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This study describes a short-term (12 h) evaluation of iron
(Fe) bioavailability to an Fe-dependent cyanobacterial
bioreporter derived from Synechococcus PCC 7942. Several
synthetic ligands with variable conditional stability
constants for Fe(lll) (K* of 10'%8 to 10309), in addition to
several defined natural Fe-binding ligands and a fulvic acid
of aquatic origin (Suwannee River), were used to elucidate
the forms of Fe that are discerned by this phytoplanktonic
microbe: Fe—HEBD (log conditional stability constant, K*,
=28.1, HEBD = N,\'-di(2-hydroxybenzyl)ethylenediamine-
N,N'-diacetic acid monohydrochloride hydrate), Fe—HDFB
(K* = 30.9, DFB = desferroxamine B), Fe—ferrichrome
(K* = 23.2), Fe—DTPA (K* = 21.1, DTPA = diethylenetrini-
trilopentaacetic acid), Fe—(8HQS), (K* = 20.4, 8HQS =
8-hydroxyquinoline-5-sulfonic acid), Fe—CDTA (K* = 19.8,
CDTA = trans-1,2-cyclohexylenedinitrilotetraacetic

acid), and Fe—EDTA (K* = 19.2). Iron bioavailability
sensed by the bioreporter was related to diffusion limitation
and activity of high-affinity transporters rather than by
siderophore secretion. Iron complexed with a K* < 23.2
contributes to the bioavailable pool; bioavailability could be
explained by disjunctive ligand exchange considerations
and fully, partially, and nonbioavailable complexes could be
distinguished according to their conditional stability
constant. The use of Fe-bioreporters provides a relevant
measurement of bioavailability to an important group of primary
producers in freshwaters (cyanobacteria) and is thus a
promising technique for understanding Fe cycling in aquatic
systems.

Introduction

Iron (Fe) is an essential nutrient known to limit primary
productivity in vast regions of the oceans (e.g., (1)), and in
some large lakes (e.g., (2, 3)). Given the important nutritive
role played by Fe in phytoplankton metabolism and their
respective roles in the global carbon cycle, much interest
has been focused on understanding Fe uptake and limitation
to phytoplankton (e.g., (4)). In situations of steady state
between the surface of the organism and the solution, the
Hudson and Morel Fe’ model describes the direct uptake of
Fe(III) in its free ion and soluble Fe(OH), forms (defined as
Fe’) by eukaryotic phytoplankton (see ref 5). Iron bioavail-
ability to phytoplankton is a challenge due to the low solubility
of Fe(Ill), an active redox cycle, slow reaction kinetics,
important associations of Fe(III) with poorly defined organic
ligands that can be photodegraded under natural conditions,
and highly specific biological uptake strategies. Both the
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diffusion and the kinetic nature of chemical reactions have
been examined for Fe using growth responses and metal
internalization by coastal and oceanic phytoplankton (5, 6).
As an illustration of the complexity of iron bioavailability,
FeEDTA was not bioavailable to several oceanic phytoplank-
ton (e.g., (5, 7, 8)), whereas weaker and stronger iron
complexes were bioavailable to prokaryotic and eukaryotic
phytoplankton (9—11). The recent development of an Fe-
dependent bioreporter (12) presents the unique advantage
of providing a sensitive and rapid (12 h) measurement of Fe
bioavailability at the spatial and temporal scale of living
microorganisms. In general, the capacity of an organism to
out compete chelators for Fe in solution will depend on its
biological requirement, mode of iron acquisition (reductase
(8), siderophore (13), physiological status (e.g., induction of
high-affinity Fe transporters (6), or siderophore excretion
(13)), and ability to recognize Fe—siderophore complexes (9,
10). In both eukaryotic and prokaryotic phytoplankton,
exogenous Fe must first interact with a siderophore, a
reductase, or a transporter prior to being internalized by the
organism. In the case of enhanced Fe bioavailability (i.e.,
higher than predicted by [Fe’]), complexed Fe might con-
tribute to the bioavailable pool of Fe. Under these circum-
stances, Fe must be exchanged from a ligand in solution (L)
to a biological binding site (X) either in solution (e.g.,
siderophore) or at the surface of the organism (e.g., reductase
or transporter). Adjunctive or disjunctive exchange can be
considered to control iron bioavailability (cf., (14)). Due to
low free Fe concentrations and high stability constants,
adjunctive exchange mechanisms with the formation of
ternary complexes (L—Fe—X) might be favored. Since the
formation of intermediate ternary complexes is poorly
characterized, disjunctive exchange will be considered in
this study. The formation of Fe—X and Fe—L is usually limited
by the water-loss rate (k-., Eigen—Wilkens mechanisms, see
refs 15, 16), which is poorly dependent upon the nature of
the ligand. As a consequence, the dissociation constant of
a Fe complex is inversely related to the conditional stability
constant of the Fe complex, and thus, exchange of Fe can be
predicted on the basis of the stability constants and
concentrations of Fe—L and Fe—X.

