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Abstract Free-living nitrogen-fixing bacteria in
soils need to tightly regulate their uptake of metals
in order to acquire essential metals (such as the
nitrogenase metal cofactors Fe, Mo and V) while
excluding toxic ones (such as W). They need to do
this in a soil environment where metal speciation, and
thus metal bioavailability, is dependent on a variety
of factors such as organic matter content, mineralog-
ical composition, and pH. Azotobacter vinelandii, a
ubiquitous gram-negative soil diazotroph, excretes in
its external medium catechol compounds, previously
identified as siderophores, that bind a variety of
metals in addition to iron. At low concentrations,
complexes of essential metals (Fe, Mo, V) with
siderophores are taken up by the bacteria through
specialized transport systems. The specificity and
regulation of these transport systems are such that
siderophore binding of excess Mo, V or W effectively
detoxifies these metals at high concentrations. In the
topsoil (leaf litter layer), where metals are primarily
bound to plant-derived organic matter, siderophores
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extract essential metals from natural ligands and
deliver them to the bacteria. This process appears to
be a key component of a mutualistic relationship
between trees and soil diazotrophs, where tree-
produced leaf litter provides a living environment
rich in organic matter and micronutrients for nitro-
gen-fixing bacteria, which in turn supply new
nitrogen to the ecosystem.

Keywords Azotobacter vinelandii -
Metalophore - Metal uptake - Molybdenum -
Vanadium - Tungsten

Introduction

In many of the Earth’s ecosystems, plant growth is
limited by the amount of available nitrogen (Perakis
and Hedin 2002). The stock of nitrogen is determined
in part by the rate of nitrogen fixation, the conversion
by a few bacteria (diazotrophs) of atmospheric N, gas
into plant-available ammonium (NH, ). The enzyme
nitrogenase that catalyzes N, fixation is a highly
conserved metalloenzyme containing three different
types of Fe-S clusters (Burgess and Lowe 1996). One
of them, the FeMo cofactor, contains a molybdenum
(Mo) atom in addition to iron (Fe) and sulfur (S) and
binds N, at the active site. The Mo-nitrogenase
appears to be the most common and efficient form of
the enzyme. Under low Mo availability, however,
some N,-fixing bacteria express the V-nitrogenase or
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the Fe-only nitrogenase, called “alternative nitrogen-
ases”, which use V or Fe, respectively, at their active
site instead of Mo (Lawson and Smith 2002). The
metal cofactors Fe, Mo and/or V are thus required for
nitrogen fixation. Another trace metal, tungsten (W),
which has a chemistry similar to that of Mo, is toxic
to diazotrophs, as it is incorporated into nitrogenase
in place of Mo, resulting in an inactive form of the
enzyme (Siemann et al. 2003; Wichard et al. 2008b).

While the importance of trace metals, and partic-
ularly Fe, for N, fixation in the world’s oceans has
received some attention (e.g., Kustka et al. 2003), the
limitation of N, fixation by trace metals in natu-
ral terrestrial ecosystems has been little studied
(Silvester 1989). Recently, however, a few studies
(Barron et al. 2009; Hungate et al. 2004) indicate that
Mo can be a limiting nutrient for symbiotic and free-
living N,-fixing bacteria.

Fe concentrations in soils are usually high (i.e.,
several percents), reflecting its abundance in the conti-
nental crust, where it is the fourth most common element
after O, Si and Al (Wedepohl 1995). In contrast, Mo is
extremely scarce. Its average soil concentration, 1—
2 ppm, is the lowest of all the transition metals used in
biology (Alloway 1995). Interestingly, V is more
abundant, with average concentrations close to
100 ppm, indicating that V may be plentiful even in
Mo-depleted soils. Average soil W concentrations are
around 1 ppm, close to those of Mo, suggesting that
diazotrophs need a Mo uptake system that discriminates
efficiently between the two metals.

