
AQUATIC MICROBIAL ECOLOGY
Aquat Microb Ecol

Vol. 41: 233–245, 2005 Published December 30

INTRODUCTION

A number of independent studies have clearly
demonstrated that approximately half of the world’s
oceans are chronically or seasonally Fe-deplete
(Moore et al. 2004). This growth-limiting concentration
of Fe has been suggested to control phytoplankton
production (Boyd 2004). Most (>99%) of the dissolved
Fe in these regions is complexed by strong organic lig-
ands, leaving less than 0.1 pmol kg–1 as free ferric spe-
cies (Rue & Bruland 1995, Wu & Luther 1995). Over the
past decade, several studies have demonstrated that
organic complexation can control Fe concentration and
Fe speciation and thus its bioavailability to marine

plankton (Gledhill & van den Berg 1994, Wu & Luther
1995, Boye et al. 2001). Although uncertainties remain
regarding the source(s) and chemical structure of these
organic ligands, it appears that they fall into 2 distinct
classes: a strong (L1) and a weak (L2) ligand class. It is
currently assumed that L1 is actively produced by
plankton resident in the water column while the
weaker ligand class L2 results from both active pro-
duction as well as the degradation of the L1 group (Rue
& Bruland 1995, Butler 1998, Tortell et al. 1999).
Recently we have proposed that a significant compo-
nent of these Fe-ligand complexes are the products of
cellular mortality (Poorvin et al. 2004). While little is
known about the relative bioavailability and the fate of
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these organic ligands in natural systems, recent
experiments suggest that the chemical nature of these
Fe complexes may influence competition between
prokaryotes and eukaryotes (Hutchins et al. 1999a,
Poorvin et al. 2004).

The similarities between the stability constants
(Lewis et al. 1995, Rue & Bruland 1995) and structural
groups (Martinez et al. 2003, Gledhill et al. 2004) of the
natural organic Fe ligands and those for naturally pro-
duced siderophores has led to a surge of interest in the
microbial component of the marine plankton assem-
blage. It has been demonstrated that marine hetero-
trophic bacteria account for as much as 50% of the bio-
mass (and thus biogenic Fe) in oceanic systems (Tortell
et al. 1999). Furthermore, bacteria contain significantly
more Fe per biomass unit than phytoplankton and are
responsible for significant Fe uptake in Fe-depleted
seawaters (Tortell et al. 1996). In addition, although
several studies have shown that bacterial productivity
was co-limited by carbon and Fe (Church et al. 2000,
Kirchman et al. 2000), other studies suggest that
heterotrophic bacterial productivity may be directly
Fe-limited at low, in situ concentrations (Pakulski et al.
1996, Tortell et al. 1996). Finally, conflicting reports
suggest that Fe may (Eldridge 2004) or may not
(Hutchins et al. 2001, Arrieta et al. 2004) influence
bacterial diversity. Although it is well established that
Fe is efficiently recycled in marine surface waters, the
question of how resources (bottom-up) and predation
(top-down) control this process is not fully resolved.

In marine ecosystems, viruses are typically 5 to 10
times more abundant than bacteria (Weinbauer 2004)
and persist at densities ranging from <104 to >108 ml–1

(Wommack & Colwell 2000), resulting in a global pop-
ulation of ca. 3.5 × 1029 viruses in the world’s oceans
(Wilhelm & Suttle 2000). Moreover, findings suggest
that phages dominate the virus population in aquatic
systems (Fuhrman 1999, Breitbart et al. 2002). As such,
viruses may play an important role in the regeneration
of organically complexed nutrients in aquatic systems
(Gobler et al. 1997, Fuhrman 1999, Wilhelm & Suttle
1999). Very little is known about the chemical nature,
molecular size and bioavailability of nutrients such as
Fe that are released during the phage-mediated lysis
of prokaryotes. Recent laboratory experiments, using
model planktonic organisms, have shown that such a
viral lysis resulted in the release of a range of dissolved
to particulate Fe-containing components and that this
Fe can be rapidly assimilated by other plankton
(Poorvin et al. 2004). Consequently, virus-mediated Fe
regeneration may provide a substantial fraction of total
bioavailable Fe in oceanic systems and may support as
much as 90% of the primary production in recycling-
based HNLC (high nutrient, low chlorophyll) systems
(Poorvin et al. 2004). In parallel, virus activity may also

control prokaryotic abundance in marine systems, es-
pecially when growth conditions are favorable (Wein-
bauer 2004). As such, the control exerted by viruses on
prokaryotic proliferation, and the subsequent destruc-
tion of cells, may explain the increase in organic ligand
concentrations observed during mesoscale Fe fertiliza-
tion—an event which should suppress prokaryotic
siderophore production (Poorvin et al. 2004).

In this study, we hypothesized that lysates may
increase Fe bioavailability by adding to the concentra-
tion and diversity of bioavailable Fe species that are, at
least in part, readily available to the oceanic prokary-
otes. We compared the bioavailability of Fe released
from lysates of the heterotrophic bacterium Vibrio
natriegens PWH3a to that of Fe complexed to a model
synthetic chelator (EDTA) using a heterotrophic bio-
luminescent reporter for Fe availability, Pseudomonas
putida FeLux (Mioni et al. 2003). This bioreporter pro-
duces a luminescent signal which is inversely corre-
lated to Fe bioavailability. Combined with estimates of
Fe assimilation from 55Fe-labeled lysates by the bio-
luminescent bacterial reporter, our data suggest that
organic Fe complexes released during lysis are both
highly available and efficiently assimilated by bac-
terial cells. The bioavailability of Fe complexed to
siderophores produced by the 2 heterotrophic bacteria
(V. natriegens and P. putida) was also examined. Our
data suggest that Fe complexes released from virus-
mediated lysis are more bioavailable than Fe-
siderophore complexes, and validate the use of the P.
putida FeLux bioreporter for these studies. 

MATERIALS AND METHODS

Production of virus-mediated lysates. To reduce Fe
contamination, all nutrient stocks and water used in
this study were treated with Chelex-100 resin (Price et
al. 1988). All culture materials were soaked in dilute
HCl and rinsed with Chelex-100-treated Milli-Q water
prior to use. All manipulations were performed under
class-100 conditions to maintain aseptic and trace-
metal clean conditions.