In the present study, a cyanobacterial Fe-dependent
bioreporter (KAS 100) developed to assess Fe limitation under
natural conditions (I7) was used to understand the Fe-uptake
process and Fe bioavailability. Production of biolumines-
cence by the bioreporter occurs under iron deficiency, when
no more intracellular Fe is available to bind the repressor
(Fur), leading to its release from DNA and expression of the
targeted gene [isiAB; (17, 18)]. Both dose—response and Fe-
55 bioaccumulation experiments (12 h and 40 min) were
used to understand the effect of Fe chemical speciation on
the bioavailability of complexed Fe. Several synthetic ligands
with variable conditional stability constants for Fe(IIl), in
addition to several defined natural Fe-binding ligands and
afulvic acid of aquatic origin, are used to elucidate the forms
of Fe that are discerned by this cyanobacterium.

Materials and Methods

Growth Media and Strain Preparation. Particulars of the
protocol for maintaining the Synechococcus bioreporter are
detailed in ref 17; the experimental conditions used here
provide a maximal bioluminescent response by the cyano-
bacterial bioreporter (17). In brief, the Fe-bioreporter was
maintained in a defined medium (BG11 (19)) wherein iron
ammonium citrate was replaced by equimolar amounts of



FeCls, resulting in an enriched Fe’ concentration of 33 uM
([Felwt = 37 uM). Iron speciation was calculated using
MINEQL+ (ver. 4.5). Cultures were maintained at room
temperature (20—25 °C) under constant light (18—20 ymol
quanta-m~2-s7!) and were transferred monthly into fresh
media (20-fold dilution).

Prior to experimental use, the bioreporter was acclimated
to mild Fe deficiency in a two-step transfer into new media.
Synechococcus was maintained in Fe-enriched BG11 (5—8
weeks) then transferred (20-fold dilution) into a medium
(medium 1, see below) resulting in a 2-fold lower [Fe]o ([Fe’]
=14uM). Medium 1 consisted of a 1:1 mix of non-Fe-enriched
BG11 (Sigma)/Fraquil Fe-enriched ((20), [Feli: = 1 uM instead
of 0.45 uM). After 3—4 days of exponential growth, Synecho-
coccuswas transferred (20-fold dilution) into Fraquil (medium
2) resulting in [Fe’] of 0.68 pM. The bioreporter was used
following 2—4 days of exponential growth in medium 2. The
bioreporter was maintained in an incubation chamber
(Percival Scientific) at 18—19 °C under constant light
(fluorescent tubes, 50—55 ymol quanta-m~2-s~!) and gyrotary
shaking (100 rpm) during acclimation.

Biological and chemical contamination was avoided by
manipulation under a HEPA laminar flow hood, sterilization
of solutions by 0.2-um filtration (acid-washed polycarbonate
membrane filters) or microwave, use of deionized water
(MilliPore Gradient), and the use of acid-washed polycar-
bonate containers (soaked in 0.5% HCI [Fisher, trace metal
grade], rinsed 7-fold with deionized water, and dried under
HEPA laminar flow). Stock solutions of macronutrients were
treated with Chelex-100 resin (BioRad, (21)) to reduce trace
metal contamination. Synechococcus was grown in the
presence of 20 mg-L! of kanamycin and spectinomycin to
ensure the genetic integrity of the bioreporter, but the
antibiotics were omitted from the experimental test media.

Experimental Solutions. The effect of Fe speciation on
the bioreporter was assessed using two types of solutions
(pH 6.8—6.9) based on Fraquil medium (NaNOs, 10~* M; K-
HPO4, 1075 M; CaCly, 2.5 x 107* M; MgSO4, 1.5 x 1074
NaHCOs;, 1.5 x 107* M): (i) Fraquil media with various Fe’
concentrations (Table 1) and (ii) solutions with constant total
Fe concentration (1077 M) and various concentrations of
ligands (Table 2) in the absence of micronutrients. For the
Fraquil media with various [Fe], Fe speciation was manipu-
lated by addition of variable total concentrations of Fe and
EDTA. Free concentrations of all other trace metals present
in the Fraquil medium were kept constant. The effect of
various amounts of ligands to decrease the bioavailability of
Fe was assessed by using both synthetic (EDTA [Sigma], CDTA
[Fluka], DTPA [Fluka], 8HQS [8-hydroxyquinoline-5-sulfonic
acid, Sigmal, HEBD [N,N’-di(2-hydroxybenzyl)ethylenedi-
amine-N,N’-diacetic acid monohydrochloride hydrate,
Sigmal), and natural organic ligands (Suwannee River fulvic
acid [SRFA; International Humic Substance Society, St. Louis,
MO], desferroxamine B [DFB, Sigmal], and ferrichrome
[Sigma]). DFB and ferrichrome are hydroxamate-type sid-
erophores similar to siderophores excreted by Synechococcus
PCC 7942 (22). Stock solutions of synthetic ligands were
prepared at 107 M and adjusted to pH 6 using trace metal
grade NaOH (Alfa-Aesar) and HNOjs (Seastar). Iron contami-
nation was checked with graphite furnace atomic absorption
spectroscopy (GFAAS, Perkin-Elmer AA600). To reduce photo-
and thermal degradation, solutions were maintained in the
dark at 4 °C or —18 °C. For each ligand (except SRFA), the
conditional stability constant for the major Fe complex
formed (see Table 2) was calculated using the stability
constant obtained from NIST (2004, ver. 8) transformed to
an ionic strength of zero using the Davies equation prior to
insertion in the MINEQL+ (ver. 4.5) database.

