complex was demonstrably effective in stimulating the rate of cell division. Starting
with 107¢ mol dm~3, the higher the iron(III) concentration used in the media, the
more intensive the growth of the cyanobacteria populations. This was most rapid
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in the presence of high iron concentrations (10~* mol dm~2), regardless of the
presence of complexing agents.

It appears that the growth of toxic cyanobacteria N. spumigena, and thus also
its ability to form blooms, may well depend on iron availability in the environment.

1. Introduction

Nodularia spumigena blooms are frequent summer occurrences in the
Baltic Sea. Although such blooms have been recorded in the region since
the late 19th century (Horstman 1975, Niemi 1979), during the 20th the
Baltic Sea received a mass input of nutrients (Larsson et al. 1985) and
blooms became more intense than ever (Kahru et al. 1994). In general,
warm weather conditions, a neutral or slightly alkaline pH, light winds,
and a low N:P ratio are thought to promote cyanobacterial (Nodularia spp.
and Aphanizomenon spp.) blooms in the Baltic (Kononen & Niemi 1984).
N. spumigena warrants special attention as it has the ability to produce
toxic nodularin (Rinehart et al. 1988, Sivonen et al. 1989, Codd et al. 1999,
Mazur & Plinski 2003), a hepatotoxin that is a proven cause of cancer of
the liver (Ohta et al. 1994, Fujiki et al. 1996).

A key element in essential biological processes, iron is required for
the growth of every phytoplankton cell. It is necessary for the synthesis
of the chlorophyll precursor — d-amino-levulinic acid (Marsh et al. 1963).
It is also a co-factor in cytochromes and enzymes like nitrogenase and
nitrate reductase in nitrogen-fixing phytoplankton such as heterocystous
Nodularia sp. Important anti-oxidant enzymes like peroxidase and catalase
also contain iron(III) (Stryer 1997).

The lack of iron in a cell inhibits growth, nitrogen fixation and enzymatic
processes, and also leads to the modification of the photosynthetic pigment
composition (Rueter et al. 1990, Trick et al. 1995, Wilhelm et al. 1996,
Kosakowska 1999). Oquist (1971, 1974) was one of the first researchers to
demonstrate specific changes to pigments under iron stress conditions.

In situ experiments, e.g. iron enrichment experiments performed in the
equatorial Pacific and the Southern Ocean, have demonstrated the effect of
iron on phytoplankton, (Martin et al. 1994, Coale et al. 1996). Since the
metal is believed to be a growth-limiting factor in cyanobacteria also in the
Baltic (Stal et al. 1999), its influence on toxic, bloom-forming species needs
to be determined. Up till now, no experiments have been conducted on the
influence of iron on N. spumigena.

Although iron is the fourth most abundant element in the Earth’s crust,
it is present only in ultra-trace concentrations in seawater. The fact that
the concentration of iron in coastal waters (riverine and aeolian dust input)
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is usually high does not guarantee the metal’s availability for phytoplankton
(Oztiirk et al. 2002).

The oxidation-reduction chemistry of Fe(III) to Fe(II) plays a major role
in iron geochemistry and biology. According to Johnson et al. (1994), the
Fe(IT) concentration in sea water is very low (10713 M), because it is rapidly
oxidised. However, Kuma et al. (1992) reported that during algal blooms in
an estuarine environment, 15-20% of the total dissolved Fe was Fe(II) owing
to reduction by organic substances phytoplanktonic origin. Under aerobic
conditions, iron occurs in the Fe(III) state, but its inorganic solubility is very
low. Moreover, its chemical speciation, and thus its biological availability,
depends on the existence of dissolved organic ligands and the presence of
light. About 99% of the dissolved iron in surface waters is considered to be
bound to organic ligands which exist in far greater concentrations than iron
itself (Gledhill & van den Berg 1994). On the one hand, the fact that the
iron is bound to organic ligands retains the metal in the water column; on
the other, this makes less of it available for utilisation by phytoplankton,
unless they are siderophore-like substances produced by microorganisms and
phytoplankton to obtain iron (Murphy et al. 1976, Simpson & Neilands 1976,
Armstrong & Van Baalen 1979, Trick 1989, van den Berg 1995, Wilhelm
et al. 1996). In the Baltic Sea region siderophores of unknown origin
— ferrioxamine E and G, and rhodotorulic acid — have been discovered and
isolated by Kosakowska et al. (1999) and Mucha et al. (1999).