Virus-mediated lysates of the heterotrophic bac-
terium Vibrio natriegens PWH3a were prepared as
previously described (Poorvin et al. 2004). In brief, V.
natriegens PWH3a cultures were grown in modified
ESAW (enriched seawater, artificial seawater) medium
(Berges et al. 2001) supplemented with glycerol and
55Fe (3.33 nM total Fe concentration) at 25°C for 4 d.
Cells were collected by centrifugation and washed
with Ti(III)-citrate-EDTA (Hudson & Morel 1989) to
remove surface-associated 55Fe. Cells were then resus-
pended in carbon-free ESAW medium supplemented
with non-radioactive Fe (1 nM) and the lytic bacterio-
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phage PWH3a-P1. Bacteria cells and virus particles
were incubated for 24 h to allow for virus infection and
subsequent cell lysis. The dissolved fraction of the
lysate was collected after filtration through 0.22 µm, 47
mm diameter polycarbonate filters. The final Fe con-
centration in the lysate was estimated at 4.33 nmol l–1

(3.33 nM 55Fe and 1 nM Fe).
Estimation of iron bioavailability to Pseudomonas

putida FeLux. P. putida FeLux (Mioni et al. 2003) stock
cultures were maintained at 30°C on Pseudomonas Iso-
lation Agar (Remel) supplemented with 50 µg ml–1 of
tetracycline (Tc). For each experiment an individual
colony was selected and amplified to provide a stock cul-
ture for use with all treatments. Cultures from the se-
lected colony were maintained at 25°C (with shaking) in
microwave-sterilized (Keller et al. 1988) marine broth
2216 (Difco) supplemented with 50 µg ml–1 Tc. Bio-
reporter cells were acclimated in Fe-deficient bacterium
growth enriched seawater, artificial seawater (BESAW)
medium (pFe 21.15, Mioni 2004) and incubated over-
night at 25°C with shaking. The experiment was started
by transferring 2 ml of the overnight-acclimated cell
culture to each replicate tube. All treatments were per-
formed in triplicate. The optical density at 600 nm
(OD600) and light production were measured every 2 h
over an experimental period of 12 h using a spectropho-
tometer (Biomate 5, Thermospectronic) and luminome-
ter (FB-15, Zylux). At each time point, light production
was normalized to estimated cell abundance (OD600).

Treatments supplemented with Fe-EDTA were pre-
pared as described elsewhere (Mioni 2004). Sterile

aliquots of Fe-free BESAW (18 ml) were dispensed into
acid-washed and microwave-sterilized Oakridge
tubes. Fe species within the BESAW medium were
determined using Mineql+ software (version 4.5, Envi-
ronmental Research software). Both pFe (–log [Fe3+])
and Fe(III)’ (sum of the major inorganic Fe species)
were determined for a series of total Fe concentrations
so as to chemically describe the medium (Sunda &
Huntsman 2003) (Table 1). The concentration of Fe
was altered to create an increasing range of modeled
free Fe3+ spanning from pFe 21.15 (Fe(III)’ = 0.93 pM)
to pFe 16.84 (Fe(III)’ = 18.6 nM). The final concentra-
tion of EDTA was maintained constant in all treatments
(100 µM). As previous studies have shown that Fe-
complexed to EDTA is not available to Pseudomonas
putida (Meyer & Hohnabel 1992), the bioluminescent
signal is assumed to be correlated to the free inorganic
Fe species present in the EDTA-buffered treatments.
Light production per OD600 values were converted to
light production per cell using the empirically deter-
mined linear function: y = 3.459 × 108 – 3.611 × 106x,
where y is the number of bioreporter cell ml–1 and x the
corresponding OD600 value. Values are the mean of
triplicate cultures from the 12 h time-point. 

Treatments amended with 55Fe-labeled lysate were
prepared similarly to Fe-EDTA treatments. In these
treatments, EDTA was omitted so that the lysate
mixture was the only source of Fe and Fe ligands.
Increasing volumes of radiolabeled lysate were added
to sterile Fe-free BESAW medium (total volume =
18 ml) to obtain the following final total Fe concentra-
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Fe Total Fe: 5.0 × 10–9 5.0 × 10–8 2.0 × 10–7 5.0 × 10–7 7.5 × 10–7 5.0 × 10–6 5.0 × 10–5

species PFe: 21.15 20.15 19.54 19.14 18.97 18.12 16.84*
Fe(III)’: 0.93 9.3 37 93 140 980 18 600*

Fe3+ 7.15 × 10–22 7.16 × 10–21 2.87 × 10–20 7.19 × 10–20 1.08 × 10–19 7.53 × 10–19 1.43 × 10–17

Fe(OH)2
+ 6.94 × 10–12 6.94 × 10–11 2.78 × 10–10 6.97 × 10–10 1.05 × 10–91 7.31 × 10–91 1.39 × 10–71

Fe(OH)3aq 3.53 × 10–12 3.53 × 10–11 1.41 × 10–10 3.55 × 10–10 5.34 × 10–10 3.72 × 10–91 7.07 × 10–81

Fe(OH)4 2.80 × 10–13 2.80 × 10–12 1.12 × 10–11 2.81 × 10–11 4.23 × 10–11 2.95 × 10–10 5.61 × 10–91

Fe(OH)2+ 6.77 × 10–17 6.77 × 10–16 2.71 × 10–15 6.80 × 10–15 1.02 × 10–14 7.13 × 10–14 1.36 × 10–12

Fe2(OH)2
+ 1.59 × 10–30 1.59 × 10–28 2.55 × 10–27 1.60 × 10–26 3.62 × 10–26 1.76 × 10–24 6.36 × 10–22

Fe3(OH)4
+ 1.66 × 10–39 1.67 × 10–36 1.07 × 10–34 1.69 × 10–33 5.74 × 10–33 1.94 × 10–30 1.34 × 10–26

FeHPO4
+ 1.21 × 10–18 1.21 × 10–17 4.87 × 10–17 1.22 × 10–16 1.83 × 10–16 1.28 × 10–15 2.43 × 10–14

FeH2PO4
2+ 1.68 × 10–24 1.69 × 10–23 6.75 × 10–23 1.69 × 10–22 2.55 × 10–22 1.77 × 10–21 3.37 × 10–20