While free metals, or metals bound to inorganic
ligands are usually considered available for uptake,
metals bound to strong organic ligands, or bound to
particles, are not, with important exceptions such as
the bacterial uptake of iron bound to siderophores
(Hudson and Morel 1992). In spite of its abundance,
Fe is little available in oxic soils. Fe(Ill) precipitates
as iron oxides and hydroxides, resulting in very low
concentrations in solution and its availability can be
further reduced by binding to natural organic matter
(Werber et al. 2006). In contrast, the oxoanions
molybdate (M00,>"), vanadate (H,VO, /HVO,>")
and tungstate (WO42_), which are the stable forms of
Mo, V and W, respectively, in oxic environments, are
highly soluble. Because of their strong association
with oxygen atoms, these metals, unlike cationic
metals, adsorb on particle surfaces only at low pH
and form only weak complexes with most organic
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ligands, with the notable exception of catechols
(Goldberg et al. 1996; Gustafsson 2003; Bellenger
et al. 2007). The main form of Mo has thus often been
assumed to be either free molybdate in circumneutral
soils, or molybdate adsorbed on oxides in acidic soils.
A recent study, however, shows that, in the highly
organic topsoil layer, Mo is bound to the catechol
groups of natural organic matter (NOM) over a wide
pH range (pH = 4-8, Wichard et al. 2008a). The
association of Mo with NOM suggests that Mo may
not be readily bioavailable as free molybdate in
neutral and basic soils. Though little information is
available on V or W, it seems likely that these metals
may also associate with the same organic binding
groups in soils (Serrat and Morell 1994). As
discussed later, the complexation of Mo, V and W
by NOM, while decreasing their bioavailability, may
help retain these metals in the topsoil layer.

In the soil environment, where metal speciation
depends on a variety of parameters such as mineral
composition, organic matter content and pH, N,-
fixing bacteria must regulate their metal uptake to
acquire the metals they need and keep out the ones
that are toxic. A series of recent studies by our group
has shed new light on the metal (Fe, Mo, V, and W)
requirements and uptake strategies by the gram-
negative bacterium Azotobacter vinelandii, an ubig-
uitous organism in soils, which has been widely
studied as a model diazotroph (Bishop et al. 1986;
Stiefel and Watt 1979).

Metal (Fe, Mo, V, W) requirements
of A. vinelandii in diazotrophic cultures

Iron

Diazotrophic cultures of A. vinelandii require large
concentrations of Fe for growth. The iron-replete
Burk medium, which is typically used to grow A.
vinelandii, contains about [Fe] =2-7 x 107> M
added as Fe(l) (e.g., FeSO,4, Cornish and Page
1995), or Fe(Ill) (e.g., ferric sulfate (Duhme et al.
1998) or ferric citrate (Cornish and Page 1998)). At
circumneutral pH, Fe(Il) quickly oxidizes to Fe(III)
(Stumm and Morgan 1995). In the absence of a strong
organic ligand, Fe(Ill) precipitates rapidly as a
hydrous ferric oxide. Citrate, which is sometimes
added at micromolar concentrations, is too weak to
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Fig. 1 Metal requirements, siderophore production and kinet-p

ics of metal uptake by A. vinelandii in diazotrophic cultures. a
Relative growth rates ((t/ftmax) of strain OP (wildtype, WT) and
of the double mutant strain CA11.70, which expresses only the
alternative V-nitrogenase (Joerger et al. 1989), as a function of
metal concentrations. Circles [Fe] =5 x 107 M, no V
added; downward triangles [Fe] = 5 x 107° M, no Mo added;
upward triangles [Mo] = 1 x 107° M, no V added. b Effect
of Mo and V on the production of catechol siderophores by the
double mutant strains CA1.70 and CA11.70. Strain CA1.70
expresses only the Mo-nitrogenase (Joerger et al. 1989). ¢
Uptake by A. vinelandii cells (mutant strain CA11.70) of V
bound to tannic acid (C76046Hs2, Sigma, USA, blue squares)
or protochelin (red circles). In one experiment (brown circles)
protochelin was added to a solution of V and tannic acid and
left to equilibrate for 5 days ([V] = 4.1 x 1078 M, [tannic
acid] = 7.0 x 1077 M, [protochelin] = 5.2 x 10~° M). Bac-
terial cells were then added to the mixture and their V uptake
rate was measured. The fast uptake rate is evidence of the
formation of V-protochelin in the presence of tannic acid.
Bacteria were conditioned at low [V]

