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As primary producers, marine cyanobacteria regulate the biological and
biogeochemical cycles of aquatic ecosystems and influence ocean-atmosphere
gas exchange. The purposes of this project were to determine if a
Synechococcus sp. was capabie of utilizing a high-affinity iron transport system
during periods of iron-limited growth and if physiological changes due to iron
limitation could be identified. Resolution of these factors was achieved by
maintaining the cyanobacterium Synechococcus sp. PCC 7002 in continuous
culture chemostats over a range of iron availabilities.

Changes in physiology were detected over a range of iron
concentrations. Reductions in the leveis of photosynthetic pigments were
accompanied by a deterioration of thylakoid integrity and changes in cellular
carboxysome and polyphosphate bodies. Polypeptide profiles of thylakoid,
cytoplasmic, and outer membrane fractions demonstrated the enhanced
production of specific proteins during iron-limited growth. The photosynthetic
efficacy (measured as oxygen evolution and carbon fixation) is significantly
reduced during iron-limitation, with carbon incorporation being reduced from
luxury levels to the minimum requirements for cellular carbon turnover.

Steady state cell densities within chemostats, combined with growth data
obtained from batch cultures, demonstrate a non-linear response between iron
concentration and cyanobacterial proliferation. Resuits suggest that this is
brought about by changes in the cellular iron quotient, coupled with the

activation of an energy dependant high-affinity iron transport system. The
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activation of this system invoives the release of four novel iron-regulated, iron-
binding cell products (siderophores) by Synechococcus sp. PCC 7002.

To determine the prevaience of siderophore production, ten species of
cyanobacteria were examined for the ability to produce siderophores under iron-
limiting conditions. In all cases these cyanobacteria were found to produce
siderophores, and, in many species, the production of multiple siderophores
was detected. Analysis of the chemical moieties associated with these
compounds demonstrated that hydroxamaie-type, catechol-type, and atypical-
type iron chelators are produced by these cyanobacteria.

The presence of siderophores enhances the ability of cyanobacteria,
grown under iron-limiting conditions, to assimilate iron from the environment via
membrane-associated receptor proteins. Ferrisiderophc(e receptors are not
expressed by cyanobacteria grown under iron-repiete conditions.

An amaigamation of these results infers that some cyanobacteria utilize
high-affinity iron transport systems, involving the serial transport of iron via
soluble and membrane-associated ferrisiderophore compiexes, in a process
which requires the presence of membrane-snecific receptors and ATP. This
work demonstrates that the definition of affinity in iron transport must consider
the biologically available and unavailable pools of iron in the environment. This
work suggests that high-affinity iron transport in cyanobacteria involves the

conversion of biologically unavailable iron to an available form.
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1. Introduction

The flux of photosynthetically derived carbon into the ocean is potentially
regulated by several factors that function to restrict the growth rate and cell
density of the primary producers in aquatic systems The regulation of primary
producitivity is important in our understanding of the global carbon cycle and in
the potential of regional scale fisheries.

The role of nutritional factors in limiting primary productivity in marine
systems has received considerable attention, but the precise roles remain
unclear. Limitation in most freshwater systems is now accepted, in general, to
be due to the low availability of phosphorus (Schindler 1981), although other
nutrients such as nitrogen, silicon (Schindler 1981) and iron (Wetzel 1966,
Murphy et al. 1983; Storch and Dunham 1986) have also been implicated.
Early work in marine systems suggested that N and P may limit these systems
On a geological scale (long term), Redfield et al. (1963) suggested that P
availability must have ultimately limited phytoplankton abundance while
arguments on short term scales have suggeste that the availability of N in
open-ocean communities was the growth limiting factor (Eppley et al. 1973,
DiTullio et al. 1993). More recent considerations now suggest that
phytoplankton growth and species composition in these regions may in fact be
co-determined by the availability of nacro- (N, P, or Si) and micro- (iron, trace
metals, vitarnin B,,) nutrients (Morel and Hudson 1984).

The concept of co-limiting factors is not a new one. Nathanson (1908),



in response to Brandt's suggestion that aquatic systems should be limited by
whatever nutrient was in the lowest concentration according to Leibig's Law of
the Minimum, stated that the complex interactions of light, temperature, salinity,
and gas exchange were too numerous, and that a single limiting factor would
be replaced by a complex of factors (Brandt and Raben 1922).

Gran (1931) was one of the first to suggest that "the growth of the
plankton diatoms is determined by factors other than the concentration of
phosphates and nitrates and besides temperature and light". Hart (1941),
concluded from his work in the Weddell Sea and other Antarctic regions that
iron may be one of the limiting growth factors. Since then a number of other
researchers, predating the past two decades, investigated the potential of iron
to act as a limiting nutrient (Harvey 1933, 1937, 1947, Menzel and Ryther
1961). Ali of these studies were discounted, however, due to the levels of
contaminating iron.

The paradoxical existence of high nutrient : low chlorophyll regions in the
oceans has supported the notion that the level of biologically available iron in
some marine systems may indeed regulate the new production within these
systems. Evidence from Martin and co-workers (Martin et al. 1989, 1990;
Martin and Fitzwater 1988) 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

(Figure 1). These regions have been shown to acquire most of the iron utilized



Figure 1a). False colour satellite image of seven year mean pigment
levels in the oceans. Chlorophyll levels in aquatic areas were
derived from data accumulated using the Coastal Zone Colour
Scanner satellite. Pink regions demonstrate areas of low
chiorophyll concentration ( < 0.10 mg m™). Oceanic regions in the
equatorial Pacific, sub-arctic Pacific gyre, and the vast Southern
Ocean are among those regions in which primary productivity has
been suggested to be limited by the availability of iron. b). Colo''r
representation bar correlated to chlorophyll concentration (mg m)

for 1a). From Mitchell et ai., 1991.
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in new production by aeolian input (Moore et al. 1984, Duce and Tindale 1991).
Unlike coastal and mid-Atlantic regions, these areas are not subjected to large
anthiopogenically determined iron fluxes. Further to this, Martin's group
demonstrated that the upwelling rate of iron, when exan.r=- .. a ratio of
biological nutrient necessity, was significantly lower than that of the
macronutrients (nitrogen and phosphorous) in these oceanic regions (Martin et
al. 1988). From this information, Martin and co-workers suggested that, in
these regions, primary productivity is limited by the availability of iron. This
became of national interest when it was suggested that the infusion of a large
amount (about 300,000 tonnes) of iron, in a soluble forin, would alleviate the
repression of primary productivity by iron limitation causing an algal bloom
capable of driving two billion tons of carbon dioxide into the oceans. This was
proposed as the "geritol solution” to the problem of global warming (Chisholm
and Morel 1991). The increased flux of carbon dioxide into the ocean would
help to offset the affect of the anthropogenically introduced carbon dioxide. This
buildup of CO, is believed to be responsible tor the period of global warming
currently being experienced (the “"green-house” effect).

In order to resolve some of the specific effects of iron on primary
productivity, | have focused on the effect of iron-limited growth on the
physiology of a coccoid cyanobacterium, and the associated high-affinity iron

acquisition response brought about by iron-limited growth.




1.1 Importance of Cyanobacteria in Aquatic Systems

The cyanobacteria constitute one of the largest groups of the Gram-
negative prokaryotes. Their maintenance of two photosystems and ability to
underiake oxygenic photosynthesis (as in higher plants) combined with their
rapid growth and sbility to be cuitured has made them an integral tool in many
research labs. Traditional assignments of these orgarisms to the algae
resulted in an early classification by phycologists within the provisions of the
botanical code (Stafleu et al. 1972). Discrimination at these morphological,
ecological and physiological levels resulted in an early description of some 150
genera containing well over 1000 species (Rippka et al. 1979). The
reclassification of cyanobacteria by Rippka et al. (1979) lead to the
development of five sections of cyanobacteria. These sections are created by
dividing the cyanobacteria into filamentous and unicellular groups, and then
subgrouping these based on reproductive characteristics. The coccoid
cyanobacteria of the genus Synechococcus as well as those of the genera
Gloeothece, Gloeobacter, Gloeocapsa, Synechocystis and Chamaesiphon
comprise Section | (Table 1).

The importance of cyanobacteria in pelagic ocean has only recently been
appreciated, in part due to the small size of the coccoid species and the early
difficulties in enumerating them. Early reporis spggested that the marine,
planktonic cyanobaclerial species, unlike their freshwater cohntorparts. were

limited to a few nostocalean species such as Trichodesmium (Fogg 197'3).




Table 1. Cyanobacterial assignments to sub-groups. Grouping of

cyanobacteria and the assignment into sections.

Unicellular; cells single
or forming colonial

Section |. Reproduction by binary fission or budding

produce akinetes

aggregates held Section . Reproduction by multiple fission giving rise to small
together by additional daughter cells (baeocytes), or by both multiple fission and binary
outer cell wall layers fission
Filamentous; a Reproduction by Trichome always | Section Iil. Division in
trichome (chain of random trichrome | composed of only | only one plane
cells) which grows by breakage, by of vegetative celis
intercalary cell division | formation of _— —_— -
hormagonia and In the absence Section V. Division in
(Sections IV and | of combined only one piane
V only) nitrogen, e e o
sometimes by trichome Section V. Division in
germination of contains more than one plane
akinetes heterocysts;
some also

Table 1b. Section |

Unicellular cyanobacteria dividing by binary fission.

Reproduction by
binary fission

Thylakoids absent

Thylakoids present

Division in one plane

Sheath present
Gloeobacter

Sheath present

Gloeothece

Sheath absent
Synechococcus

e~

Division in two or
three planes

Sheath present
Gloeocapsa
Sheath absent
Synechocystis

Reproduction by
budding

Thylakoids present

Chamaesiphon

from Rippka et al. 1979.




Utilization of epifluorescent techniques and the advent of flow cytometry
(DiTullio et al. 1993) have been used to analyze the previously disregarded 0.2-
2.0 ym planktonic fraction (isolated by selective filtration) and permitted the
realization of the importance of the picoplanktonic fraction (Waterbury et al.
1979; Johnson and Sieburth 1979). Of primary interest are the coccoid
cyanobacteria (especially those of the genus Synechococcus), that are
ubiquitously distributed throughout temperate and tropical regions in numbers
within an order of magnitude on either side of 10* cells mL™' (Fogg 1987).
Cyanobacteriai numbers decrease significantly as one goes toward the poles
(Murphy and Haugen 1985), although evidence does exist for limited
cyanobacterial proliferation as far as 68°North (Northern Foxe Basin, Smith et
al. 1985) and a coccoid, phycocyanin rich, psychrophilic cyanobacterium
(tentatively proposed as Synechococcus) from the True Love Lowlands on
Devon Island (75° 33" North) has been isolated (Wilheim, Renaud and Trick,
unpublished).

Estimates of the importance of cyanobacteria, with respect to carbon
flux, have suggested that 60% of the photosynthesis in pelagic systems may be
carried out by organisms < 1.0 ym in size (Platt et al. 1983). A great deal of
discrepancy does still exist, however, with researchers often finding a great flux
in the range of photosynthetic potential: Li et al. (1983) found that 25 to 90% of
the biomass and 20 to 80% of the photosynthesis in the eastern tropical Pacific

Ocean was attributable to cells passing through a 1 um filter.




The other major role ¢f cyanobacteria in pelagic systems may be
accredited to their poter.tial role as nitrogen fixers (see Fogg 1987, Capone and
Carpenter 1982). Trichodesmium is the principal organism responsible for the
fixation of nitrogen in marine ecosystems. It has been estimated that 4.8
megatonnes of nitrogen are fixed each year in pelagic environments, two-thirds
of which occurs in the Indian Ocean contrasting only 0.34 Mt fixed in the Pacific
Ocean (Carpenter 1983). it appears, however, that cyanobacterial fixation of
nitrogen still represents only a small fraction of the total nitrogen required by

phytoplankton (Fogg 1987).

1.2 iron Availability

iron is the fourth most abundant element on the planet (after oxygen,
aluminum and silicon) (Boyer et al. 1987). Although iron represents almost
33% of the total mass of th~ planet, the dynamics of iron in biologically viable
environments dictates that this element becomes unavailable to organisms.
Aqueous ferric iron quickly precipitates as ferric hydroxide with a very low
solubility constant for the ferric form (K., = 10**; Biedermann and Schindler
1957). Using this value, the availability of Fe** can be determined for natural
conditions:

Fe* + 30H ---- Fe(OH),
Ky = [Fe*)[OHT
K, = 10
[Fe*] = 10/ [OH]
[Fe*] =10 /(10" =10"MatpH 7.0




10

Thus ferric iron, at it's maximum solubility under biological conditions, is
available at a pFe value (defined as -log[Fe*']) of 17.0. The other free form of
iron, Fe*, is found in only small concentrations in marine waters and has been
suggested to be oxidized to the Fe* form within 2 to 200 seconds (Andersen
and Morel 1982), suggesting it may be of little importance in the total iron pool.
Other reports, however, contradict this by suggesting that the rate of
photochemical and/or biological reduction of Fe*, with respect to the rates of
Fe® oxidation, may be sufficient so as to maintain a steady state concentration
of Fe*, and that this Fe?* may be biologically significant (O’Sullivan - . 1991).

Due to its insolubility in oxic environments, concentrations of iron in
pelagic marine environments are quite low ( 0.02 - 0.05 nM, Hutchins et al.
1993), while river water typically contains from 0.18 to 25 yM (Bowen 1966).
Laboratory studies suggest iron uptake rates from colloidal and particulate
sources is quite low (Wells et al. 1983; Rich and Morel 1990), and it is felt that
the "biologically available" iron must exist in the dissolved Fe* state. Hudson
(1989) demonstrated for the two species of phytoplankton that the availabiiity of
Fe* was indeed the factor regulating iron uptake, while selective cheiation of
Fe® had little effect on iron acquisition.

Variations in pH can also dramatically affect the availability of iron. With
a pH shift from pH 7.0 to 7.4, the free ferric ion in concentration decreases from
pFe 17.0to 18.2. A further increase to pH 8.1 (the pH of most marine systems)

reduces the iron level a further 2 orders of magnitude (to pFe 20.3). This
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availability is further complicated by the presence of other compounds in natural
systems. Attempts to model this have resulted in a variety of computer
programs focused on determining the chemical speciation of components in
aquatic systems. Such programs have become of paramount importance as
the scientific community accepts the fact that the biologically available iron may
vary due to a number of factors independent of total iron concentration, and

thus reporting iron in pFe values has become the norm.

1.3 Biological Requirements for lron

Iron has been suggested to be required for most forms of life, with the
potential exception of the Lactobacillus spp. (Neilands and Leong 1986). The
importance of iron is brought about by a versatility that allows it to function as
both an electron acceptor and electron donor; it's stability in both ionic states
allows it to function as an effective biological catalyst. Phytoplankton, in
particular, have a number of demonstrated requirements for this trace nutrient.
Iron is an essential component in cellular photosystems, the cytochrome b/f
complex, and in a number of soluble electron carriers such as cytochrome ¢
and ferredoxin. While photosynthetic pigments (chlorophyll, phycobilin
pigments) contain no iron in themselves, the pathways for their synthesis
include a number of iron-dependant steps (Guikema and Sherman 1984;
Pakarasi et al. 1985).

Elemental iron is also a crucial component of nitrogen assimilation
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mechanisms in phytoplankton. Iron-sulphur and heme-containing compounds
serve as integral cofactors in elemental N assimilation by organisms during
NO, or NO, reduction, and the reductive transfer of amide-nitrogen (Hall et al.
1982). Nitrogen fixation also requires the integrated iron/molybdenum
nitrogenase enzyme to split the strong diazo bonds of N,; the nitrogenase
enzyme itself requires 28 to 36 atoms of iron (Averall and Orme-Johnson 1978).
The importance of iron can thus be inferred on an ecological scale, in
considering the demands for Fe in N acquisition.

Iron is also required for some forms of the metzlioenzyme superoxide
dismutase (SOD). These catalysts bring about the elimination of superoxide
anions (0,%) and thus protect the cells from their destructive effect. While
eukaryotic algae contain rnanganese and copper/zinc SOD, iron-type SOD are
found in cyanobacteria including in Anacystis nidulans, Plectonema boryanum
and Spirulina platensis (Laudenbach et al. 1989 and references therein). While
a number of other iron-containing metalioenzymes have been identified, these
enzymes account for only 10 to 18% of the total cellular iron quota of
cyanobacteria and thus a great port:on of cellular iron remains unaccounted for
(Boyer et al. 1987).

The actual quantity of iron required to maintain cellular growth has
become an issue of great interest due to questions regarding the status of iron
in some marine regions. Determination of cellular iron quotas for celis are often

hampered by contamination from trace levels of iron present in chemicals
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utilized for growth, as well as contamination from iron in laboratory equipment.

Estimated iron quotas (Q,,) for various eukaryotic algae have suggested
that cellular requirements range from 0.04 to 0.23 pg (Boyer et al. 1987).
Estimates of Q,, in cyanobacteria have been less successful, as they are
complicated by a variety of factors. A non-iinear relationship between iron
concentration and cell growth (Kerry et ai. 1988; Brown and Trick 1992, Rueter
and Unsworth 1991) suggests that alterations in iron availability do not directly
relate to changes in growth potential. The ability of cyanobacteria to vary
cellular iron requirements (ie. utilizing flavodoxins instead of ferredoxins) as well
as to produce siderophores affects the apparent Q,, of the ceils.

Other physiological factors such as nitrogen source (ie. NO, , N, or
NH,") directly affect the physiological requirements for iron as the activation of
nitrogen assimilating enzymes places an increased iron demand on the cell.
Calculations by Morel et al. (1991) suggest that utilization of NO, instead of
NH,” will increase cellular iron requirements in Thalassiosira weissflogii by 13
amol cell”’, an amount greater than 15% of the total cellular iron. Further
calculations suggest that N, fixation requires a further 1.6 times as much iron
as NO, reduction (Raven 1988).

Measured quotas for some oceanic phytoplankton have, however, been
significantly lower than the calculated minimum requirements for Fe catalysts,
emphasizing the difficulty in determining iron requirements (Morel et al. 1991,

Raven 1988).
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1.4 Iron-Limited Cyanobacterial Physiology

Perhaps the most obvious manifestation of iron-limitation in
cyanobacteria is the associated chiorosis (Boyer et al. 1987). The specific
changes associated with pigment content (and absorption maxima) were first
noted by Oquist (1971, 1974ab). These variations were later confirmed in
Anacystis nidulans as well as identified in Agmenellum quadruplicatum by a
variety of researchers who expounded the results (Peschek 1979, Hardie et al.
1983a; Sherman and Sherman 1983; Guikema and Sherman 1984). Due to the
involvement of iron in the catalyses of pigment synthesis, the decrease in
chlorophyil- cell’ as weil as phycocyanin- cell”’ seen in A. nidulans and A,
quadruplicatum (Peschek 1979; Hardie et al. 1983) was expected. Boussiba
and Richmond (1980) have suggested that the degradation of celiular
phycocyanin may be only a secondary 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
poois and utilize them as a source of N.

Guikema and Sherman (1984) further showed an alteration in
pigmentation changes as an increase in the phycocyanin to chlorophyll ratio,
suggesting that some pathways may be more strongly affected than others.
The decrease in cellular chlorophyli levels due to iron-limitation has been
confirmed in the natural environment, as Murphy and Lean (1975) showed a

decrease to one-third the control level of chlorophylt in field studies.
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Iron-limited growth has aiso been shown to bring about specific changes
in components of the electron transport chain. By culturing Aphanocapsa 6714
at 10% of the control level of iron, Sandmann and Malkin (1383) were able to
bring about a switch fr ~m iron containing ferredoxin to the non-iron containing
flavodoxin in this phytoplankton's 2lectron transport chain. A further reduction,
to 1% of the control iron level, brought about a reduction in all the iron-
containing photosynthetic redox proteins.

Iron deficiency also leads to a number of morphological changes in
cyanobacteria. A size decrease in Anacystis nidulans R2 to between % and %
of the iron-satiated cell length has been documented (Sherman and Sherman
1983). Gorham et al. (1964) similarly showed a variation in size as well as a
pronounced filament coiling in iron-deficient cultures of Anabaena flos-aquae.

Electron microscopy has allowed for the identification of a number of
iron-deficiency induced changes (Hardie et al. 1983b; Sherman and Sherman
1983). A pronounced rearrangement of the thylakoids, cuiminating with their
degradation as well as the degradation of the cytoplasmic membrane has been
seen in A. quadruplicatum and A. nidulans. A depletion of ribosomes and
peripheral lipid bodies as well as an increase in glycogen storage bodies has
also been seen. A. nidulans has also been reported to decrease its number of
celiular carboxysomes (Sherman and Sherman 1983) although no coordinate
alteration was seen in A. quadruplicatum (Hardie et al. 1983). Similar analysis

in the filamentous cyanobacterium Calothrix pariantina showed no obvious
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changes in carboxysome formation during iron-iimitation aithough there was an
unrelated formation of colouriess, multicellular hairs and the development of
false branching (Douglas et al. 1986). An increase in heterocyst frequency was
also seen in C. parientina, but this contradicts other reports that iron deficiency
decreases heterocyst formation in the nitrogen-fixing cyanobacterium Anabaena
catenula (Rooney and Trick 1993).

Another set of changes often associated with low nutrient availablitiy is
the production of stress specific proteins in specific membrane or cell fractions.
Factors such as salinity (Apte and Bhagwat 1989), oxidative stress (Mittler and
Tel-Or 1991), heat shock (Borbely et al. 1985), as well as magnesium, calcium
and phosphate (Scanlan et al. 1989) limitation have been shown to bring about
the induction of specific proteins in cyanobacteria. Iron-limitation has aiso been
implicated as a potential inducer of protein production. Guikema and Sherman
(1984) noted the presence of an iron-limitation inducible 34 kDa protein in A.
nidulans, similar in size to a siderophore receptor found in Escherichia coli.
Such proteins have been implicated as potential ferrisiderophore transport

proteins (see High-Affinity Transport Systems).

1.5 Microbial iron Acquisition
The ability of microorganisms to synthesize iron sequestering compounds
(siderophores), and actively transport them into celis has been well studied in

eubacterial and fungal systems. Siderophores (greek: c18epog¢ {=siderous} iron,
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@opevg {=phorus} bearer) are low molecular weight (400-1200 Da), iron-binding
compounds (siderophore + Fe* = ferrisiderophore compliex) which facilitate the
transport of ferric ions into cells during periods of iron-deficiency. All aerobic
and anaerobic bacteria and fungi (with the exceptions of Lactobacillus spp .,
Legionella spp., and Sacchromyces spp.) appear to produce siderophores
(Neilands and Leong 1986), including microorganisms found in marine
environments (Trick 1989).

The detection of aspergillic acid production by Aspergilius flavus in 1947
is perhaps the first report of siderophore production (Neilands and Nakamura
1991). The isolation of ferrichrome in 1952, however, is often thought of as the
original identification of a siderophore. Propagation of the smut fungus Ustilago
sphaerogena under iron-deficient conditions gave high yields of ferrichrome
(Emery and Neilands 1961). Other siderophores discovered concurrent with
ferrichrome include coprogen, mycobactin, the ferroxamines and albomycin
(grisein), all of which were identified around the same time (Neilands and
Nakamura 1991).

Escherichia coli is capable of activating at least 5 high-affinity iron
acquisition systems, each with specific siderophore and transport components
associated with them (Braun et al. 1987). Other bacterial systems, such as
those found in many Pseudomonas spp., Bacillus spp., and Salmonelia spp.
have all been shown to possess high affinity iron acquisition systems. The

production of ferric specific, iron-regulated, low molecular iron-chelating
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compounds is now a well accepted mechanism of microbial iron acquisition
(Winkelmann 1991).

The growth response of cyanobacteria under iron-limiting conditions
suggests that a recovery in growth rate occurs at iow levels of iron availability.
When iron availability drops to a sufficiently low level (e.g., below pFe 20),
activation of high-affinity acquisition systems, in combination with a probabie
reduction in celiular iron requirements, brings about a recovery in growth. This
recovery rate has been demonstrated for a number of siderophore-producing
cyanobacteria in batch culture conditions including Synechococcus sp. PCC
7942, Anabaena variablis, and Oscillatoria tenuis (Kerry 1988, Brown and Trick
1992) (Figure 2). Iron acquisition in iron-replete environments has been
suggested to be driven primarily by diffusion of Fe* along a diffusion gradient
into the cells via porin channels in the outer membrane, with decrease in
growth rate concomitantly associated with a proportional decrease in iron
concentration. In systems where no high-affinity is found (ie. Plectonema
boryanum), this growth rate decreases to zero as iron levels drop (Kerry, 1988).
The presence of a high-affinity system changes the predicted growth rate in
iron-limited cultures, with an actual increase in growth rate being observed
(Figure 2). The ability of cyanobacteria to produce siderophores has been
known for some time. Murphy et al. (1976), Estep et al. (1975) and Simpson
and Neilands (1976) were among the first to demonstrate that cyanobacteria

were capable of siderophore production during iron limitation (Table 2). These



Figure 2. Affect of iron on the growth rate profiles of cyanobacteria.
The growth of cyanobacteria in batch culture over a range of iron
concentrations (X-axes presented as pFe values) demonstrates
that cultures capable of producing siderophores show recoveries
in growth at levels where siderophores are produced. Anacystis
nidulans, Anabaena variablis and Oscillatoria tenuis have been
shown to produce extracellular iron chelators while no such
compounds have been detected in iron-deficient Plectonema
boryanum cultures (from Kerry 1988, Brown 1991). Values are in

doublings d"' (+ S.E.)
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Table 2. Previously reported siderophore production by cyanobacteria.

ESTEP et al. 1976.
-Examination of cyanobacteria from near shore waters
-Produced a hydroxamate-type siderophore

MURPHY et al. 1976.
-Examined relationship between iron and nitrogen-fixing cyanobacterium
-Found a hydroxamate-type siderophore

SIMPSON AND NEILANDS 19786.
-Isolated dihydroxamate-type siderophore

ARMSTRONG AND VAN BAALEN 1979.
-Survey of marine cyanobacteria
-Most produced hydroxamate-type siderophores
-one (Synechococcus) produced a chloroform-soluble hydroxamate

LAMMERS and SANDERSG-LOEHR 1982,
-siderophore-mediated iron uptake

GOLDMAN et al. 1983.
-Production of Schizokinen in Anabaena

CLARKE et al. 1987.
-Siderophore production and its affects on toxic copper

KERRY et al. 1988,
-Hydroxamates from Synechococcus and Anabaena

MAHASNEH 1991.
-Siderophore production in Rivulariaceae

HUTCHINS et al. 1991.
-Hydroxamate from Synechococcus

BROWN and TRICK 1992.
-Hydroxamates from Osci'latoria tenuis

TRICK AND KERRY 1992
-siderophores from Synechococcus and Anabaena

21
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studies have demonstrated that a wide variety of cyanobacterial species are
capable of producing hydroxamate-type siderophores. These siderophores
utilize hydroxamic acid moieties to coordinate iron molecules (Figure 3). While
detection of these iron chelators has been quite common, detection of iron-
chelating catecholate-type siderophores has only been reported in one instance
(Brown and Trick 1992). As of yet, no reports of atypical-type /recently termed
“complexone-type") siderophore production by cyanobacteria are in the
literature. These compounds utilize carboxy!-, alkyl- and keto- moieties to
coordinate iron chelation. This group also contains the class of siderophores
termed phytosiderophores, which are a novel class of higher plant siderophores
based on diaminobutyrate and the amino acid azetidine. Members of this group
are commonly secreted from plants roots and include avenic acid from oats, 3-
hydroxymugenic acid form rye, and mugenic acid as well as distichonic acid A

from barley (Bienfait 1987).

1.8 Detection of Siderophores

Isolation of iron chelators from aquatic environments has been
approached with a variety of techniques. The utilization of a variety of ion
exchange HPLC technology (Speirs and Boyer 1991), as well as the popular
use of a variety of XAD resins (XAD-2, XAD-4, XAD-7, XAD-8), has brought
some success in the isolation of iron chelators (Yamamoto et al. 1992 [XAD-7];

Brown 1992 [XAD-2)).




Figure 3. The molecular structure of typical siderophores and the
associated functional groups. A) Representation of the different
functional moieties associated with specific siderophores. In each
case, coordination of iron requires electrostatic alignment of the
Fe with six oxygen. R-: non-specific carbohydrate chains or
structures. B) Enterobactin (catechol-type siderophore). C)
Rhodotorulic acid (hydroxamate-type siderophore). D) Rhizobactin
(atypical-type siderophore). E) Schizokinen, the. only characterized
cyanobacterial siderophore (from Anabaena sp.), is a

hydroxamate-type iron chelator (Matzanke 1991).
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A variety of chemical methods for siderophore detection exist.
Colourimetric analyses allow not only for the determination of siderophore
production, but also allow for a semi-quantitative resolution of the rate of
synthesis. The chrome azural S (CAS) assay of Schwynn and Neilands (1987)
has been developed as a general test in order to identify any iron-sequestering
compounds produced by cells grown on either plates or in liquid medium. More
conventional chemical tests are available however to identify the specific types
of siderophores. The test of Arnow (1937) utilizes the nitrite-molybdate reaction
in order to detect catechol-type siderophores while the modified Czaky test
(Gillam et al. 1981) uses acid cleavage to assay the hydroxamates (Figure 3)
that are associated with some siderophores.

A variety of usefu! but limited biological tests of siderophore production
also exist. In these tests, microbial mutants which require, but do not produce,
siderophores are provided with a putative siderophore. Growth response of the
bioassay organism is then guaged against the application of a specific, isolated
siderophore. Escherichia coli RW193 (Neilands 1981), Saimonella typhimurium
enb-1 (Luckay et al. 1972) and Salmonelia typhimurium enb-7 (Pollack et al.
1970) are common bioassay organisms to detect an external supply of
catecholate siderophores. Similarly, Arthrobacter flavens JG-9 is an obligate
auxotroph for hydroxamate-type siderophores (Neilands 1984). These
bioassays are limited. Not all siderophores are detected with these methods.

A final technique for determining the presence of siderophore production
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is the EDDA bioassay (Kerry 1988). Ethylene diamine di-(o-hydroxyphenyl

acetic acid) [EDDA] chelates iron with an affinity constant approaching 10*
(Kroll et al. 1957). This is substantially higher than other commonly used
commercially available chelating agents such as EDTA (ethylene diamine tetra-
acetic acid K, =10'%), which also has affinities for other divalent cations, such
as Ca¥. This assay utilizes EDDA in a competition with the organism's natural
iron acquisition systems, giving an interspecies comparison of iron-sequestering

ability based on the concentration of EDDA at which growth no longer occurs .

1.7 High-Affinity Transport Systems

The presence of high-affinity iron transport systems in microorganisms is
generally based on the identification of the specific components involved in
siderophore-mediated iron transport. Transport of siderophores into cells has
been attributed to membrane associated, ferrisiderophore specific proteins.
These proteins are required in any membrane fraction or compartment which
the ‘ntact ferrisiderophore complex is transported into or through. Neilands
(1977) summarized the transport of aerobactin into Enterobacteria (Figure 4) in
a model that is still the basis for iron transport schemes in microorganisms.

Examinations of the induced or enhanced expression of membrane
specific proteins in cyanobacteria during periods of iron-limited growth has
focused primarily on the alterations that occur in the photosynthetic machinery.

Guikema and Sherman (1983, 1984) have determined the effects of iron




Figure 4. The twu iron-acquisition systems of microorganisms (Neilands
1977). When the concentration of extracellular, free ferric iron is
high, organisms obtain sufficient iron to supply their cellular
requirements by simple diffusion of iron through the porir
channels in the outer membranes. When cells encounter a
situation of iron-deficiency, a high-affinity system for iron
assimilation is activated and its components expressed. These
systems are comprised of specific carriers for iron

("siderophores"), and their cognate membrane receptors.
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starvation (not limitation) on the thylakoid membranes of Anacystis nidulans R2

and Synechococcus cedorum (UTEX 1191), two freshwater coccoid
cyanobacteria. Work by Scanlan et al. (1989) demonstrated the effect of iron-
limited batch culture growth on the outer membrane profile of Synechococcus
PCC sp. 7942 (aka. Anacystis nidulans R2). Their findings suggested that this
cyanobacterium is capable of producing a variety of outer membrane proteins in
response to iron-deficient growth. They concluded (owing to the detection of
hydroxamate-type siderophcre production in this cyanobacterium by Kerry et al.
1988) that Synechococcus sp. PCC 7942 may harbour a high-affinity iron
acquisition system similar to that found in eubacteria.

Changes in polypeptide composition the photosynthetic apparatus
have also been examined by an analysis of the spectral peaks of the
associated pigments. lron-deficiency induces an in vivo shift of the main red
chlorophyll®* absorbance peak (from 679 nm to 673 nm) in Anacystis nidulans
(Oquist 1971), as well as a similar in vitro shift in isolated lamellae (Oquist
1974a,b). Shifts of such nature are attributed to changes in the protein-pigment
association as a result of nutrient deprivation.

Although the production of extracellular siderophores by cyanobacteria
has been utilized as evidence for high-affinity iron transport, it remains to be
determined if cyanobacterial siderophores function to increase the affiity of
cyanobacteria for iron. Demonstration of this would not only confirm that these

extraceliular chelators are functioning as true siderophores, but also provide
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strong evidence to support the contention that cyanobacterial iron-siderophore
transport systems are truly high-affinity in nature.

it is thus important to distinguish between high-"affinity" and high
"velocity” nutrient uptake systems. The affinity of a system is a reflection of
that systems attractiveness for the nutrient in question. High-affinity nutrient
transport systems are thus those systems within organisms which, when
induced, will increase the organisms ability to utilize the pool of the nutrient
within the environment. In the case of iron, speciation in the environment
renders the majority of iron biologically unavailable to organisms utilizing
conventional diffusion-mediated iron acquisition systems (Sections 1.2, 1.3).
For an organism to utilize the biologically unavailable pool of iron in the system,
it must change its ability tc attract iron so as to increase its ability to scavenge
it. High-affinity iron acquisition systems may therefore be defined as any
inducible systems which allow organisms to tap into the pool of biologically
unavailable iron.

These systems further function to increase the organisms ability to
scavenge the available Fe** which is aiready available in the environment. This
results in a shift in the Fe(OH), ----~ Fe* + 30H equilibria to the right
which renders more Fe* available. This utilization of the previously biologically
unavailabie iron is of importance to the ecosystem as a whole as it increases
the amount iron in the biological iron cycle allowing for the iron to be ultimately

available to the other organisms in the system.




1.8 Alternative I>on Transport Mechanisms

Although some plants have been shown to release or utilize iron

chelating compounds, a variety of alternate mechanisms are utilized by plants
in order to acquire iron from their environment. The release of organic acids or
protons (via an inducible ATPase dependant proton pump), as well as the
preferential uptake of cations has been proposed as mechanisms by which
organisms may decrease the pH in the specific environment around itself.
Such a drop in pH makes more iron biologically available to the organism
(Bienfait 1987). Changes in the pH of aquatic environments driven by iron-
limited algae have yet to be determined. This arises from the difficulty of
monitoring such a factor in a closed batch culture environment, where the
utilization of nutrients, decreases in the concentration of CO,, and fiuctations in
cell density would perturb the measurements. Only work in a continuous
culture system would allow for an appropriate determination.

Another mechanism involves an accumulation of citrate driving NADP to
a highly reduced state. This system (termed "Turbo Reductase") then functions
using a surface associated reductase which utilizes the buildup of NADPH as
an electron pool. In such a system, citrate is known to accumulate in the roots,
where it is thought to function in proton extrusion. it may also however be
converted to isocitrate by mitochondrial aconitase and the isocitrate act as an
electron donor to NADP’ via isocitrate dehydrogenase (Critchon 1991). This

system is however severely constrained by its dependence on a variety of
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external factors, and often leaves critics questioning its feasibility to the host.
Due to its systemic complexity, it may be almost completely ruled out as a
possible cyanobacterial mechanism for iron acquisition.

The utilization of a reductase-type system has been suggested for
nutrient scavenging in an Anabaena sp. (Boyer and Morse 1992). The system
involves the activity of a surface associated B, reductase which liberates

organically associated iron and allows for its assimilation into cells.

1.9 Nutrient-Limited Culturing of Algae

The growth of algae and cyanobacteria under nutrient-limited conditions
has been attempted in a number of ways. Nutrient-limitation suggests a
situation where organisms are limited in their growth potential by the flux of a
single nutrient. Growth experiments have been utilized to determine the effect
of other nutrient manipulations on cyanobacteria. Complete removal of a
nutrient from a non-limited culture to look at its effect on the cells (starvation)
provides data about a culture with a different previous nutrient history (see
Hardie et al. 1883a,b). Such a situation occurs when exponentially growing
cells are transferred from a nutrient-replete culture to a nutrient-deficient culture.
in order to abolish the effects of starvation, researchers often take batch
cultures through several subcultures in medium of the specific test nutrient
level prior experimentation. This protocol still resuits in a nutrient flux; upon

the initial inoculation of the culture, the level of nutrient is non-limiting and the
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cell density low. Over time, the cell density will increase and the level of
available nutrients in the culture decrease. The culture is thus not exposed to a
static level of limiting nutrient, but instead to a transient level. This situation is
further complicated by the lysis of nonviable cells and the subsequent
remobilization of nutrients that occurs.

in order to avoid the perturbations that are commonly associated with
batch culture techniques, the utilization of continuous culture "chemostat”
systems has gained popularity for the study of nutrient-limited growth.
Chemostat systems supply a continual amount of fresh, nutrient defined
medium to an enclosed culture system, while at the same time providing for the
maintenance of a constant volume within the chemostat reactor through the
removal of spent medium and cells. Upon addition, the medium is mixed
rapidly and thoroughly with the culture by vigourous stirring and bubbling with
air or an air/CO, mixtures, providing homogeneous distribution of the limiting
nutrient to the cyanobacteria.

The dilution rate of the chemostat D (d'), is defined as D = f/v, where f
represents the flow rate of fresh medium into the chemostat reactor and v the
volume of that reactor. The change in cell numbers within the reactor, dx/dt, is
a function of the growth rate p (d''), and the dilution rate such that
ax/dt = (u-D)X, , where X, is the cell density within the reactor at a given time .
If the dilution rate of the reactor is Iess than the maximum growth rate of the

celis (u,,,), then the reactor will eventually reach an equilibrium point where
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dx/dt=0, and remain in steady state (ie. no change in cell number). At this
point, all cells in the chemostat are growing at a rate equal to the dilution rate:

dx/dt = (u-D) X,
if dx/dt = 0, then (u-D) X, =0
therefore as long as X, > 1,
H-D=0 and thus p=D

Thus, at any dilution rate at which the chemostat is capable of reaching
equilibrium, one knows the precise growth rate of the culture. It is important to
note, however, that when D > y,... the culture is unable to maintain itself within
the chemostat reactor and washout occurs ( for reviews on chemostat kinetics
and dynamics see Droop 1962, 1968, Rhee et al. 1981)

Growth of algae in chemostats has been utilized by a number of
researchers in order 1o look at the effects of specific limitations on algal growth.
The requirements of a number of algae for vitamin B,, including Monochrysis
lutheri (Droop 1968), Isochrysis galbana and Thalassiosira pseudonana (Swift
and Taylor 1974) have been examined in this manner. Monod (1950) was able
to show that Michaelis-Menten kinetics applied as equally well to nutrient
uptake as to enzyme activity. Such calculations have now been completed for
the binding, uptake and utilization of nitrate and phosphate by algae in
chemostat and cyclostatic systems (NB: cyclostats are chemostats where a light
cycle is employed) (reviewed by Rhee et al. 1981). Recent work has also
utilized chemostats to examine the effect of inorganic carbon levels on

photosynthesis (Bloye et al. 1992; Miller et al. 1984).



2. METHODS AND MATERIALS

2.1 Strains and Growth Conditions

Synechococcus sp. PCC 7002 (Agmenellum quadruplicatum PR6) was
obtained from D. Bryant (Pennsylvania State University) and ceils were grown
in modified A® medium (D. Bryant, pers. comm.) at 37°C and under a photon
flux of 85 umol m? s™'. With the exception of the stock solutions of iron, vitamin
B,, and trace metals, all waters and nutrient stocks were first treated with
Chelex-100 (Price et al. 1989) to remove residual iron. Water was obtained for
the Chelex treatment from a Milli-Q water treatment system (Miliipore). All
glassware utilized for iron-limited growth experiments was acid washed (=1.0 N
HCI) and rinsed with Chelex-treated water prior to use.

Modified A* medium was prepared in two main components (i. salts, ii.
nutrients, Table 3), autoclaved, and combined to provide the indicated levels.
Filter sterilized vitamin B,, and trace metals ( iii. “trace” components) were then
added. Filter sterilized, FeCl, (5.83 mM in 0.1 N HCI) was added to generate a
concentration range of 4.2 x 10° M to 5.1 x 10° M total iron, with each
increment differing by approximately one order of magnitude.

Other cyanobacterial strains, which were examined for the ability to
produce siderophores under iron-limiting conditions, were batch grown in either

the modified A* medium (for marine strains) or in @ modified BG11 medium (for
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Table 3. Concentration of components in A* medium. All nutrients and
salts were made into concentrated stock solutions prior to the
preparation of the three component stocks for A* synthesis.

Vaiues represent final concentrations in growth medium.

i. Salts il. Nutrients iii. Trace
310x 10" M............] NaCl | 3.70 x 10* M................ KH,PO,
800X 10°M.............. KCI | 8.05x 10°M............ Na,EDTA | A) 500 mgi/L
200 x 102 M.......... MgSO, | 1.18 x 102 M................. NaNO, | Vitamin B,,
245x10°M............ CaCl, | 876 x 10°M................... TRIS | B) 1 mL Trace
(pH 7.8) metal stock

Trace Metal Stock

Metal Source g L in Stock
H,B80, 34.26
MnCl,3H,0 4.320
zncl, 0.315
MoO, (35%) 0.030
CuSO, 0.003

CoCl,6H,0 0.012
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freshwater strains: Rippka et al. 1979 as modified by Brown 1991) as described

in Table 4. Similar techniques were utilized in the culturing and analysis of
these cyanobacteria.

The availability of free ferric ions in all media was calculated using the
computer program Mineql® ver. 2.1 (Environmental Research Software,
Edgewater, MD.). Speciation of elemental components was determined via a
series of algorithmic calculations, and solubility estimates made according to
the lowest free energy state(s) of the system. The concentration of Fe* was
converted to pFe values.

Water jacketed, thermostated, column chemostats, with working solumes
of 400 mL, were maintained at a dilution rate of 0.6 d' using a multistatic pump
(Buchler Instruments) to control the dilution of the culture chamber with fresh
medium. Homogeneous distribution of the cells was achieved by continuous
injection bf sterile, filtered air. Sampling of chemostat cuitures was achieved
through a sampling port built into the chemostat system (Figure 5).
Approximately 5 mL of sample were taken and utilized for the various daily
procedures (cell density, pigment levels, pH). For all experiments, results for
chemostat data were for n > 3 triais (unless stated).

Work in batch culture was carried out using 250 mL Erlenmeyer flasks
containing 50 mL of medium. Cells were subcultured during exponential growth
into the appropriate medium prior to experimentation in order to ensure that the

cellular iron status truly reflected the desired environmental iron concentration
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Table 4. Cyanobacterial species and specific medium for their culture

and the isolation of siderophores. A list of cyanobacterial strains

and appropriate collection codes. All strains (unless stated) were

in the laboratory at the onset of the project. PCC: Pasteur Culture

Collection. UTEX: The Culture Collection of Algae at the University

of Texas at Austin. WH: Woods Hole Oceanographic Institute

Culture Collection.

Synechococcus sp.

PCC 7002

Synechococcus sp.

PCC 6301

Synechococcus sp.

PCC 6803

Synechococcus sp.
PCC 6908

Synechocystis sp.
PCC 7942

Synechococcus sp.

WH 8101

Synechococcus sp.

WH 7805

Synechococcus sp.

5BC2A

Oscillatoria
tenuis Ag.
UTEX 428

Anabaena
catenula
UTEX 375

Modified BG11

Modified BG11

Modified BG11

Modified A*

J. