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Abstract Iron-limited cells of the green alga Chlo-

rella kesslerii use a reductive mechanism to acquire

Fe(III) from the extracellular environment, in which a

plasma membrane ferric reductase reduces Fe(III)-

chelates to Fe(II), which is subsequently taken up by

the cell. Previous work has demonstrated that

synthetic chelators both support ferric reductase

activity (when supplied as Fe(III)-chelates) and

inhibit ferric reductase. In the present set of

experiments we extend these observations to natu-

rally-occurring chelators and their analogues (desfer-

rioxamine B mesylate, schizokinen, two forms of

dihydroxybenzoic acid) and also two formulations of

the commonly-used herbicide N-(phoshonometh-

yl)glycine (glyphosate). The ferric forms of the

larger siderophores (desferrioxamine B mesylate,

schizokinen) and Fe(III)-N-(phoshonomethyl)glycine

(as the isopropylamine salt) all supported rapid rates

of ferric reductase activity, while the iron-free forms

inhibited reductase activity. The smaller sidero-

phores/siderophore precursors, 2,3- and 3,4-dihy-

droxybenzoic acids, did not support high rates of

reductase in the ferric form but did inhibit reductase

activity in the iron-free form. Bioassays indicated that

Fe(III)-chelates that supported high rates of ferric

reductase activity also supported a large stimulation

in the growth of iron-limited cells, and that an excess

of iron-free chelator decreased the growth rate. With

respect to N-(phosphonomethyl)glycine, there were

differences between the pure compound (free acid

form) and the most common commercial formulation

(which also contains isopropylamine) in terms of

supporting and inhibiting ferric reductase activity and

growth. Overall, these results suggest that photosyn-

thetic organisms that use a reductive strategy for iron

acquisition both require, and are potentially simulta-

neously inhibited by, ferric chelators. Furthermore,

these results also may provide an explanation for the

frequently contradictory results of N-(phosphonom-

ethyl)glycine application to crops: we suggest that

low concentrations of this molecule likely solubilize

Fe(III), making it available for plant growth, but that

higher (but sub-lethal) concentrations decrease iron

acquisition by inhibiting ferric reductase activity.
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3,4-DHBA 3,4-Dihydroxybenzoic acid
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HBED N,N0-bis(2-hydroxybenzyl)-

ethylenediamine-N,N0-diacetic acid

HEDTA Hydroxyethylethylenediaminetriacetic

acid

HEPES N-(2-hydroxyethyl)piperazine-N0-(2-

ethanesulfonic acid)

IPA Isopropylamine

PMG N-(phosphonomethyl)glycine

Introduction

Among plants and algae there are two well-docu-

mented iron acquisition mechanisms. The vast major-

ity of vascular plants (all non-grasses) use a reductive

system, sometimes called ‘‘Strategy I’’, which is also

exhibited by many eukaryotic algal species. In this

mechanism iron limitation leads to increased plasma

membrane ferric reductase activity and Fe(II) trans-

port capacity. The ferric reductase uses intracellular

reducing power to reduce extracellular Fe(III)-che-

lates, and the resulting Fe(II) is transported across the

plasma membrane by a separate Fe(II) transport

system (Schmidt 2003). This system is necessitated

by the fact that in aerobic situations iron tends to exist

in the poorly soluble Fe(III) state, which occurs in

soil and aquatic environments as Fe(III)-oxyhydrox-

ides, Fe(III)-organic complexes, and/or as a mixture

of inorganic and organic Fe(III) complexes (Dolfing

et al. 1999; Gunnars et al. 2002; Gustafsson et al.

2007). Therefore, Fe(III) is not directly biologically

available, and the ferric reductase serves to generate

the much more soluble Fe(II) which can be trans-

ported across the plasma membrane.

In vascular plants, the increase in ferric reductase

capacity typically is localized to the plasma mem-

brane of root cells; for example in iron-limited pea

plants the ferric reductase FRO1 mRNA is highest in

the root epidermal cells, which are in contact with the

soil (Waters et al. 2002). However, leaf mesophyll

cells also exhibit plasma membrane ferric reductase

activity (Brüggemann et al. 1993; de la Guardia and

Alcántara 1996). Although less investigated than the

vascular plants, several species of green algae,

including Chlorella kessleri¸ the focus of this work,

have been demonstrated to exhibit a reductive

mechanism of iron acquisition (e.g. Allnutt and

Bonner 1984; Keshtacher-Liebson et al. 1999;

Eckhardt and Buckhout 2000; Weger et al. 2002).