bind iron and prevent Fe(Ill) precipitation (Konigs-
berger et al. 2000). Fe precipitation results in low Fe
availability, which may account for the very low
growth rates measured under these conditions in
diazotrophic cultures of A. vinelandii (Bellenger
unpublished results). Indeed, in most studies reported
in the literature, A. vinelandii is grown with a source
of fixed nitrogen (nitrate or ammonia), which reduces
the Fe requirements of the organism. To avoid Fe
precipitation, we designed a modified Burk medium
containing ethylenediaminetetraacetic acid (EDTA),
a strong organic ligand that binds the bulk of the iron.
In effect, Fe is thus provided to A. vinelandii in the
form of Fe-EDTA. Diazotrophic cultures grow rap-
idly in this modified medium, suggesting that
A. vinelandii may be better adapted at capturing Fe
from organic sources than from iron oxides, possibly
through siderophore production (see below). In this
medium, a minimum of [Fe(Ill)] =5 x 107°M is
required to sustain maximum diazotrophic growth
rates (u = 0.22 h~'at 25°C, Fig. 1a). No evidence of
iron toxicity was found, even at [Fe] = 1 x 1074 M,
which is the highest Fe concentration we tested.

Molybdenum and vanadium

Unlike Fe, Mo and V do not bind to EDTA in our
growth medium (Kula and Rabenstein 1966; Przybo-
rowski et al. 1965), so the oxoanions are initially
supplied as free molybdate and free vanadate to the
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bacteria. When A. vinelandii is grown under iron-
replete conditions, and low [Mo], the growth curve
shows an initial fast growth phase and a second phase
corresponding to slower growth. The second slower
growth phase starts when the bacteria have consumed
all Mo initially present in the medium, and they have
to dilute their internal stock of Mo as they divide. As
little as [Mo] = 10~® M is enough to yield maximum
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growth rates initially, and toxicity appears for
[Mo] > 107° M (Fig. 1a). Interestingly, Mo is less
toxic at high Fe concentrations, suggesting that Mo
may be toxic by interfering with iron uptake
(Bellenger et al. unpublished results; Cornish and
Page 2000).

When Mo is not available but V is present in the
growth medium, A. vinelandii expresses the V-nitro-
genase. Growth curves of a mutant strain that expresses
only the V-nitrogenase (CA11.70, Joerger et al. 1989)
show also two distinct growth phases when the bacteria
are grown on low [V] (Bellenger et al. 2008a). A
concentration of [V] =5 x 1078 M is required for
maximum initial growth rates (Fig. 1a). V is toxic at a
lower concentration than Mo, at [V] = 1 x 107° M.
Like Mo, V is less toxic at high [Fe].

Tungsten

As expected, W 1is not required for growth of
A. vinelandii, and is toxic at concentrations as low
as 1 x 1077 M, depending on the Mo concentration
in the medium (Keeler and Varner 1957; Premakumar
et al. 1996; Wichard et al. 2008b). In spite of the high
chemical similarity between Mo and W, the bacteria
discriminate efficiently between the metals, since W
is toxic only at high W:Mo concentration ratios
(Wichard et al. 2008b).

The dependence of growth rates on metal concen-
trations shows that A. vinelandii has devised uptake
mechanisms to acquire essential metals at very low
concentrations and discriminate efficiently between
essential and toxic metals. As detailed below, the
production and excretion in the external medium of
high affinity ligands plays a key role in the uptake or
exclusion of metals by A. vinelandii.

