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ABSTRACT: Recent studies have demonstrated that cyanobacteria are capable of responding to low 
levels of iron availability through alterations in cellular iron requirements and by increasing their abil- 
ity to scavenge iron from the environment through the activation of siderophore-mediated high-affinity 
transport systems. The significant amount of evidence In the literature on siderophore production by 
cyanobacteria suggests that these iron-chelating compounds may be  important in the determination of 
iron availability in aquatic systems. This review focuses on how cyanobacteria respond to growth- 
limiting levels of available iron and on how siderophores potentially alter the biological availability of 
iron in the system thereby allowing the cyanobacteria to e x ~ s t  at  low iron availabilities. In the light of 
recent findings on the amount of organically complexed iron in aquatic systems, it is concluded that the 
production of siderophores by aquatic organisms may specifically dictate the levels of biologically 
available iron in some aquatic systems. 
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INTRODUCTION 

The paradoxical existence of high, nutrient/low 
chlorophyll (HNLC) oceanlc regions has been attrib- 
uted to the notion that the biological availability of iron 
in some marine systems may regulate new production. 
Evidence from Martin and co-workers (Martin & Fitz- 
water 1988. Martin et al. 1989, 1990) preceded a flurry 
of reports suggesting that certain areas of the oceans, 
including the sub-Arctic Pacific gyre, the equatorial 
Pacific, and the vast Southern Ocean, may be limited 
by the amount of available iron. Since then, a consid- 
erable effort has been put forth to determine the role of 
iron in regulating primary productivity, and this work 
has been comprehensively reviewed by Hutchins 
(1995) as well as by Geider & LaRoche (1994). 

Of specific recent interest, researchers have focused 
on the effect of iron limitation on the physiology of 
cyanobacteria, and the associated high-affinity iron 

acquisition response during iron-limited growth. While 
a number of cyanobacterial species have been studied, 
those of the genus Synechococcus, which dominate 
many freshwater and marine systems, are perhaps of 
the most interest. Synechococcus spp. reach high den- 
sities in most HNLC regions (Chavez et al. 1991), and 
recent experiments have suggested that iron availabil- 
ity may not control cyanobacterial productivity in these 
regions (DiTullio et  al. 1993, Wells et al. 1994). This 
raises the question as to how these cyanobacteria com- 
pensate for such low levels of available iron. 

This review will focus on laboratory studies of cyano- 
bacteria (predominantly Synechococcus spp.) main- 
tained at low iron availabilities and consider the poten- 
tial influence of these primary producers on aquatic 
iron cycles and the bioavailability of iron to other 
organisms in the system. While it is often difficult to 
extrapolate from the laboratory to in situ environ- 
ments, laboratory studies provide valuable insight into 
why cyanobacteria may successfully proliferate in 
HNLC systems. 
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RESULTS AND DISCUSSION 

Despite intense efforts, it remains difficult to deter- 
mine which forms of Fe are biologically available and 
which are unavailable to phytoplankton in aquatic 
systems (Wells et al. 1995). Due to differences in the 
strategies of phytoplankton for iron acquisition, what 
may be available to some species remains unavailable 
to other species in the same environment. Thus, while 
the phrase 'biologically available' will be used 
throughout this paper, it is perhaps best to consider 
biologically available iron as a collection of biologically 
accessible sub-groups, which in sum represent the bio- 
logically available iron in the system. 

Effect of iron availability on cyanobacterial growth 

Laboratory studies on the effect of iron availability 
on cyanobacterial growth examine 2 questions: the 
total biomass generated by a given level of iron (maxi- 
mum yield experiments), and growth rate experiments 
in which the maximum growth rate (p,,,) is calculated 
for given iron levels. Maximum yield experiments, 
designed to estimate cellular iron quotas, have been 
carried out in both batch (Brand 1991, Rueter & 
Unsworth 1991) and chemostat cultures (Wilhelm & 
Trick 1995a). Cellular requirements are determined by 
normalizing total iron to cell number or expressed as 
iron normalized to other cellular components (i.e. N, P, 
or C). Utilization of a standardized Redfield ratio 
allows for an intercomparison of results (Table 1). 
These requirements can be contrasted with those 
determined through the utilization of a solution of tita- 
nium (111)-citrate-EDTA (Hudson & More1 1989), which 

rapidly reduces extracellular iron and allows for a 
determination of iron within the cell when cells are 
maintained with tracer levels of ''Fe or jgFe (Sunda et 
al. 1991, Wilhelm et al. 1996). In all cases, cyanobacte- 
nal Fe requirements are higher than those of eukary- 
otic algae (Table 1). These high requirements are com- 
monly attributed to cyanobacterial evolution, since the 
availability of iron would have been significantly 
higher in the anaerobic conditions under which these 
organsims evolved (Hutchins 1995). However, the 
higher iron requirements of cyanobacteria relative to 
eukaryotic plankton may also be attributed to reduced 
amounts of iron-poor structural material in the cyano- 
bacteria, which would lead to a proportional increase 
in the cellular iron requirements (Trick & Wilhelm 
1995). 

One of the most interesting responses to iron stress is 
the change in the pmax of many cyanobacteria in 
response to decreases in extracellular iron concentra- 
tion. Under iron-replete conditions, many cyanobacte- 
ria are capable of maintaining p,,, in excess of 1 divi- 
sion d-' (Boyer et al. 1987). The p,,, decreases for most 
cyanobacteria as the availability of iron decreases 
(Fig 1). In several species, this drop is followed by a 
'recovery' (increase) in p,,, as the cells are taken fur- 
ther into iron limitation. This response is not seen in all 
species however, and some, such as the freshwater fil- 
amentous Plectonema boryanum, demonstrate a pre- 
dictable decrease in pnlas with decreasing nutrient 
availability (Fig. 1E). The response of P. boryanum is 
typical of phytoplankton for which nutrient acquisition 
is diffusion mediated, such as vitamin B12-limited 
growth of Synechococcus sp. PCC 7002 (Wilhelm & 
Trick 1995b). Attempts to explain these iron-regulated 
growth patterns have focussed on 2 potential mecha- 

Table 1 Iron quot~ents of Synechococcusspp. Cellular iron quotients (QFe) are converted from literature values to Fe:C (mo1:mol) 
ratios using established Redfield values for C:N:P (106:16:1) 

I Literature QFP Converted QFr Protocol Source I 
Synechococcus spp. 
iYH8108 

(10.' M Fe) 
( l  0-a M Fe) 

WH6501 
(10-"M Fe] 

Several species 

PCC 7002 
(10-~  M Fe) 
(10-'M Fe) 

Eukaryotic algae 
Thalassiosira oceanica 

Several species 

1 Maxlrnum yield 

Fe:P = 10-14 to 10-27  3.8 X 10-4 to 1.9 X 10-5 Maximum yield 

Rueter & Unsworth (1991) 

Brand (1991) 

t Ti(I1l)-c~trate-EDTA PVilhelrn et al. (1996) 

2.0 X 10-" Ti(II1)-cltrate-EDTA Sunda et al. (1991) 

9.4 r I O - ~  to 7.4 X 1 0 - ~  Maximum yield Brand (1991) 
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nisms. The first involves decreases in cellular iron A. Synechococcus PCC 7002 B. Anacystis nidulans R2 

quotients which allow cyanobacteria to exist more 
1.0 . effectively at lower iron concentrations. The second - I 

involves the activation of iron-specific scavenging o 8 

systenls which allow the organism to compete for the 
limiting levels of iron in the environment. Evidence for .= 
both types of response exist and will be presented here 
in consideration of the potential role cyanobacteria I 

0.0 0 0 - 
may play in aquatic iron cycles. 1 7  1 8  19 20 21 22 I: 1 8  19 20 21 22 

1.2 , C. Anabaena variablis 1 8 . D. Oscilla~oria renuis 

Iron-limited cyanobacterial physiology 

Perhaps the most obvious manifestation of iron limi- 
tation in cyanobacteria is chlorosis (Boyer et al. 1987). 
The specific changes associated with pigment content 
(and pigment absorption spectra) in coccoid cyanobac- 
teria were first noted by Oquist (1971, 1974). These 
variations have since been confirmed in the freshwater 
isolate Anacystis nidulans R2 (Synechococcus sp. PCC 
7942) as well as identified in the marine isolates 
Agmenellum quadruplicatum PR6 (Synechococcus sp. 
PCC 7002) and Synechococcus sp. WH 7803 (DC2) by 
a variety of researchers (Hardie et  al. 1983a, Sherman 
& Sherman 1983, Guikema & Sherman 1984, Rueter & 

Unsworth 1991, Wilhelm & Trick 1995a). It has also 
been demonstrated that chlorophyll levels are affected 
by iron availability in marine filamentous Trichodes- 
mium spp. (Rueter et al. 1990) and the freshwater fila- 
ment Oscillatoria tenuis (Trick et al. 1995). 