FeBr2 3.55 × 10–25 3.55 × 10–24 1.42 × 10–23 3.57 × 10–23 5.37 × 10–23 3.74 × 10–22 7.11 × 10–21

FeCl2+ 3.83 × 10–22 3.83 × 10–21 1.53 × 10–20 3.84 × 10–20 5.78 × 10–20 4.03 × 10–19 7.66 × 10–18

FeCl3 (aq) 5.81 × 10–24 5.81 × 10–23 2.33 × 10–22 5.84 × 10–22 8.78 × 10–22 6.12 × 10–21 1.16 × 10–19

FeCl2+ 1.01 × 10–21 1.01 × 10–20 4.07 × 10–20 1.02 × 10–19 1.53 × 10–19 1.07 × 10–18 2.03 × 10–17

FeNO3
2+ 6.70 × 10–25 6.70 × 10–24 2.68 × 10–23 6.73 × 10–23 1.01 × 10–22 7.05 × 10–22 1.34 × 10–20

FeHSeO3
2+ 2.02 × 10–28 2.03 × 10–27 8.12 × 10–27 2.04 × 10–26 3.06 × 10–26 2.13 × 10–25 4.05 × 10–24

FeSO4
+ 5.78 × 10–21 5.78 × 10–20 2.32 × 10–19 5.81 × 10–19 8.73 × 10–19 6.09 × 10–18 1.16 × 10–16

Fe(SO4)2
– 9.30 × 10–22 9.31 × 10–21 3.73 × 10–20 9.35 × 10–20 1.41 × 10–19 9.79 × 10–19 1.86 × 10–17

Table 1. Chemical speciation of Fe in EDTA-buffered bacterium growth enriched seawater, artificial seawater (BESAW) medium.
EDTA = 100 µM, pH 7.8 at 25°C and FeCl3 · 6H2O. Fe(III)’ and pFe estimates are given for comparison to other lab studies only, 
as it is anticipated that Fe concentrations in the highest treatments (*) may result in precipitation in seawater. pFe: –log [Fe3+];

Fe(III)’: sum of the major inorganic Fe species (pM)
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tions: 43.3 pmol l–1, 0.11 nmol l–1, 0.16 nmol l–1,
0.21 nmol l–1, 0.54 nmol l–1, and 4.33 nmol l–1. The last
treatment was composed completely of lysate (100%
v/v). Chelex-100-treated glycerol was supplied
directly to replicate tubes to obtain a similar carbon in
all treatments. For all lysate-amended treatments, in
parallel to bioluminescence and OD600 monitoring,
1 ml of culture was fixed with glutaraldehyde (2.50%
v/v) at time t = 12 h and enumerated by epifluores-
cence microscopy after treatment with acridine
orange (Hobbie et al. 1977) on a Leica DMRXA
epifluorescence microscope.

Lysate assimilation studies. Fe-assimilate in the
lysate-amended treatments was assessed as previously
described (Poorvin et al. 2004). At time t = 12 h, 2 ml of
each lysate-amended treatment were collected by
filtration through 47 mm diameter, 0.2 µm nominal
pore-size polycarbonate filters. Extracellular Fe was
removed by washing the filters with Ti(III)-citrate-
EDTA (Hudson & Morel 1989). Filters were placed into
4 ml scintillation vials and dissolved for 1 h with 500 µl
of ethyl acetate. Scintillation fluid was added prior to
the analyses of 55Fe. Preliminary tests demonstrated
that residual bioluminescence from the bioreporters
does not interfere with the results from the Wallac
scintillation counter (data not shown).

Isolation of siderophores. Batch cultures (ca. 10 l) of
Pseudomonas putida FeLux and Vibrio natriegens
PWH3a were grown in a modified BESAW culture
medium to optimize siderophore production. The
medium was supplemented with 0.5 ml of glycerol
(100%) for V. natriegens PWH3a and 1 ml of glycerol
(100%) for P. putida FeLux. All trace metals except Fe
were identical to that of ESAW medium (Berges et al.
2001). Inorganic Fe was supplemented to the medium
to reach a final concentration of 1 nM. EDTA was omit-
ted from the medium as it has been demonstrated that
it reacts with siderophore assays (Granger & Price
1999). No effort was made to limit trace-metal contam-
ination: the culture media were not treated with
Chelex-100 and were autoclave sterilized. However,
all manipulations were performed with aseptic tech-
niques. Batch cultures were grown to stationary phase
at room temperature in 10 l polycarbonate carboys
containing a Teflon stir bar (ca. 5 d).

Deferrated siderophores were extracted from the
0.22 µm filtrate of the bacterial cultures as described
previously (Wilhelm & Trick 1994, 1995). After acidifi-
cation to pH 3.0, organics in the filtrate were collected
using Amberlite XAD-16 resin (BioRad). The column
was allowed to dry overnight and was washed subse-
quently with Chelex-100-treated Milli-Q water. The
organic fraction containing the siderophores was sub-
sequently eluted with methanol. Extracts were concen-
trated by rotary evaporation and stored at 4°C.

Characterization of siderophores. Extracts were
assayed for Fe-binding compounds by thin layer chro-
matography (TLC) on cellulose plates (Merck) using
methanol:H2O (70:30, v/v) as a solvent. Fe-binding
compounds were resolved by spraying the dried TLC
plate with 1% FeCl3 in ethanol (Wilhelm & Trick 1994).
To estimate the total Fe-binding capacity of these com-
pounds, we performed the Chrome Azurol S (CAS)
assay (Schwyn & Neilands 1987). Standard curves for
the CAS assay were generated with the fungal
siderophore desferrioxamine B (DFB, Sigma). To deter-
mine the chemical nature of the Fe-binding com-
pounds, we performed 2 more assays. Catecholate
moieties were detected using the Rioux assay (Rioux et
al. 1983) standardized with 2,3-dihydroxybenzoic acid
(2,3-DHBA). The modified Csaky test was used to
detect hydroxamate functional groups with DFB as a
standard (Csaky 1948, Gillam et al. 1981).