Production of siderophores
In response to Fe

Like other bacteria, A. vinelandii excretes sidero-
phores under low Fe concentrations (Andrews et al.
2003). These siderophores bind iron in strong com-
plexes which are then transported inside the cell
through highly specific transporters. Consistent with
previous results (Cornish and Page 1995), we found
that A. vinelandii produces at least five different
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siderophores: the monocatechols 2,3-dihydroxyben-
zoic acid (DHBA) and aminochelin, the bis(catechol)
azotochelin, the tris(catechol) protochelin and the
pyoverdine-like azotobactin (Fig. 2). Total sidero-
phore concentrations respond strongly to changes in
Fe concentrations and increase sharply at low [Fe] in
diazotrophic cultures (Bellenger et al. 2008b). Even
in Fe-replete cultures, siderophore concentrations are
a few micromolar in the growth medium, showing
that siderophore production, although reduced, is not
suppressed at high Fe (Fig. 1b). The mono(catechol)
DHBA is often the most abundant siderophore in the
medium but it has a low metal affinity and plays no or
little role in the complexation of metals (Fig. 1b).
The tris(catechol) protochelin is usually the most
abundant of the bis(catechol) and tris(catechol)
siderophores, and often dominates the speciation of
Fe, Mo, V, W in the medium. At extremely low Fe
concentrations, aminochelin and the pyoverdine-like
siderophore azotobactin, which has a catechol, a
hydroxamate and a o-hydroxy acid group become
dominant in the medium (Tindale et al. 2000; Page
and von-Tigerstrom 1988, Wichard et al., unpub-
lished results).

In response to other metals

While there is a sharp increase in siderophore
concentrations at low Fe concentrations, there is also
a small, but significant increase at very low Mo or V
concentrations under Fe-replete conditions (Bellenger
et al. 2008b). This is intriguing and suggests that
A. vinelandii may produce siderophores to acquire
Mo and V when these metals are limiting. At high
oxoanion concentrations, just below the toxic thresh-
old, siderophore excretion increases dramatically
(Cornish and Page 2000) such that Mo, V or W are
effectively titrated by the siderophores (Fig. 1b,
Bellenger et al. 2008a; Wichard et al. 2008b).
Siderophore production clearly appears to play a
detoxifying role at high oxoanion concentrations.
These observations suggest that siderophore produc-
tion may in part be regulated by oxoanion
requirements and toxicity. However, it is also possi-
ble that the changes in siderophore production that
are observed reflect indirect effects of Mo, V and W
on Fe nutrition: (1) Fe requirements may increase at
low [Mo] and low [V] as the bacteria express the Fe-
only nitrogenase. This hypothesis is consistent with
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the fact that the increase in siderophore concentra-
tions is not seen in mutant cultures that do not make
the Fe-only nitrogenase (Fig. 1b). The very low
growth rate of these cultures at low [Mo] and [V]
precludes any definite conclusion, however; and (2)
Fe uptake rate is inhibited at high Mo, V or W
concentrations (Cornish and Page 2000), which could
affect the Fe status of the cells and induce sidero-
phore production. Ultimately, molecular studies will
be needed to determine whether siderophore produc-
tion is under the control of low and/or high oxoanion
concentrations as well as low [Fe].

Binding of metals by siderophores

Siderophore concentrations in the medium increase
over time as the culture grows, changing dramatically
metal speciation in the medium. Siderophores have a
high affinity for Fe(Ill), but also for molybdate,
vanadate and tungstate (Bellenger et al. 2007).
Interestingly, the production of siderophores normal-
ized to the cell number peaks at the end of the lag
phase and beginning of the exponential phase. At the
end of the lag phase, the siderophore concentration is
typically enough to titrate the free metals (i.e., in our
experiments, the oxoanions, since the other metals
are bound to EDTA). The bacteria thus appear to
grow exponentially only after they have achieved
partial control of metal speciation by binding the
available metals with their own excreted ligands. For
example, in a typical experiment under Fe-replete

C
Ha

conditions, protochelin binds essentially all the
oxoanions (Mo, V and/or W) and a sizeable fraction
(typically about 10%) of the Fe in the growth medium
(Bellenger et al. 2008b). The remaining of Fe is
bound to EDTA.