Due to the involvement of iron in the catalysis of pig- 
ment synthesis, the decrease in chlorophyll cell-' as 
well as phycocyanin cell-' seen in Anacystls nidulans 
and Agmenellum quadl-uplicatum was expected (Pes- 
chek 1979, Hardie et al. 1983a). Guikema & Sherman 
(1984) demonstrated alterations induced by iron stress 
as an increase in the phycocyanin to chlorophyll ratio 
in A. nidulans R2, suggesting that some pathways may 
be more strongly affected than others. This has 
recently been confirmed in chemostat-cultured Syne- 
chococcus sp. PCC 7002 (Wilhelm & Trick 1995a). 
Boussiba & Richmond (1980) have suggested that the 
degradation of cellular phycocyanin may be only a sec- 
ondary effect of iron limitation; nitrogen deficiency 
caused by a reduction in the level of iron-containing 
enzymes required for nitrogen assimilation may cause 
the cells to degrade phycocyanin pools and utilize 
them as a source of N. Decreases have also been docu- 
mented for cellular levels of the accessory pigments 
zeaxanthin and p-carotene (Wilhelm et al. 1996). 

Decreases in cellular chlorophyll levels due to iron 
limitation have also been demonstrated in the natural 
environment. Murphy & Lean (1975) demonstrated a 
decrease to one-third of the control level of chlorophyll 
in field studies of a freshwater system, and Paerl et al. 

'21 
E. Plectonema boryanum 

l 0  4 z-, 

I S -  
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, , - F. Iron Transpori Systems 
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Fig. 1. Relative growth rates of cyanobacteria over a range of 
iron availabilities. Maximum growth rates (p,,,,) for cyano- 
bacteria have been standardized to growth rates at the high- 
est iron levels (pFc 17 = 10-'' M [Fe3']). Results demonstrate 
recoveries for growth in the s~derophore-producing isolates 
(A)  Synechococcus sp  PCC 7002 (Wilhelm et al. 19961, 
( B )  Anacystis nidulans R2 (Kerry e t  al. 1988), (C) Anabaena 
variablis (Kerry et  al. 1988) and (D) Oscillatoria tenuis (Brown 
& Trick 1992) a t  low iron levels. (E) Plectonema boryanum. 
which does not produce any detectable siderophores, does 
not display this growth pattern (Kerry e t  al. 1988). (F) Pre- 
dicted mechanisms of iron acquisition for the siderophore- 

producing organisms 

(1994) demonstrated an effect of iron availability on 
pigments in Trichodesmium spp. in marine environ- 
ments. 

Iron-limited growth has also been shown to cause 
specific changes in components of the electron trans- 
port chain. By culturing Aphanocapsa sp. 6714 at 10% 
of the control level of iron, Sandmann & Malkin (1983) 
were able to bring about a switch from iron-containing 
ferredoxin to flavodoxin in the phytoplankton's elec- 
tron transport chain. Further reduction in iron, to 1 % of 
the control level, produced a reduction in all the iron- 
containing photosynthetic redox proteins. 

Iron deficiency leads to a number of physical 
changes in cyanobacteria. A size decrease in Anacys- 
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tis nidulans R2 to between 33 and 50% of the iron- 
satiated cell length has been documented (Sherman 
& Sherman 1983). Gorham et al. (1964) similarly 
showed a variation in size as well as a pronounced 
filament coiling in iron-deficient cultures of Ana- 
baena flos-aquae. Electron microscopy has been used 
to identify a number of iron-deficiency-induced 
changes in intracellular morphology. A pronounced 
rearrangement of the thylakoids, culminating with 
their degradation as well as the degradation of the 
cytoplasmic membrane has been seen in Agrnenel- 
lum quadruplicaturn and A. nidulans (Hardie et al. 
1983b, Sherman & Sherman 1983, Wilhelm 1994). A 
decrease in the number of cellular carboxysomes has 
been reported for A. nidulans (Sherman & Sherman 
1983) although no coordinate alteration has been 
seen in A. quadruplicafum (Hardie et al. 198313). Sim- 
ilar analysis in the filamentous cyanobacterium Calo- 
thrix parientina showed no obvious changes in carb- 
oxysome formation during iron limitation although 
there was an  unrelated formation of colourless, multi- 
cellular hairs and the development of false branching 
(Douglas et  al. 1986). 