Among the vascular plants, members of the grass

family (Poaceae/Graminae) are unique in not using a

reductive mechanism of iron acquisition. The grass

iron acquisition mechanism, often called ‘‘Strategy

II’’, is based on the iron limitation-induced release,

by roots, of phytosiderophores (nicotianamine-based

Fe(III) chelating molecules) that serve to scavenge

iron from the environment (Mori 1999). The intact

Fe(III)-phytosiderophore complex is then transported

across the plasma membrane via a specific transport

system (Schaaf et al. 2004). A very similar iron

acquisition mechanism is exhibited by many cyano-

bacteria, bacteria and fungi, which produce sidero-

phores in response to iron limitation. However, these

latter siderophores have distinctly different chemical

structures from the phytosiderophores, and are not

based on the nicotianamine molecule (Barry and

Challis 2009).

With respect to the reductive iron acquisition

mechanism, Weger et al. (2009) recently presented a

model for the interactions between ferric chelators

and ferric reductase activity by iron-limited cells of

the green alga Chlorella kessleri. This model sug-

gests that ferric chelators interact with ferric reduc-

tase in several ways: (1) Fe(III)-chelates in which the

chelator has a higher affinity for Fe(III) will support

lower ferric reduction rates, (2) higher affinity

chelators will more effectively compete with the

Fe(II) transport system for Fe(II) produced by ferric

reductase activity, thus decreasing the Fe(II) transport

rate, and (3) iron-free higher affinity chelators will

directly inhibit ferric reductase activity.

The model was based primarily on results of

experiments using the synthetic chelators HEDTA

and HBED, both of which are structurally related to

the well-known Fe(III) chelator EDTA. In this paper,

we focus on the third aspect of that model, the

inhibition of ferric reductase activity by iron-free

chelators. We examine the effects of common

chelators that potentially are found in the natural

environment, including the herbicide N-(phospho-

nomethyl)glycine (PMG, ‘‘glyphosate’’), on plasma

membrane ferric reductase activity in iron-limited

Chlorella cells.

The chelators examined include two isomers of

dihydroxybenzoic acid (DHBA): 2,3-DHBA and 3,4-
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DHBA. Both 2,3-DHBA (López-Goñi et al. 1992)

and 3,4-DHBA (Calugay et al. 2006) are bacterial

siderophores in their own right, and are also compo-

nents of simple DHBA-amino acid conjugates/sid-

erophores that are produced by certain bacteria

under iron-limited conditions (e.g. Ito and Neilands

1958; Hantke 1990; Temirov et al. 2003). 2,3-

dihydroxybenzoylysine (2,3-DHBA with a conju-

gated lysine) will solubilize precipitated ferric

hydroxide (Duhme et al. 1996). As well, 2,3-DHBA

is the common source of catechol Fe(III) chelating

moieties in large multidentate catecholate sidero-

phores (e.g. enterobactin, bacillibactin, and numerous

other bacterial siderophores; Drechsel and Jung

1998). 3,4-DHBA is less commonly found in catech-

olate siderophores than is 2,3-DHBA, but is a

component of petrobactin (Bergeron et al. 2003)

and petrobactin sulfonate (Hickford et al. 2004). Both

2,3- and 3,4-DHBA have also been used as analogues

for the phenolic components of humic substances in

studies of metal complexation (e.g. Gerard et al.

1987; Borges et al. 2005).

We have also investigated the trihydroxamate

molecule desferrioxamine B (DFB) mesylate, which

is the commercially available form (has medical

utility in chelation therapy) of the bacterial sidero-

phore DFB (Imbert et al. 1995). DFB and/or DFB

mesylate have been used to impose artificial iron

limitation in aquatic systems (e.g. Timmermans et al.

2001; Eldridge et al. 2004; Wells and Trick 2004).

Addition of this compound induces iron limitation in

a wide variety of marine algal groups, including

cyanobacteria and different size classes of eukaryotic

cells (Eldridge et al. 2004). Interestingly, Fe(III)-

DFB is a viable iron source for growth of cells of the

diatom Thalassiosira oceanica (Maldonado and Price

2001) but not for the diatom Chaetoceros sociale

(Iwade et al. 2006). And Weger et al. (2006), in a

comparison of reductive iron acquisition by two

species of green algae, demonstrated that iron-limited

cells of Chlorella kessleri rapidly reduce, and assim-

ilate iron from, Fe(III)-DFB, while iron-limited cells

of Chlamydomonas reinhardtii reduce Fe(III)-DFB

much more slowly and also grow much more slowly

on that iron source.

The work with iron-limited Strategy I plant species

examining Fe(III)-DFB as an iron source suggests

that Fe(III)-DFB is either not a substrate for the ferric

reductase of roots from iron-limited plants (e.g.

Manthey et al. 1996; Johnson et al. 2002) or is a

poor substrate (Bar-Ness et al. 1992). However, it is

clear that soils contain hydroxamate siderophores of

microbial origin (e.g. Powell et al. 1980), and it is

generally conceded that siderophores produced by

soil bacteria may positively influence plant iron

acquisition (Rroço et al. 2003).