Determination of the bioavailability of Fe-
siderophore complexes. To assess the bioavailability
of the siderophore extracts, Pseudomonas putida
FeLux cultures were maintained and acclimated as
described above. At time zero, acclimated cells were
inoculated into 18 ml of BESAW medium supple-
mented with 15 nM FeCl3 and 5 nM or 15 nM (Fe-
binding equivalents as determined by the CAS assay)
of the siderophore extract. Comparisons to 2 other
treatments were also made: inorganic Fe (15 nM
FeCl3) and Fe:DFB (15 nM:5 nM). The Fe-DFB treat-
ment was used here as a positive control as we demon-
strated previously that Fe complexed to DFB is not
bioavailable to the P. putida FeLux bioreporter (Mioni
et al. 2003). Bioluminescence and bacterial density
were monitored as described above. All treatments
were repeated in triplicate.

To determine whether Fe bound to the fungal
siderophore DFB was bioavailable to the bioreporter
cells, we evaluated the impact of equimolar Fe:DFB com-
plex additions on the bioreporter in Fe-replete medium
(FeCl3 = 15 nM). Cells were acclimated and prepared
following the same protocol described above. To insure
chemical equilibrium between the added DFB and
Fe(III), DFB was added using 1000-time concentrated
Fe(III):DFB premixed (1:1) stock solutions. At time zero,
acclimated cells were inoculated to 18 ml of BESAW
medium supplemented with 15 nM of FeCl3 plus the
Fe:DFB premix to the final concentrations of 0 (control),
5, 10, 15, and 20 nM. EDTA was omitted from the recipe.
All treatments were triplicated. Assuming that the added
DFB bound to Fe(III) in 1:1 ligand stoichiometry (Rue &
Bruland 1995, Liu & Hider 2002) the total inorganic Fe
concentration was 15 nM in all treatments.

Statistical analyses. Statistical analyses were per-
formed using SPSS (version 12) software. Independent
t-tests (2-tailed), analyses of variance (1-way ANOVA)
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and multiple comparison tests were performed assum-
ing equal variance of mean values. The homogeneity
of variance was tested in each analysis using the Lev-
ene test. ANOVA was used to establish the statistical
significances of variation among different treatments.
In parallel, multiple comparison tests were performed
to ascertain differences. Dunnett’s test was used to
analyze the significance of the variations in the means
of Fe:DFB amended treatments relative to the control
treatment (Corston & Colman 2003). The Tukey’s
honestly significant difference test (Tukey-HSD test)
was used to establish the statistical significance of
variations among treatment means (Corston & Colman
2003). Unless stated, results were considered signifi-
cant at p < 0.05.

RESULTS

Bioavailability of Fe released from 
virus-mediated lysates

Light production by Pseudomonas putida FeLux
bioreporter cells grown in the trace-metal-buffered BE-
SAW medium was characterized by a sigmoidal func-
tion with a linear dose-response portion extending from
pFe 19.54 to 16.84 (Fig. 1A). Linear regression analysis
performed over the linear region using Sigma-Plot soft-
ware (version 9, SPSS) yielded the equation y = 0.0271x
– 0.1023 (r2 = 0.994; where y is the bioluminescent sig-
nal per cell and x the pFe). The luminescent signal was
saturated for pFe values higher than 18.6 as no signifi-
cant differences were observed between the treat-
ments pFe 21.15, 20.15 and 19.54 (ANOVA, p > 0.05).
The results suggest that all high-affinity transport sys-
tems were derepressed in this medium at free Fe3+ con-
centrations lower than 10–19.54 M (ca. Fe’ = 37 pM; total
Fe = 200 nM in EDTA-buffered synthetic medium).

The bioluminescent response of Pseudomonas
putida FeLux in treatments supplemented with in-
creasing levels of Fe from Vibrio natriegens PWH3a
lysates also followed a sigmoidal function (r2 = 0.997;
Fig. 1B). Light production reached a maximal level of
0.370 ± 0.013 relative light units (RLU) s–1 cell–1 in
treatments supplemented with 43.3 to 160 pM Fe. No
significant variations were found between these treat-
ments (ANOVA, p > 0.05). The threshold Fe concentra-
tion for a significant decrease in light production was
reached in the treatment supplemented with 0.21 nM
of Fe (Tukey-HSD test, p = 0.02). As such, the repres-
sion of high-affinity Fe transport systems occurred at
Fe concentrations ≥0.21 nM in lysate treatments
(Figs. 1B & 2), relative to total Fe concentrations
>200 nM (i.e. pFe 19.54) when Fe was complexed to
EDTA (Figs. 1A & 2). This result suggests that Fe pre-

sent in the dissolved fraction of V. natriegens PWH3a
lysate was ca. 3 orders of magnitude more available to
our bioreporter strain than Fe in the trace-metal-
buffered BESAW medium. The dose-response elicited
by the addition of Fe in the form of bacterial lysate was
dramatically greater than when Fe source was pro-
vided as Fe-EDTA complex (Fig. 2). Light production
decreased by a factor of 2 between the treatment
amended with 0.16 nM Fe-lysate mixture and the full
lysate treatment (ca. 4.33 nM of Fe), while it decreased
only 20% between pFe 19.54 and 16.84 treatments.
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Fe assimilation from lysates

The rate of Fe assimilation by the bioreporter cells
from the Vibrio natriegens PWH3a lysates was mea-
sured to investigate the relationship between acquired
Fe and light production (Fig. 3). Short-term Fe uptake
rates did not exhibit saturation characteristics due to
limitations in the Fe concentration of cell lysates. Over
the range of experimental concentrations tested, the
increase in short-term 55Fe uptake rates was directly
proportional to Fe concentrations in the lysate-
amended treatments (log uptake rate = 1.218 × 10–23 +
6.534 × 10–21 log total Fe; r2 = 1; Fig. 3A). This result
suggests that, within the range of concentrations
tested, Fe assimilated by bioreporter cells was directly
correlated to the external concentrations of Fe and
thus that maximal velocity of transport was not
reached.

A comparison between uptake kinetics and biore-
porter luminescent response (i.e. high-affinity trans-
port systems expression) is presented in Fig. 3B. Over
the range of concentrations tested, the biolumines-
cent signal produced by Pseudomonas putida FeLux
decreased as 55Fe uptake rates increased. This sug-
gests a strong correlation (inverse) between biolumi-
nescent signal and Fe assimilation, and as such vali-
dates the use of P. putida FeLux to estimate the
available fraction of Fe in the extracellular environ-
ment. The luminescent signal was saturated for
uptake rates lower than 1.02 × 10–21 (±2.41 × 10–23) as
no significant differences were observed between
these 3 treatments (ANOVA, p > 0.05). However, for
these treatments, 55Fe uptake rates decreased linearly

although Fe-transport systems were fully dere-
pressed. Luminescence production also appeared
quenched by our highest Fe treatment.

Characterization of siderophores

Extracellular Fe-ligand complexes isolated from the
supernatant of both bacterial strains were examined
with CAS assay. For both strains, the Fe-binding prop-
erties of crude siderophore extracts were confirmed
visually by TLC analyses. Assuming that these
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production was measured following 12 h of incubation and
normalized to the number of bioreporter cells ml–1. Error bars
are ±SD between replicates (n = 3) and not shown where 
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Fig. 3. Uptake of Fe from Vibrio natriegens PWH3a lysate by
Pseudomonas putida FeLux. (A) Fe uptake rate as a function
of total Fe concentrations in lysate-supplemented BESAW
(r2 = 1, log uptake rate = 1.218 × 10–23 + 6.534 × 10–21 log total
Fe). Error bars are ±SD between replicates (n = 3) and are not
shown where smaller than the symbol size. (B) Comparison of
Fe bioavailability with Fe uptake. The 4-parameter logistic
function (linear; r2 = 0.999) characterizing the relationship be-
tween these 2 parameters as determined by using Sigma-plot
software (vers. 9, SPSS) is represented. Values marked with
an asterisk were not significantly different from one another. 

All other values showed significant differences (p < 0.05)



Mioni et al.: Bacterial bioreporter of Fe-bioavailablity

siderophores bound Fe in 1:1 ratios, the cultures of
Vibrio natriegens. PWH3a and Pseudomonas putida
FeLux yielded total Fe-complexing concentrations of
9.25 and 12.00 µM, respectively, in the final extract.
These siderophores will be referred to as ‘cat1’ (V.
natriegens ligands) and ‘cat2’ (P. putida FeLux lig-
ands). Both siderophore extracts yielded results below
the detection limits of the Csaky test, implying that
hydroxamate-type binding moieties were absent. In
the Rioux assay, concentrations of >50 and 40.9 µm
catechols were observed for V. natriegens PWH3a and
P. putida FeLux, respectively. The ratio of Rioux to
CAS reactants ([catechol moieties]/[total deferrated
ligands]) was ~3 for cat2, suggesting that this extract
may be dominated by tricatecholate siderophore(s).
cat1 also reacted positively with the Rioux assay but
the concentration of catechols as in excess of the 3:1
(Rioux:CAS) predicted for tricatecholates, suggesting
some other compounds (e.g. phenolics) that reduce Fe
at low pH may have been present in the supernatant of
V. natriegens cultures (Granger & Price 1999).

Assessment of siderophore bioavailability

The bioavailability of the siderophores to the
Pseudomonas putida FeLux bioreporter was examined
in a separate set of experiments and compared to the
bioavailability of inorganic Fe and Fe-DFB complex
(Fig. 4). The concentration of bioavailable Fe in
BESAW medium amended with inorganic Fe (FeCl3)
was not significantly different from BESAW medium
supplemented with Fe-EDTA complex corresponding
to a pFe level of 18.12 (t-test, p > 0.05). DFB addition

resulted in a significantly higher light production rela-
tive to the inorganic Fe treatment (t-test, p = 0.003).
Light production from bioreporter cells grown in the
medium amended with DFB corresponded to the satu-
ration range of the calibration curve (i.e. pFe > 19.54),
suggesting that high-affinity systems were completely
derepressed. This result confirms that DFB complexed
Fe is not available to the bioreporter. 

The impact of DFB on Fe availability was further
confirmed in a set of experiments in which increasing
DFB concentrations were added as DFB:Fe complexes
(1:1 molar ratio) to a BESAW medium supplemented
with 15 nM of FeCl3 (Fig. 5). No significant variation in
the bioluminescent response (ANOVA, p > 0.05; Dun-
nett’s test, p > 0.05) was observed between Fe(III):DFB-
amended treatments compared to the unamended
control. For all treatments, the bioluminescent signals
fell into the linear range of the calibration curve,
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Control treatment was not amended with Fe:DFB complex (0
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size. pFe values computed for each DFB:Fe amended-

treatments are reported in Table 1
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enabling us to determine the concentrations of
bioavailable Fe (expressed as pFe) for these treatments
(Table 2). In all treatments, inferred bioavailable con-
centrations were not significantly different than that of
the pFe 18.12 treatment (ANOVA, p > 0.05). These
data demonstrate that DFB effects on Fe assimilation
and bioreporter light production are a direct response
to perceived bioavailable Fe in the extracellular envi-
ronment (i.e. Fe complexation by DFB when DFB is in
excess). Moreover, the consistency of the results (i.e.
15 nM FeCl3 ~ 10–18.12 M Fe3+ ~ Fe(III)’ = 1.63 nM) high-
lights the reproducibility and sensitivity of the biore-
porter tool.

In contrast to DFB-amended treatments, addition of
either bacterial siderophore extract resulted in a signif-
icant decrease in bioluminescent signal relative to
treatments amended with inorganic Fe (Tukey-HSD
test, p < 0.001). The results suggest that siderophore
addition significantly increased Fe availability com-
pared to the inorganic Fe treatment. All siderophore-
supplemented treatments were at the lower limit of the
linear range of the calibration curve (ca. pFe ~ 16.84).
No significant difference was observed between treat-
ments amended with similar levels of cat1 and cat2
(Tukey-HSD test, p > 0.05 for both 5 and 15 nM addi-
tions). This suggests that Vibrio natriegens sidero-
phores were available to Pseudomonas putida FeLux.
Slight but significant decreases in light production per
cell were observed upon addition of 15 nM sidero-
phore compared to the treatments amended with 5 nM
of siderophore (t-test, p = 0.003 [cat1 5 nM – cat1
15 nM]; p = 0.004 [cat2 5 nM – cat2 15 nM]). However,
light production was never completely ‘switched off’,
suggesting that a basal level of activity of the high-
affinity transport systems was not repressed during the
12 h assay.

DISCUSSION

Two main conclusions can be drawn from this study.
First, independent lines of evidence are presented
which validate the use of the Pseudomonas putida
FeLux bioreporter as a quantitative tool for estimating
the biological availability of Fe in marine medium. The
2 parameters used in this study to estimate Fe bioavail-
ability—bioluminescent signal and Fe uptake—are
strongly correlated. Light production (i.e. the expres-
sion of high-affinity transport systems) from P. putida
FeLux decreased as assimilation rates increased, sug-
gesting a tight relationship between Fe acquisition and
the luminescent response from this bioreporter strain.
Furthermore, the results demonstrate the suitability of
our bioreporter strain to discriminate across ranges of
bioavailability of various Fe-organic complexes. Using
the bioluminescent response of P. putida FeLux, we
were able to rank the Fe sources tested here in a
decreasing order of bioavailability: Fe-cat1 = Fe-cat2 >
inorganic Fe (FeCl3, 15 nM) = inorganic Fe species
from EDTA-buffered treatment (pFe 18.12, Fe(III)’ =
980 pM) > Fe:DFB. Lastly, results from Fe(III):DFB
amended treatments demonstrate that the biolumines-
cent response is impacted by the bioavailable Fe con-
centration and not the total dissolved Fe concentration
in the extracellular environment. Taken together, our
results therefore support the conclusion that the biore-
porter P. putida FeLux could be a valuable tool for esti-
mating variations in the bioavailability of naturally
occurring Fe-ligand complexes in marine systems.

As suggested in Poorvin et al. (2004), the present
study also confirms that viruses infecting prokaryotes
may play a crucial role in planktonic Fe regeneration.
Both the bioluminescent reporter signal and 55Fe
assimilation rates of the bioreporter cells provided a
dosedependent response to increasing Fe from the dis-
solved (<0.2 µm) fraction of Vibrio natriegens lysate. In
addition, these results suggest that Fe from the lysis
products enters the bioreporter cells via multiple trans-
porters, as ferric uptake regulator (FUR)-controlled
high-affinity systems can be repressed (as demon-
strated by reduced light production) while transport
velocities continue to increase. Given the energetic
cost of high-affinity Fe transport system production,
multiple acquisition systems may be advantageous in
Fe-limited environments. Finally, Fe released from V.
natriegens lysate and presented to the bioreporter
resulted in a more significant decrease in the bio-
luminescent signal than when the bioreporter was fed
with its own siderophores. As discussed below, our
results support the hypothesis that Fe released from
lysates is highly bioavailable. Given that these lysates
contain a diverse collection of bound Fe sources, Fe
released from virus-mediated lysis may be acquired
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Treatment Total Fe (nM) DFB (nM) Inferred pFe

0 15 0 17.95 ± 0.05
5 20 5 18.01 ± 0.09
10 25 10 17.99 ± 0.03
15 30 15 17.89 ± 0.42
20 35 20 17.94 ± 0.10

Table 2. Evaluation of the impact of desferrioxame B (DFB)
addition on the bioluminescent signal of Pseudomonas putida
FeLux. pFe values reported here represent the mean value
(±SD) of the pFe determined with Sigma-Plot (version 9.0,
SPSS) ‘Plot equation’ function for each replicate (n = 3 for
each treatment) using the regression analysis performed in
the linear range of the calibration curve in the trace-metal-
buffered BESAW medium. For comparison with Fig. 5, treat-
ments are designated as the total concentration of FeCl3 and 

DFB added
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through specific (e.g. outer membrane receptors) and
nonspecific (e.g. porin channels) transport pathways
(Winkelmann 1990).

Determination of Fe bioavailability from 
virus lysates

Results from the bioreporter and 55Fe assimilation
assays demonstrated that Fe present in the dissolved
phase of Vibrio natriegens lysates was significantly
(ANOVA, p > 0.05) more available to Pseudomonas
putida FeLux than Fe present in Fe-EDTA buffered
medium. These results are consistent with recent
reports (Poorvin et al. 2004). Using 55Fe uptake assays
and the marine bacterium V. harveyi as a model organ-
ism, Poorvin et al. (2004) also observed that Fe
released from the dissolved fraction of virus-mediated
bacterial lysis was more readily assimilated than Fe
complexed to EDTA.

Our inability to saturate Fe assimilation rates for
Pseudomonas putida FeLux in the lysate-amended
treatments while repressing light production indicates
that Fe complexes released from virus-mediated lysis
entered the cells through more than one transport sys-
tems, i.e. both non-specific (low-affinity system) and
specific routes (high-affinity systems) (Winkelmann
1990). It has been reported that high concentrations of
Fe-ligands may contribute to a diffusion-like behavior
while transport systems start operating inefficiently or
are bypassed (Winkelmann 1990). This hypothesis is
supported by the comparison of uptake rates to bio-
reporter bioluminescent response (i.e. high-affinity
transport systems expression). Through the range of
concentrations tested, the bioluminescent response was
not linear, while the 55Fe uptake rate increased linearly.
An indirect linear relationship between light produc-
tion and Fe concentrations was only observed for the 3
intermediate treatments (ca. 0.16, 0.21 and 0.54 nM).
High-affinity transport systems reached their maximal
level of expression at total Fe (<0.2 µm) concentrations
lower than 0.21 nM, and were fully repressed (charac-
teristic of Fe-replete conditions) in the ‘full lysates’
treatment (ca. 4.33 nM). These data highlight one limi-
tation of bioreporters as a tool: the relatively limited dy-
namic range through which they can be used as a
quantitative tool (Durham et al. 2002). However, they
also demonstrate that the linear portion of the dose-
response occurs within the range of dissolved organic
Fe concentrations commonly found in aquatic environ-
ments (Rue & Bruland 1995, Wu & Luther 1995), con-
firming that P. putida FeLux bioreporter is suitable to
assess Fe bioavailability in HNLC environments.