As the supply of iron in open oceanic and inshore waters creates different
conditions for phytoplankton communities, these have evolved to exist in
given metal concentrations. Species isolated from oceanic waters grow well
at low Fe concentrations, coastal strains do not (Ryther & Kramer 1961,
Brand et al. 1983, Murphy et al. 1984, Sunda et al. 1991). In addition, the
Fe quotas of marine cyanobacteria species are thought to be higher than
those of eukaryotic phytoplankton, probably because of the abundance of
the Fe-rich photosystem I in cyanobacteria (Raven 1988, 1990) and Fe-poor
cytoplasm in eukaryotes (Brand 1991).

Since EDTA has a fairly high affinity for transition metals, it was
brought into use as a trace metal buffering reagent for phytoplankton
cultures by Hutner et al. (1950) and Myers et al. (1951). Its role is to
mimic the Fe-complexed forms from natural sea waters that reduce the
number of free metal ions and prevent the precipitation of Fe(III). However,
Fe(II1)-EDTA complexes can be photodegraded to form a source of iron(II).
EDTA-metal complexes are used in medicine to prevent metal ions occurring
in toxic concentrations. They are also used to minimise bacterial access
to food and prevent it from going bad (Lippard & Berg 1998). EDTA is
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found in all sea waters, reaching them via the effluents from many different
branches of industry.

Citric acid belongs to a group of hydroxamate-type siderophores. Like
all siderophores, citric acid has a high affinity for iron. It is a further iron-
complexing agent used in cyanobacterial culture media.

The aim of the present experiments was to investigate the influence of
iron(III) in both ionic and complexed forms on the growth of the toxic Baltic
cyanobacteria species N. spumigena.

2. Materials and Methods
2.1. Preparation of the experiments

Laboratory experiments were conducted on a xenic Nodularia spumigena
Mertens strain isolated from the Gulf of Gdansk and maintained in the
culture collection of Gdansk University. The medium used for the batch
cultures was BGi; (Stanier et al. 1971) with added NaCl (6 g dm~3),
and its modifications with different iron concentrations. The water used
for preparing the media was deionised. The medium was sterilised at
121°C for 30 minutes. The iron concentrations ranged from 5 x 1077
to > 107% mol dm~3 and the solutions were prepared using Titrisol (FeCls
in 15% HCI) purchased from Merck.

The iron(III) concentration in the control sample was ¢. < 10~7 mol dm—3
(BG11 medium with no iron(III) and complexing agents added). Before the
experiments the culture media were buffered with 1M KOH to obtain pH
values of 7.5-8.0. The batch cultures were grown in light conditions of
30+ 5 pumol m~? s~! with a 16h day : 8h night photoperiod. Light was
measured using an SPQA 2005 spherical sensor and a Q 21859 unidirectional
sensor (LiCor, USA).

NagEDTA and citric acid (POCH, Gliwice) were used as iron complexing
agents in original medium concentrations (0.001 and 0.006 g dm~3).

The test variants were:

1. S*(original composition), iron(III) concentration:
1.27 x 107° mol dm ™3

. P**: < 107" mol Fe dm~3 (control sample)
. P+ Fe(III) 5 x 10~7 mol dm 3

. Pigprasca + Fe(IIl) 5 x 1077 mol dm—3
. P+ Fe(IIT) 107% mol dm~3

. P + Fe(III) 5 x 107% mol dm—3

. P+ Fe(IIT) 1075 mol dm~3

N O Ut =W N
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8. P + Fe(III) 10~* mol dm~3
9. Pigpratca + Fe(Ill) 10~* mol dm~3

*S: BGq1,

**P: BGq; medium without EDTA, citric acid and ferric-ammonium
citrate,

FAC: ferric-ammonium citrate,

CA: citric acid.

To prevent contamination of the iron, all the glassware used for
experiments was stored in 6M HCI for 24 hours before being rinsed with
deionised water.

The inocula of N. spumigena were introduced to the media to obtain
an OD (A = 750 nm) value of 0.06 and a total volume of 50 cm3. Three
analyses were prepared with three replicates, each lasting two weeks.

2.2. Measurements

The growth parameters measured were optical density (OD), and
the concentrations of active chlorophyll a and its degradation product
— pheopigment a. OD was determined spectrophotometrically at A = 750 nm
in the course of the experiments to obtain the growth curve. The pigment
content was measured once, at the end of the test.