The metal complexes measured in the growth
medium likely reflect kinetics of reaction rather than
equilibrium. According to the published constants
(Cornish and Page 1998), protochelin has a much
higher affinity for Fe than EDTA and should bind all
the Fe in our growth medium at equilibrium. But the
formation of Fe-protochelin requires metal transfer
from Fe-EDTA, which is the initial form of Fe, to
protochelin, which is produced during the growth.
This is a slow reaction. In contrast, molybdate,
vanadate and/or tungstate are free to react quickly
with the produced protochelin, and the bulk of these
oxoanions are found as protochelin complexes in the
medium. Similar situations should obtain in soils
where the bulk of the iron is precipitated as slow
dissolving oxides or complexed to natural ligands
(which are presumably, by analogy with EDTA, slow
to exchange iron) while an important fraction of
oxoanions is bound to natural organic matter in
complexes that rapidly exchange metals with cate-
chol siderophores (see below).

Availability of metal-siderophore complexes

As discussed above, all the metal cofactors of
nitrogenase are bound to siderophores in the medium
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during diazotrophic growth of A. vinelandii. These
siderophore complexes must thus be available for
uptake. As expected, we observed that Fe-sidero-
phore complexes are taken up. The Fe complexes
with catechol siderophores (aminochelin, azotoch-
elin, protochelin) are all taken up at the same rate,
suggesting that the same limiting step controls their
uptake. Fe-azotobactin is taken up at a slower rate
(Wichard et al., unpublished results).

The uptake of siderophore complexes is not
limited to Fe, however. Cells also take up the
siderophore complexes of Mo and V, but only under
conditions where the metal is required for growth
(Bellenger et al. 2008a, b). The transport systems for
the oxoanion complexes shut down within minutes
when the cells are exposed to high (toxic) Mo or V
concentrations. The complexes of W, which is not
needed for growth, are never taken up.

The molecular details of siderophore-mediated
iron uptake in A. vinelandii remain to be investigated,
but other gram-negative bacteria have been exten-
sively studied. In a first step, the Fe-siderophore
complex is transported into the periplasm by a highly
specific transporter in the outer membrane. In a
second step, either the entire Fe-siderophore complex
is transported into the cytoplasm by an ABC trans-
porter, as it is the case for Fe-enterobactin in
Escherichia coli (Sprencel et al. 2000), or the
complex dissociates in the periplasm [possibly after
reduction of Fe(Ill) to Fe(Il)], and the metal alone is
transported into the cytoplasm, as is the case for Fe-
pyoverdin in Pseudomonas aeruginosa (Schalk
2008).

The uptake of molybdate by A. vinelandii has been
well studied. After entering the periplasm, presum-
ably through porins, molybdate is transported by the
high affinity ABC transporter encoded by the mod
operon, with binding of molybdate to the periplasmic
ModA protein, followed by transport into the cyto-
plasm by the ModB and ModC proteins sitting at the
cytoplasmic membrane (Grunden and Shanmugan
1997; Self et al. 2001; Pau and Lawson 2002). A
similar system was recently identified for vanadate in
a N,-fixing cyanobacterium, but evidence for its
existence in A. vinelandii is lacking (Pratte and Thiel
2006). We have no molecular data on the uptake of
the siderophore complexes of Mo and V. By analogy
with the Fe transport system, we hypothesize that the
Mo and V siderophore complexes are transported into
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the periplasm where the metal is exchanged with the
ModA protein or its V equivalent before transport
into the cytoplasm. The relative affinities of catechol
siderophores and ModA for Mo are consistent with
such a model. The exclusion of tungsten from the
cells could be explained in such a mechanism by an
exchange of the W-catechol complex with ModA that
is either thermodynamically unfavorable or kineti-
cally hindered.

Regardless of the underlying molecular mecha-
nisms, the transport systems for the siderophore
complexes with Fe, Mo and V are highly specific and
tightly regulated. The bacterium conditions its exter-
nal medium by producing siderophores and acquires
the metals it needs by expressing the corresponding
uptake system (Fig. 3). At high metal (Mo or V)
concentrations, the increase in siderophore concen-
trations to match that of the metal (see above) and the
shutting down of the uptake system ensures efficient
detoxification. Toxic metals such as W, whose
siderophore complexes are not taken up, are also
detoxified by complexation with siderophores (Wi-
chard et al. 2008b) .