In terms of naturally occurring siderophores, we

also examined the dihydroxamate molecule schizoki-

nen. This molecule is produced by some bacteria

(Budzikiewicz et al. 1997) and by members of the

freshwater cyanobacterial genus Anabaena (Simpson

and Neilands 1976; Nicolaisen et al. 2008). The

presence of schizokinen inhibits the growth of iron-

limited cells of the green alga Chlamydomonas

reinhardtii (Matz et al. 2004). Subsequent further

work with iron-limited green algal cells demonstrated

that, similar to the situation with DFB, there are

species differences in the abilities of iron-limited

cells to acquire iron from Fe(III)-schizokinen, with

Chlorella kessleri being much more efficient at

utilizing that iron source than Chlamydomonas

(Weger et al. 2006). And classic work by Murphy

et al. (1976) provided evidence that hydroxamate

siderophores produced by iron-limited cyanobacteria

inhibit the growth of green algae, presumably by

sequestering iron in a form that is biologically

unavailable to green algae.

Lastly, we examined the potential of the herbicide

PMG to inhibit ferric reductase activity by iron-

limited cells. PMG is one of the world’s most

commonly used herbicides, and a number of recent

studies have pointed towards a negative interaction

between PMG application and metal micronutrient

(including iron) metabolism (Franzen et al. 2003;

Jolley et al. 2004; Eker et al. 2006). While the well-

known propensity of PMG to form chelates with

metal cations (Motekaitis and Martell 1985) has led

to suggestions that the inhibitory effects of sub-lethal

PMG applications may be caused by formation of

poorly soluble metal-PMG complexes within plant

tissues and/or the rhizosphere (e.g. Jolley et al. 2004;

Eker et al. 2006), more recent work has supplied

evidence that PMG has a negative effect on root

plasma membrane ferric reductase activity (Ozturk

et al. 2008; Bellaloui et al. 2009).

In this paper, we further examine the model of

reductive iron acquisition put forward by Weger et al.

(2009). Specifically, we examine the potential of
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potentially common soil and aquatic molecules

(siderophores/humic acid analogues, and the herbi-

cide PMG) to both support and inhibit iron acquisi-

tion by an organism that uses a reductive (Strategy I)

iron acquisition mechanism.

Materials and methods

Chlorella kessleri Fott et Nováková UTEX 263 was

obtained from the University of Texas Culture

Collection. Cells were grown in iron-limited chemo-

stat cultures (Weger 1999) at a dilution rate of

0.15 d-1 in water-jacketed glass vessels at a temper-

ature of 25�C. Chemostat cultures are a type of

continuous culture in which the culture growth rate is

set by the rate of supply of the limiting nutrient

(in this case, iron). The use of chemostat cultures

allows for the reproducible production of physiolog-

ically uniform nutrient-limited cells.

Light for algal cultures was supplied by a bank of

high output, cool white fluorescent lamps (Sylvania

F48T12/CW/HO); photosynthetic photon flux density

was approximately 80 lmol m-2 s-1. Iron concentra-

tion in the medium was 100 nM (from an acidified

stock of Fe(NO3)3�9H2O), and was chelated with

16 lM hydroxyethylethylenediaminetriacetic acid

(HEDTA). The medium was a modification of that of

Hughes et al. (1958); Si and carbonate were omitted,

and N was supplied as 8 mM NaNO3. Minor elements

were supplied as in Allen (1968), supplemented with

Se and Ni (0.05 and 0.15 lM final concentrations,

respectively). The medium was buffered at pH 8

with 5 mM N-(2-hydroxyethyl)piperazine-N0-(2-eth-

anesulfonic acid) (HEPES), and the cultures were

aerated with 0.5% CO2 in air (continuously monitored

via an IRGA [Model S153; Qubit Systems, Kingston,

ON, Canada]); steady-state culture pH was approxi-

mately 7.6. All chemostat components were washed

with 5% HNO3 prior to sterilization.

The siderophore schizokinen was isolated from

iron-limited cultures of the cyanobacterium Ana-

baena flos-aquae (Lyng.) Brèb. (UTEX 1444, which

was obtained from the University of Texas Culture

Collection). Anabaena cells were grown in iron-

limited chemostat cultures under conditions similar to

those described above for Chlorella. The medium

was buffered at pH 8 with 10 mM N,N-bis

(2-hydroxyethyl)glycine (BICINE), iron was supplied

at 0.25 lM.

Ferric reductase activity

Ferric reductase activity was quantified via two

different methods: (1) colorimetrically using bath-

ophenanthroline disulfonic acid (BPDS), and (2)

using an oxygen electrode (both methods are

described in Weger et al. 2007). For both methods,

iron-limited Chlorella cells were harvested by centri-

fugation (1 min at 2000 g) and re-suspended in assay

buffer (5 mM HEPES, pH 8.0, 245 lM CaCl2) at

varying cell densities (ranging from 1/10th the

chemostat culture cell density up to 109 the chemo-

stat density). Chemostat culture cell density was

approximately 20 9 106 cells ml-1.