Nitrogen fixation is perhaps the most 'iron-expen- 
sive' process within phytoplankton, and this Fe re- 
quirement forms the basis of arguments regarding the 
absence of significant populations of nitrogen-fixing 
phytoplankton in marine systems (Rueter et al. 1990, 
Hutchins 1995). An exception to this are the filamen- 
tous Trichodesmium spp., which fix nitrogen and are 
widely distributed in tropical and sub-tropical marine 
environments (Carpenter 1983). Direct evidence in 
both laboratory and field studies has linked the avail- 
ability of Fe to N2-fixation in this cyanobacterium 
(Rueter et al. 1990, Paerl et al. 1994). This is supported 
by work that demonstrates iron deficiency causes a 
decrease in heterocyst formation in the nitrogen-fixing 
freshwater cyanobacterium Anabaena catenula (C. G.  
Trick pers. comm.). 

Another set of changes often associated with low 
nutrient availablity is the production of stress-specific 
proteins in specific membrane or cell fractions. Factors 
such as salinity (Apte & Bhagwat 1989), oxidative 
stress (Mittler & Tel-Or 1991), heat shock (Borbely et 
al. 1985), as well as magnesium, calcium and phos- 
phate limitation (Scanlan et al. 1989) have been shown 
to bring about the induction of specific proteins in 
cyanobacteria. Iron limitation has also been implicated 
as a potential inducer of protein production. Guikema 
& Sherman (1984) noted the presence of an iron-limita- 
tion-inducible 34 kDa protein in Anacystis nidulans, 
similar in size to an intracellular siderophore-transport 
protein found in Escherichia coli. The role of these pro- 
teins as potential ferrisiderophore-transport proteins 
will be discussed later. 

Siderophore production by cyanobacteria 

The ability of microorganisms to synthesize iron- 
sequestering compounds (siderophores) and actively 
transport them into cells has been well studied in many 
bacterial and fungal systems, and the chemistry and 
behaviour of many of these chelators is now well 
understood (Crumbliss 1991). Siderophores (Greek: 
siderous = iron, phorus = bearer) are low molecular 
weight (400 to 1200 Da), iron-binding compounds 
(siderophore + Fe3+ = a ferrisiderophore complex) 
which facilitate the transport of ferric ions into cells 
during periods of iron deficiency (Matzanke 1991). All 
aerobic and anaerobic bacteria and fungi, with the 
potential exceptions of Lactobacillus spp., Legionella 
spp., and Sacchromyces spp., appear to produce 
siderophores (Neilands & Leong 1986). This includes 
microorganisms found in marine environments (Trick 
1989, Reid et al. 1993). Siderophore production has 
also been seen in a limited number of microscopic 
eukaryotic phytoplankton (Trick et al. 1983, Bender- 
liev & Ivanova 1994). 

The ability of cyanobacteria to produce siderophores 
has been known for some time. Estep et al. (1975), 
Murphy et al. (1976), and Simpson & Neilands (1976) 
were among the first to demonstrate that cyanobacte- 
ria were capable of siderophore production during iron 
limitation (Table 2),  while the best-studied system is 
that of schizokinen production by Anabaena sp. ATCC 
27898 (Larnrners & Sanders-Loehr 1982, Goldman et al. 
1983). Studies have demonstrated that many cyano- 
bacterial species are capable of producing hydrox- 
amate-type siderophores. These siderophores utilize 
hydroxarnic acid moieties to coordinate iron molecules. 
While detection of these iron chelators has been quite 
common, detection of iron-chelating catecholate-type 
siderophores has only recently been reported (Brown 
& Trick 1992, Wilhelm & Trick 1994). Isolated cate- 
cholate siderophores from Synechococcus sp. PCC 
7002 have been shown to have extremely high 
metaldigand affinity constants (logK = 38.1 to 42.3), 
implying that they may play a significant role in the 
speciation of iron in aquatic systems (Lewis et al. 1995). 
The recovery in growth rate demonstrated for a num- 
ber of cyanobacteria (Fig. 1) provides a strong correla- 
tion with the ability of these organisms to produce 
slderophores in batch culture conditions: Synechococ- 
cus sp. PCC 7942. Anabaena variablis (Kerry et al. 
1988), Synechococcus sp. PCC 7002 (Wilhelm & Trick 
1994) and Oscillatona tenuis (Brown & Trick 1992) 
have all been shown to produce siderophores. 