Effect of siderophores on metal speciation
in soils

According to our data, siderophores are produced by
A. vinelandii at all metal concentrations. Once in the

Fig. 3 Excretion of metallophores by A. vinelandii for metal
uptake or detoxification. (1) Metallophores are produced and
excreted into the soil. (2) Metallophores compete with natural
organic matter and mineral phases for metal binding. (3) The
metal-metallophore complex is unavailable for bacterial uptake
unless specific transport systems are expressed at the cell
membrane, resulting in the detoxification of toxic metals (such
as W) and increased bioavailability of essential metals (such as
Fe, Mo and/or V)
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external medium, siderophores bind free metals and
compete for metals bound to existing organic ligands
and particle surfaces. In soils, Fe is bound to natural
organic matter or precipitated as oxides, resulting
in slow complexation kinetics with siderophores
(Kraemer 2004). The production of DHBA might
increase iron oxide dissolution rates by shuttling Fe
from iron oxides to protochelin, in a process similar
to that observed for citrate or oxalate in previous
studies (Reichard et al. 2007; Cheah et al. 2003). The
oxoanions of Mo, V and W are also bound to organic
matter or adsorbed to soil particles. Our laboratory
data show that catechol siderophores can capture Mo
or V from naturally occurring ligands such as the
tris(hydroxamate) desferrioxamine B (DFB), tannic
acid or organic matter extracted from senescent
leaves, over a time scale ranging from a few minutes
to a few days (Fig. lc, Bellenger et al. 2008b). We
presume that a similar ligand exchange occurs in
natural environments. As in the laboratory, differen-
tial complexation kinetics should thus allow the
formation in the soil of relatively weak Mo-, V- and
W-siderophore complexes in the presence of an
excess of Fe that is organically complexed or
precipitated. Overall, siderophore excretion results
in a reduction of free metal concentrations and the
formation of metal-siderophore complexes, which
leads to an increased control of metal speciation by
the bacteria. Noxious metals are detoxified as free
metal concentrations decrease and rates of metal
uptake are reduced. Metals needed for growth are
extracted from unavailable forms and taken up as
metal-siderophore complexes through the activation
of specific uptake systems. Further, metal-sidero-
phore complexes may also be unavailable for uptake
by other bacteria, thereby allowing the control of
potentially valuable metal resources.

It is still uncertain how the findings for
A. vinelandii can be generalized to other N,-fixing
bacteria. Unlike A. vinelandii, many soil bacteria
produce hydroxamate siderophores, which have a
lower affinity for oxoanions than catechol sidero-
phores. DFB, for example, does not bind Mo at
neutral pH (Farkas et al. 2003). It is possible that the
production of siderophores with different oxoanion
affinities affect the fitness of N,-fixing bacteria in
soils with different concentrations of Mo, V and W.
In turn, the variability in metal requirements among
microorganisms (e.g., high Mo requirement in

N,-fixing bacteria) and in metal concentrations and
speciation in various locals (e.g., Fe oxides vs. Fe-
NOM complexes) may explain the variety in sider-
ophore structures found in bacteria.

Mo cycling in soils

The regulated uptake of the metal complexes formed
with excreted siderophores provides N,-fixing soil
bacteria with a mechanism to control the availability
of nitrogenase metal cofactors in their external
medium. This mechanism may also be one compo-
nent in a larger machinery with which terrestrial
ecosystems conserve and obtain scarce resources.
Trees and other plants extract essential metals from
soils and accumulate them in their leaves. As
observed for Mo, these metals are then retained as
complexes with catechol and other functional moie-
ties in the topsoil organic matter produced by
decaying leaves (Lang and Kaupenjohann 2000;
Wichard et al. 2008a). They are then extracted and
taken up by bacteria through the production of
siderophores as discussed in this paper. In a classic
mutualistic relationship, these metals are used by
free-living diazotrophs to fix nitrogen that is utilized
by the plants. This relationship presumably provides
non-nodulating plants and their associated bacteria
much of the benefits that nodulated plants and their
symbionts derive from each other.
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