The 55Fe assimilation rates also provide important
data that suggest Fe-uptake rates were directly pro-

portional to extracellular Fe concentrations over the
range of concentrations tested. Therefore, although
the high-affinity Fe transport systems were fully de-
repressed, Fe assimilation rates were lower in the 
Fe-limited treatments. Furthermore, although high-
affinity transport systems were reduced to minimal
expression level in the higher range of concentrations
tested, Fe assimilation increased linearly with higher
55Fe concentrations. If transport rates were only influ-
enced by the density of FUR-regulated membrane
receptors (and thus light production), uptake rates
should have followed Michaelis-Menten saturation
kinetics within the range of Fe concentrations tested.
Such a saturation curve was not observed, even though
we know FUR-regulated transport was repressed. This
highlights the difficulty of characterizing Fe transport
in systems where multiple transporters (and multiple
Fe-complexes) persist. Taken together, these results
suggest that Fe permeated the cells through pathways
that were not FUR-regulated.

Previously size fractionation studies have shown that
the virus-mediated lysis of Vibrio natriegens cells
releases Fe predominantly in the <3 kDa size-fraction
(Poorvin et al. 2004). Previous studies with cyanobacte-
ria (Wang & Dei 2003) have also demonstrated that Fe
present in the <1 kDa size fraction of seawater was
assimilated ca. 1.7 times faster than Fe-complexes of
higher molecular weight (1 kDa to 0.2 µm). It is there-
fore plausible that a fraction of the organic Fe-
complexes released from virus-mediated lysis are
small enough to pass through membrane porins (size
limit ~600 Da, Andrews et al. 2003) and constitute a
non-negligible source of bioavailable Fe. The available
literature data documenting ‘low-affinity’ Fe transport
systems are scarce, and mainly focus on the patho-
genic bacteria Escherichia coli and Helicobacter
pylori (Velayudhan et al. 2000, Andrews et al. 2003).
Several potential transport pathways, including outer-
membrane receptors specific to other metals or cations,
and nonbiologically driven Fe binding to the cell sur-
face, have been suggested; however, a low-affinity
transport system has not been identified to date
(Andrews et al. 2003). Recent experiments on the bac-
terium H. pylori suggest that low-affinity Fe uptake
systems are not sufficient to support optimal growth
even in the presence of high concentration of Fe
(Velayudhan et al. 2000). 

Previous reports also suggest that Fe-uptake systems
involved in the acquisition of Fe from heterologous
ferric-binding ligand complexes are differentially reg-
ulated relative to those involved in the acquisition of
Fe from cognate siderophores (Venturi et al. 1995,
Ratledge & Dover 2000). It has been suggested that an
Fe-acquisition system involving an outer-membrane
ferric reductase associated to an Fe(II)-salicylate shut-
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tle could be a common feature in bacteria (Ratledge &
Dover 2000). Such a pathway of Fe acquisition would
be less specific than the acquisition system involved in
the uptake of cognate siderophores, and may allow
bacteria to acquire Fe bound to a wide range of organic
ligands. 

These results suggest that Fe sources present in
virus-mediated lysates are highly available to hetero-
trophic bacteria and may be internalized into microbial
cells through several routes. Such a transport strategy
is plausible owing to the diversity of the potential Fe
sources in natural systems. If Pseudomonas putida
FeLux (or other) bacterial cells relied only on highly
specific high-affinity transport systems, cells would
have to produce a large variety of specific outer mem-
brane receptors. As such, bacterial cells would be at a
competitive disadvantage given the energetic costs
required to produce and maintain these systems (Grif-
fin et al. 2004). As organic Fe-ligands are often found
in excess in surface seawater (Rue & Bruland 1995, Wu
& Luther 1995), we speculate that microorganisms may
employ multiple Fe-acquisition strategies in oceanic
environments. 

Specificity of Fe-siderophore acquisition and 
cross-utilization

Under our experimental conditions, the biolumines-
cent signal was higher when Fe was provided as inor-
ganic Fe than as an Fe(III)-catechol complex (Fig. 4).
These results suggest that cells require the activation
of the high-affinity transport systems to internalize
inorganic Fe. Although no inorganic Fe(III)-transporter
has been found to date in the outer membrane of
heterotrophic bacteria (Granger & Price 1999), in-
organic Fe may be internalized into cells as Fe(III)-
siderophore complexes through outermembrane re-
ceptors (Winkelmann 1990) or through a broader
Fe(III) exchange mechanism also requiring production
of siderophores (Stintzi et al. 2000). Our results agree
with previous reports which suggest that inorganic
Fe(III)-acquisition by heterotrophic bacterial cells
requires activation of high-affinity transport systems
and the production of siderophores (Granger & Price
1999, Guan et al. 2001). Indeed our results confirm that
the bioluminescence signal is indirectly correlated to
the estimated concentration of bioavailable Fe in the
environment of the bioreporter and not to the total Fe
concentration.

At comparable concentrations, Fe released from Vib-
rio natriegens lysates appeared more efficient at satiat-
ing bioreporter cells requirements than Fe from Fe(III)-
siderophore complexes. This result supports our
hypothesis that Fe released from virus-mediated lysis

enters cells through transport systems other than the
specific outer-membrane receptors. In the case of
siderophores, high-affinity systems need to remain
active to maintain production of outer-membrane
receptors (Andrews et al. 2003). Fe(III)-siderophore
complexes are too large to be internalized by passive
diffusion or non-specific transport in Gram-negative
bacteria (Andrews et al. 2003). Two main mechanisms
for Fe(III)-siderophore transport have been previously
described in Gram-negative bacteria: one specific,
involving ligand exchange at the level of the outer-
membrane receptor, and a second non-specific with a
siderophore shuttle mechanism in which ligands pass
serially through a channel with an Fe(III) exchange
between siderophores (Wilhelm & Trick 1994, Stintzi et
al. 2000). Although Fe acquisition through the ligand
exchange mechanism has been shown to mediate
cross-utilization of exogenous siderophores (Stintzi et
al. 2000), it has also been shown that some outer mem-
brane receptors recognize Fe-siderophore complexes
produced by other species (Winkelmann 1990). The
lack of significant difference observed in the biolumi-
nescent signal between the cat1- and cat2-amended
treatments suggests that in both cases high-affinity
transport systems were probably involved in Fe acqui-
sition. Although both siderophores were available to
Pseudomonas putida FeLux, the luminescent signal
remained higher than observed in the lysate-amended
treatments. These results suggest that a basal expres-
sion of the high affinity-transport systems was re-
quired to maintain the production of transport compo-
nents and may reflect a homeostatic balance between
the cost of the production of such high-affinity systems
and the energy required to sustain cell metabolic func-
tions (Andrews et al. 2003). 