Bioreporter Assay. Prior to experimentation, bioreporters
were isolated by gentle filtration (<30 kPa) onto a 0.4-um

TABLE 1. Iron Speciation in Experimental Media Used for
Calibration?

[Feloi (M)~ —loglFe®*]  [Fe]1(M)  [FeEDTA] (M)
4.5 x 1077 19.9 1.9 x 107" 3.9 x 1077
1.0 x 1077 20.5 43 x 107" 8.7 x 1078
45 x 1078 20.9 1.9 x 10712 39x 1078
1.0 x 1078 21.5 43 x 107" 8.7 x 107°
7.5 x 107° 21.7 3.2x 107" 6.6 x 107°
4.5 x 107° 21.9 1.9 x 10713 3.9 x 107°
1.0 x 107° 22.5 43 x 107 8.7 x 10710
4.5 x 10710 22.9 1.9 x 10714 3.9 x 107"
2.8 x 10710 23.2 1.2 x 10714 2.4 x 10710
1.0 x 1078 22.5 43 x 107 8.7 x 107°
45 x 1079 22.9 1.9 x 10714 3.9x10°°
2.8 x 107° 23.2 1.2 x 10714 2.4 x 107°
5.5 x 10710 23.2 1.3 x 1071 4.8 x 10710
1.4 x 107° 23.2 1.3 x 1071 1.2 x 107°°
5.5 x 1079 23.2 9.6 x 10715 4.8 x 1079
8.3 x 107° 23.2 7.5 x 107" 7.2x107°

2 Totaliron ([Felw), free iron [Fe3*], weakly bound iron ([Fe’] = Y[Fe3*]
+ major [Fe(OH),] species in solution; for Fraquil [Fe(OH)s(aq)] and
[Fe(OH),"]) and [FeEDTA] are shown. Data from two sets of solutions
(separated by an empty row) are presented: (1) the solution used for
standard calibration and (2) solutions used to verify the contribution
of complexed iron to the measured bioavailability. The first set of
solutions was obtained by decreasing [Fel.q, slightly increasing [Cal;ot,
and keeping constant the concentrations of EDTA (5 x 1076 M) and the
other trace metals present in the Fraquil medium (free metal concen-
trations, see Morel et al. (20)). In this case, [Fe3'] is proportional to all
iron species in solutions. The second set of solutions was obtained by
increasing 10-fold the concentration of every trace metal and EDTA as
compared from Fraquil (upper part) or by varying EDTA, Fe, and other
trace metals so that the proportionality observed in set 1 does not exist
(lower part).

pore-size polycarbonate membrane filter, washed with a
chelating solution (1 min in 107> M EDTA in macronutrients
from the Fraquil medium, except Ca and Mg), rinsed 3-fold
in trace metal-free Fraquil medium, and resuspended in 1—2
mL of trace metal-free Fraquil medium. The bioreporter was
added in the various experimental solutions to an initial
concentration of 8—10 x 10? cell-mL™! (estimated surface
area of 7.4—9.2 x 10° um?-mL™! assuming spherical cells), as
determined using an electronic particle counter (Coulter
Counter, Multisizer 3). Following a 12 h incubation under
constantlight (50—70 umol quanta-m~2-s7!) at 19 °C, cellular
density and bioluminescence were measured for each
experimental condition. Decanal (Sigma) was added (final
concentration = 60 xM) to provide a substrate to react (5
min in the dark) with the bacterial luciferase. Biolumines-
cence was determined over 20 s using a luminometer (Zylux
FB 14; following a 15 s delay in the dark) and normalized to
cell density. Each complete experiment was performed at
least twice with 2—3 replicates per treatment.

Iron Bioaccumulation Experiments. Since the expression
of bioluminescence shows a hyperbolic dependency upon
photon flux intensity of photosynthetically active radiation
during exposure, most experiments were performed under
constant light (17). Short-term (40 min) Fe-uptake experi-
ments, in light (65—70 umol quanta-m~2-s7!) or in dark at 19
°C, were performed in Fraquil (where micronutrients were
omitted) in the presence of 1077 M total Fe and various
concentrations of EDTA, CDTA, and DFB. Synechococcus
growing exponentially at two levels of exogenous Fe (medium
1 and medium 2) were used in these experiments. Long-
term (12 h) exposures were performed under light (65—70
umol quanta-m~2-s71) at 19 °C with various [Fe’] in complete
Fraquil media. Radioactive Fe ([**Fe]-FeCls, specific activity
69.64 mCi-mg~!, Perkin-Elmer Life Sciences) was used to
measure Fe uptake by the bioreporter. °Fe was added at
0.025 versus 0.05 uCi-mL~! to biomass levels of 8 versus 20



TABLE 2. Description of Ligands Used to Measure Fe Bioavailability?

ligand (L)

desferroxamine B (DFB)

N,N’-di[2-hydroxybenzyllethylenediamine-N, N'-diacetic acid

monohydrochloride hydrate (HEBD)
ferrichrome
diethylenetrinitrilopentaacetic acid (DTPA)
8-hydroxyquinoline-5-sulfonic acid (8HQS)
trans-1,2-cyclohexylenedinitrilotetraacetic acid (CDTA)
ethylenedinitrilotetraacetic acid (EDTA)
Suwannee River fulvic acid (SRFA)

major Fe complex at pH 6.9

(% total Fe) K K*
FeHL (100%) 42.7 30.9
FeL (100%) 41.6 28.1
FeL (100%) 31.0 23.2
Fel (99.8%) 31.2 21.1
Fel; (0.3%)¢ 23.4 20.4
FeL (99.7%) 32.7 19.8
Fel (84.9%) 27.7 19.2
Felo? L, =33
Felp? Lp,=5

2 Ferrichrome and DFB are hydroxamate siderophores produced by fungi; HEBD, EDTA, CDTA, DTPA, and 8HQS are synthetic organic ligands,
whereas SRFA is a natural organic ligand. The major complex present was calculated using MINEQL+ (ver. 4.5) and an updated database (NIST,
2004, ver. 8; stability constants were adjusted to 0 ionic strength using the Davies equation prior to being used in MINEQL). ? Conditional stability
constants were calculated by dividing the corresponding K by the ratio total ligand/free ligand in the absence of iron. Stability constants for SRFA
were derived from VisualMINETQ (J. P. Gustafsson, KTH, Department of Land and Water Resources Engineering, Stockholm, SW; ver. 2.31) using
all default parameters considering 100% of colored dissolved organic matter as fulvic acid. Since complexation of Fe by FA is complex and poorly
characterized, no conditional stability constants were calculated. ¢ On the basis of the stability constant from NIST, for 8-fold excess (8HQS),, only
16.4% of Fe(8HQS), can be calculated (competition with H*, Kuygnas = 8.78), although a maximal luminescence (i.e., decrease of iron bioavailability
from 1077 to 10~° M) is measured. An increase of 10% of the log Kresras), resulted in 26.6% and 97.1% Fe(8HQS), for 1- and 8-fold excess (8HQS),,
respectively. Since the stability constants defined in NIST could not explain our observations, the relative bioavailability of 8HQS was calculated

assuming a negligible competition for the binding to the proton.

x 10* cellssmL™!; short-term exposures required higher
radioactivity and initial biomass. Initial dissolved Fe and *°-
Fe were determined by GFAAS and liquid scintillation (LKB
Wallac RackBeta model 1219), respectively. At the end of the
accumulation phase, Synechococcus was washed with a
modified oxalate solution (0.1 M, pH 8) to determine
intracellular Fe. The concentration of EDTA and citric acid
recommended in the oxalate solution (23) was decreased
10-fold (to 5 mM) in order to avoid toxicological effects (24);
in addition, NaCl and KCl were omitted to reduce ionic
strength. The washing efficiency of the oxalate solution for
various washing times (24) was optimal after 20 min. Surface-
adsorbed Fe was determined by subtracting intracellular Fe
from the total particulate Fe. To express internalization fluxes,
cellular density was used to normalize intracellular Fe.

Results

Calibration of the Bioreporter. Cellular bioluminescence of
the bioreporter is related in a sigmoidal dose—response
manner to the free Fe concentration (pFe or —log [Fe3']) in
the Fraquil media (Figure 1A, circles). Cells in the experi-
mental treatments were growing during the 12 h exposure
period. Cellular bioluminescence increased at pFe = 20.9, as
expected if PisiAB was de-repressed (and thus Fe—Fur
dissociates) by a decrease in the bioavailable level of Fe.
Bioluminescence was related to pFe up to pFe 22.5 (linear
slope close to 1 in a log—log graph (0.97), > = 0.95, n = 8).
For very low free Fe concentrations (pFe < 22.9), the response
of the bioreporter reached a plateau of maximal response
(Fe—Fur fully dissociated). Thus, the bioreporter can be used
to sense Fe bioavailability for low free Fe concentrations
(pFe 20.9—22.5).

Fe Bioavailability in the Chemically Defined Media. If
pFe is proportional to all Fe species in solution (i.e., [Fe]i
variable, constant [EDTA] = 5 uM, Figure 1A circles, Table
1) then it cannot be concluded that the bioreporter responded
exclusively to [Fe®*'] in media. For if we assume that the
bioreporter responds exclusively to [Fe*'] (i.e., Fe3" is the
only bioavailable form), then the cellular luminescence would
be constant for the same pFe. As shown in Figure 1A (squares),
the response of the bioreporter cannot be related only to
pFe. Variable responses observed in Figure 1A can be reduced
by plotting the cellular luminescence against total Fe
concentrations ([Fe],) in solution (Figure 1B), demonstrating
that other Fe species (in addition to Fe*") could interact with

the Fe—Fur complex inside the organism and reduce biolu-
minescence. On the basis of MINEQL+ calculations, free Fe
is a minor species present in solution (<0.001%), whereas
other Fe species predominate (0.3% Fe(OH),, 12.6% FeO-
HEDTA, 87% FeEDTA). When the response of the bioreporter
is presented as a function of the sum concentration of all
Fe—EDTA complexes a sigmoidal relationship is evident
(Figure 1C), suggesting that the Fe complexed by EDTA
significantly contributes to bioluminescence—within the
construct of this experiment we cannot discern which EDTA—
Fe species directly contributes to Fe bioavailability. The
bioavailability of Fe bound to EDTA indicates that weaker Fe
complexes present in solution, such as Fe(OH),, were also
bioavailable to this bioreporter. In this case, response of the
bioreporter must be related to [Fe], (i.e., [Fe] that is
bioavailable, Figure 1B). The detection window of the
bioreporter thus ranged from 0.5 to 45 nM bioavailable Fe.

The effect of other ligands on Fe bioavailability was also
assessed in Fraquil where micronutrients (other than Fe)
were omitted. In the absence of nutrients, the dose—response
curve follows a similar sigmoidal shape as in Figure 1B, which
is horizontally displaced to the right. A significant increase
of luminescence is observed for bioavailable concentrations
of Fe < 1077 M and maximal luminescence below 1079 M
(17).

Fe Uptake by the Bioreporter. Intracellular Fe increased
linearly over 27 h of exposure. During that period of time,
no significant decrease of total dissolved Fe in solution was
measured (<11%). Intracellular Fe measured after 12 h in
complete Fraquil was used to calculate internalization fluxes
(Jint, Figure 2). Iron flux can be predicted by the existence of
a simple saturable Fe-transport system (Michaelis—Menten
equation, Figure 2; see ref 16 for mathematics and limita-
tions). A maximum uptake capacity of (24 + 3) amol
Fe-cell !-h™! occurred when [Felyi, exceeds 4 x 1077 M and
a half-saturation of transporters is observed at 1077 M
bioavailable iron. For lower concentrations of bioavailable
Fe ([Felvio < 1077 M), Jincis linearly related to [Fe]y, in solution
(slope close to 1 inalog—loggraph (0.92), *=0.97, n =4-8).

Short-term exposure (40 min) limits biological responses
such as siderophore induction and secretion, which would
confound interpretation. In this case, short-term Fe bioac-
cumulation can be used to differentiate the cause of the
observed enhanced Fe bioavailability, either caused by the
excretion of siderophore(s) or by the existence of a high-
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FIGURE 1. Cellular bioluminescence measured after 12 h of exposure in Fraquil media with variable iron speciation. The total concentration
of Fe was varied (4.5 x 1077 to 2.8 x 10~'° M, @) and [EDTA] was kept constant (5 x 105 M). Both total iron and total EDTA were varied
(O). Cellular bioluminescence of the Synechococcus iron-bioreporter was plotted against the calculated (MINEQL+) pFe (—log[Fe*']) (A),
[Felio: (B), and [FeEDTA], where [FeEDTA] represents 87% of total Fe and is proportional to the concentration of all Fe—EDTA complexes
in solution (C). Experiments were performed under light (55—60 zmol quanta-m~2-s~') at 19 °C. Error bars represent the standard deviation
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FIGURE 2. Internalization uptake fluxes (Ji,) observed in complete
Fraquil media with various iron concentrations. Ji,; was related to
the [Fe] bioavailable ([Fe]s,) in the Fraquil media (i.e., [Felw)-
Experiments were performed under light (65—70 zmol quanta-m—2-
s~") at 19 °C. Error bars represent the standard deviation (n = 4—8).
The solid line represents the fit to the Michaelis—Menten uptake
equation. The dashed line represents the calculated maximal supply
of Fe’ due to spherical diffusion. Diffusive flux was calculated on
a per cell basis using the average cellular surface (9.2 + 1.9 um?,
n = 58).

affinity iron-transport system. Short-term bioaccumulation
experiments were performed in the presence of 1077 M Fey,
and various concentrations of DFB, EDTA, and CDTA under
light (Figure 3). Increasing [DFB] reduced Fe uptake, whereas
increasing the concentration of EDTA and CDTA up to 1076
M failed to reduce Fe uptake with respect to uptake in the
absence of ligands. Indeed, small additions of EDTA sig-
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FIGURE 3. Intracellular iron following a short-term (40 min)

incubation in 10-7 M iron in the presence of various concentrations
of synthetic ligands. Experiments were performed under light (65—
70 ymol quanta-m-2s~', open symbols) and under dark (closed
symbols) at 19 °C. Error bars represent the standard deviation (n
= 4).

nificantly improved Fe biological uptake, probably due to
solubilization of Fe by EDTA. The Fe-uptake capacity of the
bioreporter was not affected by Fe-replete status since cells
grown in medium 1 ([Fe’] 14 uM) showed similar
intracellular content after 40 min of exposure (data not
shown). These results suggest that the contribution of Fe
bound to EDTA to Fe bioavailabilty was not due to the
presence of siderophore(s) in solution. In the presence of
EDTA, no significant differences in Fe uptake were observed
when experiments were performed in the dark (Figure 3).
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following a 12 h incubation. Effect of various ligands: (A) synthetic organic ligands (EDTA v, DTPA OJ, CDTA v, HEBD 4, and 8HQS @)
and (B) siderophore-like ligands (DFB O, ferrichrome ®). (C) The effect of natural organic ligand (SRFA) on cellular bioluminescence was
also assessed. Experiments were performed under light (65—70 #mol quanta-m~2-s~") at 19 °C. Error bars represent the standard deviation

(n = 4-8).

Definition of Fe Bioavailability Sensed by Synechococcus
PCC7942. For Fe complexes (FeL such as FeEDTA) to become
bioavailable, an exchange of ligand either to a siderophore
in solution or to a high-affinity protein on the surface of the
organism (FeX) must generally occur. The stability constants
of the two Fe complexes (Krex and Krer) and concentrations
ofligands (L and X) will determined if the exchange of ligand
occurs (see above). In these experiments the nature and
concentration of the biological binding sites (Krex and [X])
remained constant, whereas K. and [L] varied. Several types
of ligands with various binding groups and binding affinities
(Table 2) were used to titrate 1077 M total Fe in Fraquil
medium in the absence of other trace metals and organic
ligands. At this concentration of Feo, no significant cellular
luminescence was observed. No increase of bioluminescence
was expected if the added ligand does not decrease Fe
bioavailability. On the other hand, if the Fe complex formed
(assuming a 1:1 Fe complex [see Table 2 for stoichiometry
of the complex formed] and no significant competitive
binding by Ca, Mg, and H) was not bioavailable to the
bioreporter then the cellular bioluminescence would be
expected to increase with [L] up to [L] = [Fe] = 10~7 M, (since
maximal bioluminescence was observed below 1072 M Fepo).
The ligands DFB, HEBD, ferrichrome, DTPA, and 8HQS
effectively decreased Fe bioavailability sensed by the biore-
porter (Figures 4A and 4B). In contrast, increasing [EDTA]
and [CDTA] up to 4—5 uM did not increase bioluminescence,
as noted above (Figures 1C and 3).

The relative bioavailability (Figure 5) of the organically
complexed iron to Synechococcus can be determined by
considering the ratio of the observed to the predicted
concentration of ligand that is required to achieve maximal
bioluminescence (assuming a nonbioavailable complex, i.e.,
relative bioavailability = 1). In this case, strong Fe complexes
with log conditional stability constant (K*) > 28.1 were not
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FIGURE 5. Relative bioavailability of several Fe complexes to a
cyanobacterial Fe-bioreporter as a function of their conditional
stability constant. Relative bioavailability is calculated as the ratio
of the observed concentration of ligand to the predicted concentra-
tion of ligand to achieve the level of maximal response (biolumi-
nescence) of the bioreporter. The observed concentration of ligand
is derived from a titration of 10~7 M total Fe with the ligand of
interest. The predicted concentration of the ligand is determined
by thermodynamic considerations as the concentration of ligand
that decreases bioavailable Fe to a concentration of 10~° M, the
threshold where cellular luminescence hecomes maximal under
the conditions use in these experiments. At a ratio of unity, the Fe
complex is nonbioavailable; fully bioavailable Fe complexes are
considered to have a ratio of >40.

bioavailable (e.g., DFB and HEBD; Table 2). However,
relatively weak ligands (K* < 19.8) such as EDTA and CDTA
were fully bioavailable (i.e., relative bioavailability >50 and
40, respectively, Figure 5). In accordance with ligand exchange
considerations, intermediate Fe complexes (K* 20.4—23.2)
such as ferrichrome, DTPA, and 8HQS were partially bio-



available, with a decrease in Fe-complex bioavailability
concomitant with an increase in Fe-binding affinity (i.e.,
maximal luminescence observed for 1.3-, 1.4-, and 8-fold
excess of predicted [L] considering nonbioavailable Fe
complexes of ferrichrome, DTPA, and 8HQS, respectively,
Figure 5). The bioavailable fraction of Fe sensed by the
bioreporter can then be defined as the sum of [Fe?*'] + [Fe-
(OH)4] + [FeLl; for K*geri < 1022 M™L. For organic Fe complexes
that are partially bioavailable to Synechococcus (K* = 19.8—
23.2), the ratio of the ligand to metal is expected to influence
bioavailability.

Suwannee River fulvic acid can reduce the bioavailability
of 1077 M Fey,, as sensed by the bioreporter (Figure 4B). At
concentrations of SRFA greater than 1 mg-L™!, an increase
of luminescence was observed, indicating that Fe bioavail-
ability was reduced. When the concentration of SRFA
increased, a first sharp increase of luminescence (up to 2 mg
SRFA-L™) followed by a slight increase of luminescence up
to the maximal level (reached for 15 mg SRFA-L™!) was
observed (Figure 4C), aresponse consistent with the existence
of two distinct Fe-binding groups for SRFA (Table 2).

Discussion

Parameters Limiting Fe Uptake. The maximal uptake flux
foriron, calculated according to Michaelis—Menten kinetics
(Figure 2), was similar to that observed for the coccolitho-
phorid Pleurochrysis carterae (5). Application of Michaelis—
Menten kinetics to trace metal uptake relies on several
assumptions (16), such as a rate-limiting internalization
process (see below). Limitation of uptake due to both
diffusion of bioavailable Fe species and kinetic association/
dissociation of Fe with the transporter have been reported
(5, 6, 25). To verity which phenomena limited Fe uptake by
the Synechococcus bioreporter, the apparent internalization
constant (kin) was calculated by dividing Ji, to total adsorbed
Fe (seeref 15). The small apparent kin ([5.3 £2.1] x 1076s71),
ca. 130 times smaller than that for P. carterae (5), did not
suggest any kinetic limitation with the transporter to Fe
bioaccumulation. In fact, this small ki, results in long turnover
time, which might not be realistic with conventional mem-
brane transporters. For small microorganisms, maximal
diffusive supply of metal (i, mol-cm2+s~! or mol-cell !-h™!
using the average surface area of Synechococcus) can be
calculated using radial diffusion considerations (eq 1; (26)),
where Dr. is the coefficient of diffusion of bioavailable Fe
species (Fepio and Dreqm = 5.3 x 107¢ cm?-s™! (27) corrected
for 20 °C) and R is the cellular radius (7.7 x 1075 cm):

Jaigr ™ = (Dre/ B) [Felyo (D

The diffusive supply of Fe?' alone could not support the
measured internalization fluxes to the bioreporter (Juir 10'°
times < Jing Figure 2). In light of the Fe’ model (5, 8), diffusion
limitation occurs since the diffusive supply of Fe’ is smaller
(10—20-fold; assuming Dreqmy = Dre) than the measured
uptake fluxes. In this case, a strong concentration gradient
of Fe’ between the solution at equilibrium and the cell surface
(where [Fe’] = close to zero) will induce dissociation of the
complexed Fe species (26). Thus, the relative contribution
of the complex FeL (Juin, €q 2 (26)) will directly depend on
its dissociation constant (kg) and its diffusion coefficient in
the reactive layer around the cell (26). Dissociation (kq) and
association (kg constants can be calculated considering the
Eigen—Wilkens mechanism and using (k-,,and outer sphere
constant [Kos])

Jyin = ukqlFell )

where u is the reactive layer thickness around the cell (u =
V[ Dre/ (ki[LD)]).

In an extreme situation, all complexed species can
contribute to internalization by becoming bioavailable. It
follows that the potential diffusive supply calculated con-
sidering all chemical species of Fe present in solution is more
than 3 orders of magnitude higher than Jin.

Understanding the Contribution of FeEDTA to the
Bioavailable Pool. Iron bound to EDTA was found to
contribute to cellular uptake of Fe (Figure 3) but not
bioluminescence (Figures 1C and 4A) by the bioreporter.
Diffusion limitation (leading to induced Fe-complex lability)
could enhance the dissociation of the major species present
(FeEDTA and FeOHEDTA). Iron is a slowly reactive metal
(small k) for which inorganic complexation with hydroxide
has been reported to increase k_,, by more than 5 orders of
magnitude in seawater (15). The k- for Fe*" and FeOH?*"
(15) were used to estimate the respective dissociation of
FeEDTA and FeOHEDTA according to eq 2 (26). For both
Fe—EDTA complexes, the kinetic dissociation cannot explain
the high internalization fluxes measured as Jiin < Jint — Jitt max
by 12 versus 4 orders of magnitude for FeEDTA and
FeOHEDTA, respectively. Note that in the situation described
here, FEOHEDTA is the chemical species that is the most
susceptible to contribute to Fe bioavailability. Nonetheless,
such calculations rely on several parameters that are still
poorly defined (e.g., assumption of an identical k., and Dre
in fresh and seawaters, effect of ellipsoidal versus spherical
cells, effect of diffusion limitation on the induction of
chemical lability of chelated iron).

In previous studies, FeEDTA was not found to contribute
to Fe uptake by marine phytoplankton (mainly diatoms (5,
7, 25)); these authors conducted Fe-uptake experiments in
the dark to avoid photodissociation of FeEDTA and the
subsequent production of potentially bioavailable Fe. The
negligible effect of photodissociation under the conditions
here was demonstrated by short-term uptake experiments
performed under light and in the dark. The use of a surface
reductase to access Fe can also enhance Fe bioavailability
(14); however, a negligible reduction of FeEDTA relative to
[Fe’] was reported for eukarytotic phytoplankton (8). Fe bound
to EDTA was also accessible to other organisms which acquire
Fe through a surface Fe reductase (e.g., green algae (28)).

The main Fe-uptake route, under Fe limitation, reported
in the literature for bacteria and cyanobacteria, including
Synechococcus PCC 7942 (22), involves siderophore excretion
and specific recognition of Fe bound to siderophores (13).
In the presence of a siderophore, competitive ligand exchange
for Fe is enhanced and equilibrium is displaced toward the
formation of the Fe—siderophore complex (14). Both the high
concentrations and the low conditional stability constant of
FeOHEDTA and FeEDTA relative to those of a typical
hydroxamate siderophore (Table 2) might favor their dis-
sociation. For the Fe-bioreporter derived from Synechococcus
PCC 7942, an enhancement of Fe bioavailability has been
observed after 36 h (17). In addition, the bioreporter grown
at high Fe concentrations (medium 1, [Fe’] = 14 uM) was
able to access Fe bound to EDTA. Siderophore excretion by
the Fe-bioreporter in medium 1 is not expected since 20 uM
Fe rapidly suppresses the production of siderophores by the
freshwater cyanobacterium Anabaena (i.e., within the time
of analysis using the CASAD assay, H. G. Weger, University
of Regina, Regina, SK, Canada, personal communication).
However, since siderophores were not directly measured in
this study, a basal production cannot be excluded.

Predicting Fe Bioavailability to the Bioreporter Using
Simple and Natural Fe Chelators. Whether bioavailability
of Fe bound to EDTA is due to kinetic dissociation in response
to diffusion limitation of Fe” or excretion of siderophores
cannot be distinguished as both mechanisms rely on the
ability of the Fe complex to dissociate. In both cases, the
complexed Fe must undergo ligand exchange that is de-



pendent on the respective stability constants. Supporting
datawere reported for a freshwater cyanobacterium for which
the ability to consume Fe was similar for two ligands (EDDHA
and DFB) that possessed different structures but had similar
affinity constants for Fe(III) (11). The partial bioavailability
of FeDFB to Anabaena was related to the excretion of a
siderophore. Moreover, “weak” Fe complexes FeHEDTA (K
=22.3, (11)) and FeEDTA (K = 27.7, this study) and FeCDTA
(K = 32.7, this study) are bioavailable, whereas strong Fe
chelates (Fe—HBED, K = 41.6, this study and (11)) are not
accessible to these cyanobacteria. In addition, Fe—DFB, and
Fe—ferrichrome are not bioavailable to a bacterial iron-
bioreporter (Pseudomonas putida), whereas addition of 200
nM EDTA to natural seawater did not reduce iron bioavail-
ability (29).

Natural organic ligands, responsible for the majority of
Fe chelation in natural waters (30, 31), are described by two
Fe (Fe’) conditional stability constants (K* from 10 to 13 in
seawater determined by CLE-ACSV techniques (30—32)). The
conditional stability constants for Fe’—organic ligands in
seawater are smaller than that for Fe’—DFB (K* 16.5, (30))
and similar to heme-based ligands (i.e., Fe’—protoporphyrin,
K* = 12 (30)). Hutchins et al. (9) report a high capacity for
cyanobacteria to utilize an Fe—porphyrin complex. In
addition, the ability of the bioreporter to access relatively
strongly bound Fe (log K*reqmy < 23.2 or K*ge < 14, this study)
begs the question concerning the potential bioavailability of
Fe that is “weakly” bound to natural organic ligands.

In natural waters, fulvic acids (FA) are an important
fraction of dissolved humic substances (33) that can sig-
nificantly complex Fe(III) by two major binding sites (34).
Our study shows the ability of SRFA (>1 mg-L~! SRFA) to
reduce Fe bioavailability through two Fe-binding sites, with
a decrease in Fe bioavailability from 1077 to 109 M Fe by
15 mg-L~! SRFA. The complex nature of FA and poorly
characterized binding capacity of SRFA for Fe results in many
nonquantified parameters that renders modeling of potential
ligand exchange difficult. Fulvic acid was reported to decrease
the growth of freshwater cyanobacteria (11, 35); for Microcystis
and an [Fe’] of 1077* M in a complete growth medium, 2
mg-L~! FA reduced by a factor of ca. 10 the amount of
chlorophyll a at stationary phase, whereas a complete
inhibition of growth was reported for 10 mg-L~! FA. Since
most dissolved organic carbon (DOC) in lakes is composed
of humic substances, a DOC concentration as low as 0.5
mg-L™! (e.g., Lake Superior) could significantly decrease the
bioavailability of the 1—10 nM total dissolved Fe present in
the pelagic areas of this lake (36). Since natural waters contain
trace metals (e.g., Al, Cu) other than Fe at appreciable
concentrations, it is possible that these other metals act to
increase Fe bioavailability by competitive interaction with
FA in solution. Further investigation of these interactions is
possible using the Fe-bioreporter as the analytical tool to
assess Fe bioavailability.

In conclusion, this study provides insight into the
contribution of chelated iron to bioavailability as sensed by
an environmentally relevant phytoplanktonic bioreporter
(17). Under slight iron-deficient conditions, iron bioaccu-
mulation is limited by diffusion of Fe’ to the cell surface and
iron bioavailability can be predicted by considering the
conditional stability constant of the chelated iron. Under
more severe iron deficiency, secretion of siderophores and/
or induction of specific membrane-associated receptor(s)
(6, 13, 14) will further enhance iron bioavailability and Fe
complexes with conditional stability constants greater than
the 1022 M™! could then become bioavailable to this
microorganism. In addition, sunlight and UV photodisso-
ciation of natural ligands (37), as well as biologically enhanced
Fe(IIl) reduction (38), might be important parameters
affecting bioavailability under natural conditions. Although

assessment of iron bioavailability in natural waters remains
difficult, the use of this Fe-bioreporter is promising. Further
development and simultaneous use of other prokaryotic (29)
and eukaryotic Fe-bioreporters will further advance our
understanding of Fe bioavailability to phytoplankton.
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