The pigments were isolated by filtration of the cyanobacterial cultures
through GF/C glass filters. The filters were then kept frozen for 24 hours,
after which they were homogenised with 90% acetone. They were then
stored at 4°C for 1 hour and centrifuged at 3700 g for 20 minutes. The
spectrophotometric measurements of chlorophyll a were made at 665 and
750 nm on a Beckman DU®-68 spectrophotometer (Parsons 1966). The
pheopigment a was obtained by adding 60 ul of 1 M HCI per 5 ml of the
extract. After 90 seconds the spectrophotometric measurements were made
at the same wavelengths as for chlorophyll a. Lorenzen’s (1967) equation
was used to calculate the content of both pigments in the samples.

Means and standard deviations were calculated for all the results, and
Dixon’s Q test at 95% probability was performed to eliminate the uncertain
ones (Zgirski & Gondko 1981).

3. Results

Under iron stress conditions, that is, BGi; medium devoid of EDTA,
citric acid and ferric-ammonium citrate (<1077 mol Fe dm~3), actual
growth of cyanobacteria, expressed as the optical density OD, was not
observed (Fig. 1). Growth inhibition, decaying pigments and cell lysis were
observed from the beginning of the test. Also the highest pheopigment
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Fig. 1. Growth curves of Nodularia spumigena cultures at different iron(IIT)
concentrations. The results are the means of nine replicates. Control: P — BGq;
medium devoid of iron and iron-complexing agents. The iron(III) concentration in
the control sample was ¢. 10~7 mol dm~3

concentration (1.2 mg dm~3) was noted under these conditions, which
exceeded the content of active chlorophyll a. With a 5-times greater iron(I1I)
concentration the effects were similar (Table 1, Fig. 2).

Before the experiments, the cultures of N. spumigena were not grown
in an iron-deficient medium as in such a medium the cells died within 3-5
days of incubation.

Increasing the concentration of ionic iron to 107 mol dm™2 caused an
increase in growth visible already after two days of experiment. At iron(III)
concentrations > 1076 mol dm™=3 (5 x 107¢, 107®, 10~* mol dm—3) OD
indicated the most intense growth of the populations (Fig. 1). Similarly,
the concentrations of chlorophyll a were highest in these populations:
8.32-9.25 mg dm~—3 (Table 1, Fig. 2).

Interestingly, enrichment of an iron-poor medium (5 x 107 mol Fe dm=3)
with iron complexing factors — EDTA and citric acid — accelerated the
growth rate and chlorophyll a production by a factor of one hundred
(Table 2, Fig. 3). Under iron-rich conditions (107* mol dm~=3) the
addition of complexing factors did not have any significant effects on the
growth of N. spumigena (Table 2, Fig. 3). By comparison, an experiment



Is iron a limiting factor of Nodularia spumigena blooms? 685

Table 1. Chlorophyll a and pheopigment content in Nodularia spumigena cultures
from different concentrations of ionic iron(III). The data are the means of 9
replicates £SD. Control: P — BGj; medium devoid of iron and iron-complexing
agents. The iron(III) concentration in the control sample was c. 10~7 mol dm~3

Concentration of pigments [mg dm ™3]

X +SD
iron(I11)
concentrations chlorophyll a pheopigment
[mol dm ?]
<1077 0.19£0.00 1.20+0.00
(control)
5x 1077 0.13£0.00 0.20£0.00
10-¢ 6.44+0.83 0.17+0.03
5x 106 9.32+1.24 0.56+0.19
1075 9.84+1.12 0.67+£0.08
1074 9.254+1.23 0.5140.20
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Fig. 2. Influence of the ionic form of iron(IIT) on chlorophyll a concentrations in
Nodularia spumigena cultures. The results are the means of 9 replicates. Control:
P — BGj; medium devoid of iron and iron-complexing agents. The iron(III)
concentration in the control sample was ¢. 10~ mol dm—3
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Table 2. Chlorophyll a content in Nodularia spumigena cultures grown in media
with different forms of iron(IIT). The data are the means of nine replicates £SD

Concentration of pigments [mg dm 3]

x £SD
iron(IIT)
concentrations ionic iron(III)  complexed iron(I1I)
[mol dm™?] EDTA, CA
5% 1077 0.0340.02 3.1140.38
104 7.76 +1.40 7.2443.15
12

[ ] ionic form of iron(IIT) T

complexed form of iron(I1I)
[EDTA + CA]

10
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Fig. 3. Chlorophyll a concentrations in Nodularia spumigena depending on the
form of iron(III). The results are the means of nine replicates

on standard BGi; medium with iron(III) ions complexed with EDTA
and CA displayed optimal growth conditions with high chlorophyll «
concentrations of 11.28 mg dm~2 and concentration of pheopigment a 0.31
mg dm 3 (Fig. 4).