It has been suggested that cyanobacterial iron acqui- 
sition in iron-replete environments is driven primarily 
by diffusion of Fe3+ along a diffusion gradient into the 
cells via porin channels in the outer membrane; thus 
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decreases in Iron concentrations should cause con- 
comitant and proportional decreases in p,,, (Wilhelm 
& Trick 1994). In systems where no siderophores are 
found (i.e. Plectonen~a boryanum), p,,,, predictably 
decreases to zero as iron levels drop (Kerry et al. 1988). 
The presence of a siderophore-mediated high-affinity 
system changes the predicted growth rate in iron-lim- 
ited cultures, with an increase in p,,, being observed 
when the transport system is activated (Fig. 1). 

High-affinity t ranspor t  systems 

The presence of a high-affinity iron-transport system 
in a microorganisn~ is generally based on the identifi- 
cation of the specific components involved in sidero- 
phore-mediated iron transport. Transport of iron from 
ferrisiderophore complexes into cells requires mem- 
brane-associated, ferrisiderophore-specific proteins 
(Neilands 1994). These proteins are required in any 
membrane fraction or compartment into or through 
which the intact ferrisiderophore complex is trans- 
ported. Neilands (1977) summarized the protein-medi- 
ated transport of a siderophore into enterobacteria in a 
model that is still the basis for iron transport in Gram- 
negative nlicroorganisms. While most of these trans- 
port proteins are ferrisiderophore specific, some are 

exploited as channels for the assimilation or invasion of 
other components. Most notably, a number of lethal 
agents including the T l  and T5 viruses, colicin M and 
albomycin are incorportated into Escherichia col1 via 
low-iron-induced outer membrane siderophore recep- 
tors (Neilands 1994). 

The ability of cyanobacteria to produce transport 
protelns specific for siderophores remains to be 
demonstrated, although cyanobacteria have been 
shown to produce specific proteins during low iron 
availability (Guikema & Sherman 1984, Scanlan et  al. 
1989, Trick et al. 1995). Ferrisiderophore-specific pro- 
teins would represent potential indicators of iron stress 
in natural systems. Work in several laboratories is now 
focussed on the purification of such proteins and the 
production of antibodies to them. These antibodies will 
provide an indication of iron-stress proteins in natural 
cyanobacterial communities, indicating that the organ- 
ism may be in a low-iron environment (Wilhelm 1994, 
Hutchins 1995). 

Although the production of extracellular sidero- 
phores by cyanobacteria is considered evidence for 
high-affinity iron transport, it remains to be deter- 
mined whether cyanobacterial siderophores function 
to increase the affinity of cyanobacteria for iron. 
Siderophores have been demonstrated to increase the 
iron uptake rates of Synechococcus sp. PCC 7002 

Table 2. Investigations of cyanobacterial siderophore production 

Conclusions Source 

Marine 
Examination of cyanobacteria from nearshore waters. Produced a hydroxamate-type Estep et al. (1975) 
siderophore 
Survey of marine cyanobacteria. Most produced hydroxamate-type siderophores Armstrong & van Baalen (1979) 
Examination of 3 strains of marine Synechococcus spp. (WH 6501, WH7803, WH8018). Rueter & Unsworth (1991) 
No siderophores found 
Production of 4 siderophores by chemostat-grown Synechococcus sp. PCC 7002 Wilhelm & Trick (1995a) 

Marine and freshwater 
Siderophores from 8 coccoid and 2 filamentous cyanobacterial cultures. Both marine Wilhelm & Trick (1994) 
and freshwater siderophore production. Catechol-type chelators common 