Interestingly, the bioluminescent signal was never
completely repressed by the addition of the most avail-
able form of Fe, the lysates. This observation suggests
that high-affinity transport systems, and probably
other FUR-regulated genes, are not a ‘fully on/off’ sys-
tem. McHugh et al. (2003) observed differences in the
level of derepression between genes involved in Fe
acquisition at identical Fe concentrations. Fe-entero-
bactin uptake genes (such as the fepA acquisition sys-
tem used in our bioreporter) were among the most
weakly derepressed, indicating that such a system is
controlled more by cellular Fe status than by the acqui-
sition apparatus itself. Thus, we speculate that the
background bioluminescent signal may reflect the
basal level of high-affinity transport system expression
required to sustain the increased Fe demand resulting
from the induction of Fe-containing protein synthesis
(e.g. respiratory proteins). Such maintenance of high-
affinity system expression, even under suboptimal Fe
conditions, may also reflect a compromise between

242



Mioni et al.: Bacterial bioreporter of Fe-bioavailablity

maintaining assimilation rates and reducing trans-
porter proteins which also act as targets for bacterio-
phages and antibiotics (Andrews et al. 2003).

In contrast to cat2 and the exogenous cat1, the fun-
gal siderophore DFB sequestered Fe away from the
bioreporter cells. Although it has been shown that DFB
has a toxic effect on eukaryotic cells (Fukuchi et al.
1994, Leardi et al. 1998), we have demonstrated that
this is not the case for our heterotrophic bioreporter
(Fig. 5). Our results do demonstrate that Fe:DFB com-
plex were not available to Pseudomonas putida FeLux,
probably because DFB was not recognized by the
outer membrane receptors (or Fe(III)-ligand exchange
mechanism). Although results based on a single model
organism must be extrapolated with caution, most
studies on aquatic systems also suggest that the fungal
siderophore DFB reduces the bioavailability of Fe to
the planktonic community (Mioni et al. 2003, Weaver
et al. 2003, Eldridge et al. 2004) and that the transport
kinetics of Fe:DFB complexes are not sufficient to
sustain growth (Hutchins et al. 1999b). However, Fe
acquisition from Fe:DFB complexes is still a source of
debate as it has also been suggested that phytoplank-
ton communities can access to at least a fraction of this
chelated Fe (Maldonado & Price 1999) and that the
diatom Phaeodactylum tricornutum could reduce
Fe:DFB complexes by reductases located on the cell
surface and subsequently internalize the reduced Fe
(Soria-Dengg & Horstmann 1995). The utilization of
the siderophore DFB as a carbon source has been
recently reported for 1 isolated soil bacterium, a Rhizo-
bium loti-like organism (Pierwola et al. 2004), but
could represent an adaptation to its ecological niche
since actinomycetes (those that produce DFB) are rela-
tively abundant in soil environments. To date, only 1
marine siderophore (desferroxamine G) closely related
to DFB has been fully characterized, and it is produced
by a symbiotic Vibrio strain not commonly found as
free-living cells in the water column (Martinez et al.
2001). Indeed, one may presume that producing recep-
tors specific to such a rarely occurring trihydroxamate
siderophore would be needlessly expensive for natural
bacterioplankton.

Although the cross-availability of various side-
rophores to diverse aquatic organisms has been docu-
mented for laboratory culture or enclosed-seawater
samples (Trick 1989, Granger & Price 1999, Hutchins et
al. 1999a, Guan et al. 2001, Weaver et al. 2003), the
artificial conditions of these incubation experiments
might be a source of bias. Indeed, it has been argued
that relying on siderophores as a sole Fe source may be
inefficient and energetically expensive in an aquatic
environment due to the strong probability of a diffu-
sion of the siderophores away from the cell (Völker &
Wolf-Gladrow 1999), especially if other microbes could

exploit these newly formed complexes (Griffin et al.
2004). The cost of siderophore excretion by an isolated
heterotrophic cell is also metabolically expensive,
especially where organic carbon may also be limiting
(Kirchman et al. 2000). Models predict that Fe acquisi-
tion through freely diffusible siderophores may be an
efficient strategy in oceanic environment only when
the concentration of organic ligands in the surrounding
environment is high enough to allow the bacteria cell
to use siderophores (cognate and xenosiderophores)
excreted by other cells (Völker & Wolf-Gladrow 1999). 

One way to counter this problem is to produce com-
pounds with reduced diffusive potential in aquatic sys-
tems. Wilhelm & Trick (1994) proposed such a model,
where production of relatively hydrophobic catechol-
type siderophores (like those discussed in this study)
allows cells to maintain a surface concentration of
active chelates. More recently Martinez et al. (2003)
identified cell-associated amphiphilic chelators in
marine bacterial samples and suggested that this cell
association could be a strategy to counter siderophore
diffusion in the oceanic environment. 

CONCLUSIONS

Results from this study reinforce the view that Fe
released from virus-mediated lysis should be an impor-
tant source of bioavailable Fe to bacterioplankton
(Poorvin et al. 2004). Increasing evidence suggests that
viruses play a pivotal role in Fe transfer in aquatic
environments (Gobler et al. 1997, Wilhelm & Suttle
2000, Poorvin et al. 2004). In the case of heterotrophic
bacteria, the bioavailability of Fe in the lysates may be
related to the high diversity of organic Fe species
released through virus-mediated lysis. Considering
the importance of viral lysis in nutrient regeneration,
we speculate that Fe acquisition through molecular
recognition pathways (i.e. siderophore-specific outer
membrane receptor) might not be the main system
used by microbial cells under ambient conditions. The
relatively small size of bacterial cells and the miniatur-
ization of microbial cells observed under Fe limitation
(Eldridge et al. 2004) might enable them to rely on
non-specific Fe pathways such as diffusion through
porins or oxydo-reduction through outer-membrane
ferric reductases. Such processes may explain why
marine prokaryotes are able to sustain higher Fe
assimilation rates and cell Fe:C quotas than eukaryotic
phytoplankton (Tortell et al. 1999). 
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