4. Discussion

The above experiments clearly demonstrate that growth of the Baltic
cyanobacteria species N. spumigena is related to the concentration of iron
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Fig. 4. Optical density (OD) in a population of Nodularia spumigena incubated
in BG1; medium

in the environment. At iron(III) concentrations of 5 x 10~7 mol dm~3
and less, growth of these populations was impossible, and cell mortality
was distinct, considering the high pheopigment a content. Clearly, these
iron-limited conditions are insufficient for chlorophyll a production and
enzymatic processes to take place in the cells. It is also possible that the
physico-chemical form of the metal was unavailable to the N. spumigena
population.

Starting with an iron concentration of 1076 mol dm™3, cyanobacterial
growth was observed and intensified with increasing metal concentration,
up to 107* mol Fe dm™3. A similar tendency was noted in experiments
on Oscillatoria tenuis (Brown & Trick 1992, Trick et al. 1995). The
cyanobacterium was unable to grow well at iron(III) concentrations of
4.1 x 1077, and the highest chlorophyll a concentration was observed
at 4.7 x 107% mol Fe dm™3. Furthermore, in research carried out on
Synechocystis aquatilis and Anabaena variabilis, the stimulatory influence
of raising the iron(IIT) concentration was noted in the concentration range
of 1078 to 5 x 107° mol Fe dm—3. The highest quantity of chlorophyll a was
attained at an iron concentration of 2 to 5 x 107> mol dm—3. However, any
further increase in iron concentration led to an inhibition of growth, and this
ceased altogether once concentrations of 1072 mol Fe dm™3 were reached
(Surosz et al. 1994, Kosakowska 1999). Likewise, in experiments performed
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on another blue-green algae species — Synechococcus sp. PCC 7002 — there
was an obvious inhibition of growth with falling iron(III) concentration, from
4.7 x 1075 t0 3.1 x 1078 mol dm~3. Interestingly, a further reduction in the
iron(III) content in the media was followed by accelerated growth of the
culture resulting from the production of siderophores (Wilhelm et al. 1996).

At high iron concentrations (10~% mol dm~3) neither form of the
metal was preferred by N. spumigena, that is to say, the cyanobacteria
grew equally well in the presence of the ionic and complexed forms of
iron (Table 2, Fig. 3). Soria-Dengg et al. (2001) obtained similar results
in experiments on different forms of ferric complexes. At high iron
concentrations, the growth rate of the diatom Phaeodactylum tricornutum
was not influenced by the form of iron in the medium.

A discussion has been held on the use of EDTA to mimic iron
complexation in culture experiments (Gerringa et al. 2000). Our results
show that the presence of the EDTA-citric acid complex in the culture
media enhanced cyanobacteria growth at low iron concentrations. The
EDTA-Fe complex appeared to be an effective and stable iron (III) source
for N. spumigena under conditions of stress. However, when the iron(III)
concentration was high (10~% mol dm~3), the cyanobacteria were able to
use either the ionic or the complexed form of the metal.

The bioavailability of iron in the sea is evidently influenced by bacteria
that produce siderophores, not only for their own use, but also for
phytoplankton lacking this ability (Soria-Dengg & Horstmann 1995). The
above experiments have demonstrated that the growth of N. spumigena
under iron-limited conditions (5 x 1077 mol dm™2 or less) was strongly
inhibited and that cells began to die within few days. Cultures were
therefore not pre-incubated under metal deficiency conditions, as some other
authors have suggested (Trick et al. 1995, Wilhelm et al. 1996, Kosakowska
et al. 2004). It seems that the cyanobacteria strain examined in the
experiments is unable to produce siderophores by itself, but can probably
utilise the existing ones of bacteriological origin.

Our results show that the growth, and thus, very likely, the bloom form-
ing ability of N. spumigena too, are dependent on iron(III) bioavailability.
The large-scale dilution of riverine loads is thought to be primarily respon-
sible for the trace metal distribution in the Gulf of Gdansk (Pempkowiak
et al. 2000). Owing to the large quantities of iron carried to the sea by
rivers and the atmosphere, coastal regions are regarded as iron-sufficient.
As Rydin et al. (2002) reported, the concentration of bioavailable iron in
the Baltic of > 20 ug dm™2 is high enough to allow N. spumigena and other
diazotrophic cyanobacteria like Aphanizomenon spp. to bloom, despite their
probably high iron demands.
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The iron(IIT) concentration appears to be a further factor contributing
to N. spumigena blooms in the Baltic Sea.
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