For the colorimetric assay, when using Fe(III)-DFB

as the substrate for ferric reductase, the molar absorp-

tivity of the Fe(II)-BPDS3 complex (22140 M-1 cm-1

at 535 nm; Blair and Diehl 1961) was adjusted to take

into account the absorption of the Fe(III)-DFB com-

plex at 535 nm (determined to be 626 M-1 cm-1). A

similar adjustment was necessary when using Fe(III)-

HBED as the iron source (molar absorptivity at

535 nm 2560 M-1 cm-1; Weger et al. 2009). This

adjustment was not necessary when using Fe(III)-

HEDTA, as the absorption at 535 nm was very low

(11.5 M-1 cm-1; Weger et al. 2009).

For the oxygen electrode-based ferric reductase

measurements, the stimulation of O2 consumption

upon addition of Fe(III)-chelate was used to estimate

ferric reductase activity (see Weger et al. 2007 for

details). Oxygen consumption was quantified using

an oxygen electrode (Hansatech, Norfolk, UK).

Bioassays/growth experiments

To determine the ability of various ferric-chelates to

support growth, 30 ml aliquots (subcultures) were

aseptically removed from the chemostats, pelleted by

centrifugation in sterile centrifuge tubes, re-sus-

pended in sterile, iron-free medium, and then placed

into sterile, acid-washed Erlenmeyer flasks. These

subcultures were constantly stirred, and aerated with

0.5% CO2 in air, and received the same illumination
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as the chemostat cultures. Iron was added at a final

concentration of 1000 nM chelated with one of

HEDTA, DFB, schizokinen, PMG-isopropylamine

(PMG-IPA), PMG, isopropylamine (IPA), 2,3 DHBA

or 3,4 DHBA. The above experiments were carried

out in the presence and absence of BPDS (when

present, final concentration was 500 lM). 500 lM

BPDS completely inhibits the growth of Chlorella in

the presence of Fe(III)-HEDTA by binding the

reduced ferrous iron, preventing uptake by the cells

(Weger et al. 2009). Bioassays were run over a 116 h

time course.

Schizokinen isolation

For isolation of schizokinen, cells were removed

from the medium by centrifugation. One litre of

supernatant was passed over an Amberlite XAD-4

(Supelco, Bellefonte, PA, USA) column (9 cm 9

6.35 cm). The column was washed with distilled

water, and then eluted with 100% methanol. Schiz-

okinen-containing fractions were detected using the

CAS assay (Schwyn and Neilands 1987) and com-

bined. Ammonium sulphate was added to precipitate

proteins and prevent foaming during rotary evapora-

tion. The combined fractions were rotary evaporated

to dryness, and a small amount of methanol was

added to dissolve the schizokinen and maintain the

extracellular polymeric substances (EPS) and ammo-

nium sulphate in the precipitate. The EPS strongly

bound the dye alcian blue 8GX, indicating that it was

likely composed of largely of negatively charged

polysaccharides (Alldredge et al. 1993). After cen-

trifugation, the methanolic solution was applied to a

column of Sephadex LH-20 (GE Healthcare, Upp-

sala, Sweden; column dimensions 12.5 cm 9

6.35 cm). The column was eluted with 100% meth-

anol, the schizokinen-containing fractions were again

combined and the volume reduced to approximately

2 ml by rotary evaporation. The eluent was then

applied to a second LH-20 column (20 cm 9

3.8 cm), and 90% water/10% methanol was used as

the mobile phase to elute the schizokinen. Schizoki-

nen-containing fractions were combined and dried

under a stream of N2. Purity of the schizokinen

preparation was checked by thin-layer chromatogra-

phy (silica gel 60 F254, from Selecto Scientific,

Suwannee, GA, USA; 100% methanol as the mobile

phase). Schizokinen was visualized on the TLC plates

using a saturated methanolic solution of ferric nitrate;

purified schizokinen yielded a single burgundy-col-

oured spot with an Rf of approximately 0.65. The

Anabaena UTEX 1444 siderophore co-migrates on

TLC with schizokinen from Anabaena ATCC 19213

(Gress and Weger unpubl. results). Schizokinen

preparations were stored in a freezer over silica gel

until needed.

Other methods

Chlorophyll was quantified spectrophotometrically

after extraction in 100% methanol (Porra et al.

1989). Cells were enumerated using a hemacytometer

after preservation in Lugol’s solution. Iron for cell

cultures and for all experiments was a commercially-

prepared atomic absorption standard of 1000 mg iron

(Fe(NO3)3�9H2O) per l in 2% HNO3 (Spex Certi-Prep,

Metuchen, NJ, USA).

We evaluated the potential toxicity of the maxi-

mum concentrations of all tested chelators by eval-

uating the effects on photosynthesis. Chlorophyll a

fluorescence was used to determine the maximum

quantum yield of Photosystem II of dark-adapted

cells (Fv/Fm, 30 min in darkness). Fluorescence was

quantified using an OS5-FL pulse-modulated fluo-

rometer (Opti-Sciences, Tyngsboro, MA, USA).

Saturation pulse duration was 0.8 s (see Schreiber

et al. 1994 for details about the theory underlying

chlorophyll a fluorescence measurements). Algal

cells were harvested by centrifugation and re-sus-

pended in assay buffer at twice the chemostat culture

cell density. The chelators were added to the algal

suspension prior to dark adaptation.

DFB, HEDTA and schizokinen were dissolved in

distilled water. PMG was used in two forms: a 40%

aqueous solution of the PMG-IPA salt, and the PMG

free acid (powder). The aqueous solution was diluted

with distilled water as needed, and the free acid was

dissolved in water. Fe(III)-DFB, (III)-HEDTA,

Fe(III)-schizokinen and Fe(III)-PMG stocks were

prepared in a ratio of 1:2 Fe(III):chelator. Both 2,3-

and 3,4-DHBA were dissolved in 0.8 M KOH, and

Fe(III):chelator was ratio was 1:6.

BPDS was from Alfa Aesar (Ward Hill, MA,

USA) and IPA was from Anachemia (Winnipeg, MB,

Canada). All other chemicals were from Sigma-

Aldrich (Oakville, ON, Canada).
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Results

With respect to the trihydroxamate siderophore DFB,

Fe(III)-DFB supported high rates of ferric reductase

activity; these rates decreased with increasing DFB

concentrations (Fig. 1) in a manner consistent with

the decreases associated with increasing HEDTA or

HBED concentrations described by Weger et al.

(2009). Increasing DFB levels also decreased the

iron-limited culture growth rates, with 2500 lM

supporting poor culture growth (Fig. 2). Similar

effects on ferric reductase activity were obtained

with the dihydroxamate siderophore schizokinen,

with the exception that overall ferric reduction rates

were lower (Fig. 1). As well, similar to DFB, high

schizokinen concentrations (2500 lM) lead to zero

culture growth (Fig. 2). Thus, both of the hydroxa-

mate siderophores supported ferric reductase activity

at low external hydroxamate concentrations, but

higher hydroxamate levels lead to greatly diminished

activity.

Neither Fe(III)-DFB nor Fe(III)-schizokinen

would support growth of iron-limited cells in the

presence of the Fe(II) chelator BPDS (Fig. 2). This

indicates that extracellular reduction of Fe(III) to

Fe(II) was an obligate part of the iron acquisition

mechanism.

In terms of the catecholate molecules, rates of

reduction of Fe(III)-3,4-DHBA by iron-limited

Chlorella cells were very low; virtually indistinguish-

able from the cell-free ferric reduction rate and much

lower than the cell-mediated rate of Fe(III)-HEDTA

reduction (Fig. 3). This suggests that low rates of non-

biological 3,4-DHBA mediated Fe(III) reduction

explained the majority of the reduction observed

under these conditions. Reduction of Fe(III)-2,3-

DHBA was substantially higher than 3,4-DHBA

(and higher than the cellular rate of Fe(III)-HEDTA

reduction), but the reduction appeared to be mainly

non-cellular as well (Fig. 3). These results suggest

that dihydroxybenzoic acids are poor substrates for

the Chlorella ferric reductase. Nonetheless, Fe(III)

chelates of both 2,3- and 3,4-DHBA supported the

growth of iron-limited Chlorella cells, and this could
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be inhibited by the addition of the Fe(II) chelator

BPDS, indicating that a reductive mechanism was

occurring (Fig. 4). We speculate that the non-cellular

Fe(III) reduction rate was sufficient to supply (Fe(II)

and support growth in the absence of BPDS.

However, despite the fact that the Fe(III)-DHBAs

were poor substrates for Chlorella ferric reductase,

they could act as inhibitors of the reaction when

Fe(III)-HBED was the substrate (Fig. 5). For exper-

iments examining the inhibition of ferric reductase by

DHBAs, we used Fe(III)-HBED as the iron source,

rather than Fe(III)-HEDTA. Preliminary spectropho-

tometric investigations indicated that at high levels of

DHBA, Fe(III)-HEDTA lost Fe(III) to DHBA. In

contrast, the much stronger Fe(III) chelator HBED

was able to retain Fe(III) in the presence of 2.5 mM

DHBA (not shown). Both DHBAs inhibited ferric

reductase by iron-limited cells in a concentration-

dependent manner (Fig. 5).