Freshwater 
Examined relationship between iron and nitrogen-futing cyanobacterium. Found a Murphy et al. (1976) 
hydroxamate-type siderophore 
Isolated dihydroxamate-type s~derophore from a Synechococcus sp. Simpson & Neilands (1976) 
Siderophore-mediated iron uptake in Anabaena sp. Lammers & Sanders-Loehr (1982) 
Production of schizokinen in Anabaena sp. Goldman et al. (1983) 
Siderophore production and its effects on toxic copper Clarke et al. (1987) 
Hydroxamates from Synechococcus sp. and Anabaena variabljs Kerry et al. (1988) 
Siderophore production in Rivulanaceae Mahasneh (1991) 
Hydroxamates from Oscillatona tenuis Brown & Trick (1992) 
Siderophores from Synechococcus sp. and Anabaena variablis Trick & Kerry (1992) 



300 Aquat microb Ecol9- 295-303, 1995 

(Wilhelm & Trick 1994). This neritic cyanobacterium, 
grown under iron-replete conditions, assimilates iron 
to th.e cytoplasm at a rate of 2 2 pM cell h-', almost an 
order of magnitude lower than iron-deficient cells 
when siderophores are present (19.0 pM cell-' h-'). 
These rates bracket those determined in studies of the 
maximum iron-assimilation rates of a natural popula- 
tion of pelagic marine Synechococcus spp. (9.2 pM 
cell-' h-') (Wells et al. 1994). Although siderophores 
have been shown to increase assimilation rates, at this 
point in time the effect of siderophores on cellular iron 
affinity can only be inductively inferred (Wilhelm & 
Trick 1994). 

It is thus important to distinguish between high- 
'affinity' and high-'velocity' iron uptake. Studies on the 
effect of siderophores on cyanobacterial iron acquisi- 

A Simplified Aquatic Lron Cycle 

Unavailable 

t t  

From 
System 

BlOTA 

B Effect of Siderophores on the Aquatic Iron Cycle 

m I 

I Loss I - 

Biologically 
Unavailable 

BlOTA 

1 Biologica~llwailable 1 
4- 

Fig. 2. Potential effect of siderophores on the biological avail- 
ability of iron in aquatic systems. (A) Simpl~fied iron cycle, 
demonstrating flux of iron from biologically unavailable pool 
out of the system and to biota via a biologically available pool. 
The biologically available pool is a sum of all the different 
species of Iron which are biologically accessible to phyto- 
plankton in the system. (B) The introduction of siderophores 
forces an increase in biologically available iron, w h ~ l e  organ- 
ically chelated iron, orig~nally from the biologically available 
pool, remalns available to siderophore users. Pool sizes not to 

a specific scale 

Pool 

tion have examined only uptake velocities, and such 
changes do not demonstrate changes in cellular affin- 
ity since higher velocity uptake does not necessarily 
mean higher affinity for a substrate (Wilhelm & Trick 
1994). The affinity of a system is a reflection of that sys- 
tem's attractiveness for the nutrient in question. High- 
affinity nutrient-transport systems are thus those sys- 
tems within organisms which, when induced, will 
increase the organisms' ability to utilize the pool of the 
nutrient within the environment. Typically, these sys- 
tems are investigated by applying Michaelis-Menten 
kinetics to substrate-limited nutrient-transport data. 
For iron, however, regulating substrate concentrations 
is arduous, and thus affinity changes must be implied 
through other means. Speciation in the environment 
often renders the majority of iron biologically unavail- 
able to organisms utilizing conventional diffusion- 
mediated iron-acquisition systems, which must rely on 
the low concentrations of free ferric ions (provided 
from other inorganic sources) in the environment to 
satiate their needs. If an organism is to utilize the bio- 
logically unavailable pool of iron in the system, it must 
change its ability to attract iron so as to increase its 
ability to scavenge it. A high-affinity iron-acquisition 
system may therefore be defined as any inducible sys- 
tem which allows organisms access, either directly 
(through utilization) or indirectly (by changing the spe- 
ciation of extracellular Fe), to the pool of biologically 
unavailable iron. These systems may ultimately lead to 
higher velocities of nutrient transport but are not 
defined alone by the increase in transport velocity. The 
specifics of how this pool may be accessed by cyano- 
bacteria are discussed below. 

Role of microbial iron chelators in aquatic systems 

The extent to which siderophores affect the cycling 
of iron in aquatic systems has yet to be determined. 
Recent reports have suggested that much of the dis- 
solved iron in some marine systems is complexed by 
low molecular weight organics of unknown form and 
function which. are similar in size and stability con- 
stants to siderophores produced by eubacteria (Gled- 
hill & van den Berg 1994, Rue & Bruland 1995, Wu & 
Luther 1995). If these compounds are indeed sidero- 
phores, they can be expected to dramatically alter the 
predicted availability of iron in aquatic systems by 
both direct and indirect mechanisms (Flg. 2).  Since 
large amounts of iron in the system are partitioned to 
the biologically unavailable pool, organisms are often 
forced to compete for the small portion which becomes 
biologically available through rapid conversion from 
inorganic species. Siderophores in the system would 
further scavenge Fe which is already available in the 
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environment. This results in a shift from insoluble 
Fe(OH), (S) to Fe(OH),+, which may rapidly intercon- 
vert with Fe3+ (Zafiriou & True 1980) and renders Fe 
available at a rate sufficient to maintain the available 
Fe pool at  a constant size (Hudson & More1 1990). 
Thus, in the presence of siderophores, the pool of bio- 
logically available iron is indirectly increased by the 
amount of iron that is complexed by the siderophores. 
The utilization of the previously biologically unavail- 
able iron is of importance to the ecosystem as a whole 
as it increases the amount of iron in the biological iron 
cycle and iron which may ultimately be available to the 
other organisms in the system via recycling through 
grazing and microbial systems (Hutchins & Bruland 
1995). This concept is in marked contrast to the conclu- 
sions of Murphy et al. (1976), who thought sidero- 
phores were produced by cyanobacteria in order to 
provide a competitive advantage over other algae dur- 
ing iron stress, as these other plankton could not utilize 
the organically complexed iron. While this possiblity 
cannot be refuted, one must now also consider the pos- 
sibility that siderophore production is simply a 'survive 
at  all cost' response to low iron availability and that the 
extreme costs in terms of cellular stores and energy are 
offset by the potential for survival (Trick et al. 1995). 
Moreover, if siderophore producers exclusively utilize 
organically complexed iron, then the static biologically 
available Fe pool should be more available to the fewer 
organisms drawing from it. 

The question also remains as to the factors which 
have driven the evolution of high-affinity transport in 
aquatic systems. Many authors have argued that there 
is little practicality in the production of cyanobacterial 
siderophores from an energetics perspective (Hutchins 
et  al. 1991) and that only populations, not individuals, 
can benefit from siderophore production on an ecosys- 
tem scale (Hutchins 1995). This has led to suggestions 
that cyanobacteria may exist which are capable of 
using siderophores produced by other organisms, 
thereby avoiding the energetic and material costs of 
siderophore production (Hutchins 1995). While sidero- 
phore auxotrophs have been isolated in terrestrial het- 
erotrophic bacterial communities, and a re  comn~only 
utilized as bioassay organisms for the presence of spe- 
cific siderophores (Neilands & Nakamura 1991), simi- 
lar cyanobacteria remain to be isolated from aquatic 
systems. 

CONCLUSION 

In the last 2 decades, picoplankton have been 
demonstrated to be of critical importance in the cycling 
of nutrients through marine systems. Since the func- 
tion of iron as a limiting nutrient has been reconsid- 

ered,  we are now forced to examine these issues with 
respect to each other. Exhaustive efforts to determine 
the role of iron in the regulation of productivity in 
aquatic systems continue. The resolution of a variety of 
issues, including the identification of the source(s) of 
iron-complexing organics, the efficacy of iron recy- 
cling, and the identity of biologically available Fe in 
aquatic systems, is required before we can effectively 
resolve these systems. In addition, an understanding of 
the role of prochlorophytes in the aquatic iron cycle 
(for which there is little published information) will add 
to our knowledge of how the other major group of pho- 
tosynthetic picoplankton is influenced by iron avail- 
ability. While recent evidence from IronEx suggests 
that prochlorophytes may not be iron limited (Martin e t  
al. 1994), the lack of axenic cultures has made labora- 
tory studies of their iron physiology difficult (Chisholm 
et al. 1992). 

Global carbon cycles a re  affected strongly by the 
factors that affect aquatic primary productivity. Mount- 
ing evidence now suggests that many regions of the 
world's oceans are indeed iron-limited and that unique 
strategies for survival are undertaken by the species 
that exist in these systems. If the responses of cyano- 
bacteria and other siderophore producers to low-iron 
stress are  capable of altering the bioavailability of iron 
to the aquatic community, then these systems require 
further serious and critical examination. 
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