With respect to phosphonomethylglycine (PMG),

we tested one of the common commercial formula-

tions, a 1:1 mixture of PMG and isopropylamine

(IPA), and also the PMG free acid (no IPA), and IPA

in the absence of PMG. Both PMG and IPA are

Fe(III) chelators, and both PMG formulations were

effective inhibitors of ferric reductase activity

(Fig. 6), with PMG-IPA having a slightly larger

effect. As well, IPA, in the absence of PMG, was also

inhibitory of ferric reductase (Fig. 6).

However, bioassays with PMG-IPA did not sur-

vive past 1 day when PMG-IPA was used at 500 lM

(Fig. 7). This was consistent with the negative effects

of PMG-IPA on photosynthesis (Table 1). In fact, of

all of the tested chelators, only PMG-IPA inhibited

photosynthesis (Table 1), implying that this formu-

lation exerted a non-specific toxic effect on the cells.

On the other hand, both Fe(III)-PMG and Fe(III)-IPA

could support the growth of iron-limited cells at low

chelator concentrations, but exhibited growth inhibi-

tion at higher concentrations (Fig. 7).

In order to confirm that the apparent inhibition of

ferric reductase activity by the various Fe(III) che-

lators was not simply due to an artefact associated
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with the spectrophotometric (colorimetric) enzyme

assay (i.e. due to competition between BPDS and

chelators for Fe(II) formed as a result of ferric

reductase activity), we performed two additional

checks. First, for the highest concentrations for every

tested chelator, we re-ran the colorimetric assays at

three times the standard BPDS concentration; in all

cases there was no detectable difference in ferric

reductase rates (not shown). Second, we used an

oxygen electrode to measure ferric reductase activity

in a BPDS-independent manner. While this method is
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not as sensitive as the BPDS-dependent spectropho-

tometric method, it provides an independent estimate

of the effects of chelators on ferric reductase activity.

The oxygen electrode data showed the same patterns

as the spectrophotometric data: increasing inhibition

of ferric reductase activity with increasing iron-free

chelator concentration (Fig. 8).

Effects of biomass were also tested for the

inhibition of ferric reductase activity by DFB

(Fig. 9). The inhibitory effect of DFB increased as

biomass decreased, suggesting that the effect of DFB

was not simply due to general toxicity, but that DFB

interacted with a specific molecule on the algal

plasma membrane.

Discussion

Weger et al. (2009) proposed a model for the effects

of ferric chelators on iron acquisition by organisms

that use a reductive iron acquisition mechanism.

According to this model, iron-free Fe(III) chelators

decrease iron acquisition by two separate mecha-

nisms: 1) competition between the Fe(II) transport

system and the chelators for the Fe(II) produced via

ferric reductase activity (Fe(III) chelators will also

bind Fe(II)), and 2) direct inhibition of ferric

reductase activity by chelators. Increasing concentra-

tions of the synthetic chelators HEDTA or HBED

resulted in progressively decreasing ferric reductase

activity (Weger et al. 2009). In the present work, we

show that naturally-occurring chelators/siderophores,

and also a commonly-used herbicide, inhibit ferric

reductase activity and also inhibit the growth of iron-

limited cells when applied at high concentrations, but

stimulate growth when applied at lower concentra-

tions. These observations have potentially important

implications for agricultural and aquatic systems.

Table 1 Maximum quantum yield (Fv/Fm) as affected by

various ferric chelators

Treatment Fv/Fm

Control 0.587 ± 0.008

2,3-DHBA 0.584 ± 0.005

3,4-DHBA 0.585 ± 0.011

DFB 0.555 ± 0.026

Schizokinen 0.576 ± 0.006

PMG-IPA 0.230 ± 0.024

PMG 0.576 ± 0.009

IPA 0.598 ± 0.021

Chelators (2500 lM) were added to the cells immediately prior

to the 30 min dark adaptation period. Numbers are the means

of 5 determinations (±SE)
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Siderophores and siderophore precursors/humic

acid analogues

Both of the tested siderophores (DFB, schizokinen)

inhibited ferric reductase activity in a concentration-

dependent manner. However, the Fe(III)-siderophore

complexes were also a viable iron source for growth

as long the iron-free siderophore concentration was

not high. The fact that BPDS inhibited growth of

iron-limited cells in the presence of Fe(III)-sidero-

phore indicated that a reductive step was required of

the iron uptake process under these conditions.

DFB has been used to induce iron limitation in

marine systems. The hypothesis for the effect of DFB

has been that DFB sequesters Fe(III), thereby making

it unavailable for uptake by marine algal species

(Wells and Trick 2004). Similarly, Murphy et al.

(1976) showed that iron-limited cells of the cyano-

bacterium Anabaena inhibited the growth of a green

alga, and suggested that siderophore production by

the Anabaena sequestered the aquatic Fe(III). Later

work by Matz et al. (2004) demonstrated that only

iron-limited Anabaena cells inhibited the growth of

iron-limited cells of the green alga Chlamydomonas

reinhardtii (which, like Chlorella, uses a reductive

mechanism of iron acquisition; Eckhardt and Buckh-

out 2000); these iron-limited Anabaena cells pro-

duced the siderophore schizokinen. The basis of the

inhibition was suggested to be the poor bioavailabil-

ity of Fe(III)-schizokinen to Chlamydomonas (Weger

et al. 2006).

Interestingly, iron-limited cells of Chlorella are

able to acquire iron from Fe(III)-schizokinen, and

also from Fe(III)-DFB, much more effectively than

Chlamydomonas (Weger et al. 2006). In other words

Fe(III) complexes of hydroxamate siderophores

exhibit differential bioavailability between green

algal species. However, the present work showed

that even for Chlorella, high levels of DFB or

schizokinen proved to be inhibitory. We suggest that

the inhibitory effect was due to hydroxamate sider-

ophore inhibition of ferric reductase activity.

The presence of BPDS prevented culture growth

on Fe(III)-DFB (and also Fe(III)-schizokinen), indi-

cating that an extracellular reduction step was

essential for acquiring iron from Fe(III)-hydroxamate

complexes. This stands in contrast to work with some

plants that suggest that a moderate amount of iron

uptake from Fe(III)-DFB or from Fe(III)-pyoverdine

(a siderophore produced by fluorescent pseudomo-

nads) may occur through a mechanism that does

involve plasma membrane ferric reduction (Wang

et al. 1993; Manthey et al. 1996; Johnson et al. 2002;

Vansuyt et al. 2007).

In contrast to the hydroxamates, the simple

dihydroxybenzoic acids (2,3-DHBA, 3,4-DHBA)

did not support substantial rates of ferric reductase

activity when supplied as Fe(III)-DHBA. Nonethe-

less, both Fe(III)-2,3-DHBA and Fe(III)-3,4-DHBA

supported low rates of growth of iron-limited Chlo-

rella, which could be inhibited by the presence of

BPDS. In this case, we suggest that the DHBA-

catalyzed non-cellular reduction of Fe(III) produced

sufficient Fe(II) to support some growth of iron-

limited cells. While Fe(III)-DHBA did not support

high rates of cellular ferric reduction or growth, iron-

free DHBA inhibited ferric reduction and growth.

N-(Phosphonomethyl)glycine (PMG)

There is a growing body of work that suggests that

PMG (glyphosate), at sub-lethal concentrations, and/

or when applied to glyphosate-resistant crop culti-

vars, interferes with plant iron metabolism. While

some reports suggest that the interference may be due

to PMG-mediated sequestration of metal micronutri-

ents (see ‘‘Introduction’’), others have provided

evidence that PMG has a more direct effect on

reductive iron acquisition. For example, PMG inhib-

its root ferric reductase activity in iron-deficient

sunflower plants (Ozturk et al. 2008), and simulated

PMG spray drift inhibits root ferric reductase activity

and decreases leaf iron content in both PMG-sensitive

and—resistant soybean cultivars (Bellaloui et al.

2009). However, the situation is made more complex

by the fact that much of the PMG-associated research

is performed with commercial formulations, which

include not only PMG and a cation (e.g. IPA), but

sometimes also one or more adjuvants. Ozturk et al.

(2008) used a PMG-IPA formulation in their exper-

iments. As both PMG and IPA are iron chelators, it

may be difficult to separate the effects of PMG and

IPA. Bellaloui et al. (2009) used RoundUp Weath-

erMAX� in their work; this formulation contains the

potassium salt of PMG (49% by mass) and 51% of

trade secret ‘‘other ingredients’’.

In this work, it was apparent that both PMG and

the common cation IPA were independently capable

1038 Biometals (2010) 23:1029–1042

123



of inhibiting ferric reductase activity, although only

the combination of PMG and IPA together, led to cell

death. However, both can also support iron-limited

growth by acting as sources of chelated Fe(III), but

also inhibited ferric reductase activity and reductive

iron acquisition at higher concentrations.

Mechanism of ferric reductase inhibition

The increasing inhibitory nature of DFB on ferric

reductase activity as biomass decreases suggests

that there is a specific site of action of the

chelators: as biomass decreases, the ratio of chelator

to target would increase. The mechanism of chela-

tor-induced inhibition may be chelation of iron

molecules in the ferric reductase enzyme. While the

ferric reductase from Chlorella has not yet been

characterized at the biochemical or molecular level,

all ferric reductases characterized to date are di-iron

(as heme) enzymes, including the yeast (Saccharo-

myces cerevisiae) ferric reductase FRE1 (Finegold

et al. 1996) and the mammalian duodenal Dcytb

(McKie 2008). Among vascular plants, the Arabid-

opsis root ferric reductase FRO2 exhibits a very

similar structure to yeast FRE1 and is also postu-

lated to be a di-heme enzyme with four histidine

residues that coordinate the heme groups (Schager-

löf et al. 2006), as is the Chlamydomonas rein-

hardtii FRE1 ferric reductase that is induced under

iron limitation (Allen et al. 2007).

Inhibition of metalloenzyme activity by metal

chelators, while not previously demonstrated for a

ferric reductase, has been documented for several

other enzymes. For example, inhibitors of mamma-

lian matrix metalloproteinases (which contain two

Zn(II) molecules in the active site) contain functional

groups (e.g. hydroxamate or carboxylate) capable of

chelating the active site Zn(II) (Whittaker et al.

1999). Newsome et al. (2007) showed that apolacto-

ferrin, but not Zn(II)-lactoferrin inhibits matrix

metalloproteinase activity, presumably by chelating

the active site Zn(II). As well, small iron chelators

(including DFB) inhibit the activities of the non-

heme iron-containing enzymes deoxyhypusine

hydroxylase and 4-prolyl hydroxylase (Clement

et al. 2002). Small chelators also inhibit activity of

the iron-containing enzyme lipoxygenase (Liu et al.

2002).

Agricultural and aquatic implications

Application of Fe(III)-chelates as a foliar spray has

been extensively investigated as a potential mecha-

nism to overcome iron-deficiency chlorosis in agri-

cultural settings (Fernández et al. 2009). Typically,

millimolar concentrations of synthetic chelators or

siderophores are applied in the spray (e.g. Fernández

et al. 2005; Fernández et al. 2008; Rodrı́guez-Lucena

et al. 2010). Based on the work presented here and in

Weger et al. (2009), these concentrators of chelators

(synthetic, or siderophores) may potentially inhibit

ferric reductase activity, both the well-characterized

iron limitation-induced root form (Jeong and Con-

nolly 2009) and also including the leaf cell plasma

membrane ferric reductase that is postulated to be

involved in leaf mesophyll uptake of Fe(III) delivered

by the plant vascular system (Brüggeman et al. 1993;

de la Guardia and Alcántara 1996; Jeong and

Connolly 2009). That is, the molecules used to keep

Fe(III) in soluble form may also decrease the iron

acquisition rate by plant species that use a reductive

mechanism.

In terms of aquatic systems, it has been suggested

during cyanobacterial blooms the cyanobacteria may

suppress the growth of eukaryotic algae due to

siderophore release into the water (Murphy et al.

1976). The original formulation of this hypothesis

suggested that the siderophores acted to sequester

Fe(III), making it unavailable for algal uptake.

However, the current results suggest that the situation

may be slightly more complicated. Fe(III)-sidero-

phore complexes were reduced by iron-limited

Chlorella cells, and could support the growth of

iron-limited cultures, as long as the iron-free sider-

ophore concentration was not too high. However at

elevated siderophore levels, cultures of iron-limited

Chlorella cells did not grow and the ferric reductase

activity was greatly decreased.

Conclusions

Chelators (synthetic or naturally-occurring) are clearly

important in maintaining Fe(III) in bioavailable form

for plants that use a reductive iron acquisition strat-

egy. The obligate substrate for both plant (e.g. Holden

et al. 1995) and green algal (e.g. Weger et al. 2007)

ferric reductase is Fe(III)-chelate. Thus chelators play
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an important role in providing substrate (both as a

direct substrate for the enzyme, and indirectly by

potentially solubilizing iron from Fe(III)-oxyhydrox-

ides and/or from Fe(III)-organic complexes) for that

key enzyme in iron acquisition. Conversely, high

concentrations of chelators also potentially inhibit

ferric reductase activity.

This has implications for both plants and algae.

The rhizosphere is expected to contain elevated levels

of siderophores, for example as produced as plant

growth-promoting rhizobacteria, and in agricultural

situations there may be substantial levels of synthetic

chelators present. With respect to aquatic systems

containing green algae, the presence of bacterial and

cyanobacterial siderophores may both promote iron

acquisition (by chelating Fe(III)) and potentially

inhibit ferric reductase activity.

Similarly, in both terrestrial and aquatic systems,

the presence of humic substances, which possess

substantial Fe(III)-chelating capacities, may thus

potentially promote or inhibit iron acquisition by

photosynthetic organisms that use a reductive iron

acquisition mechanism. Similar arguments can be

made with respect to the herbicide PMG. Our

experiments indicate that both PMG and the cation

IPA independently inhibited ferric reductase activity.

However, both also supported iron-limited growth by

acting as sources of chelated Fe(III).
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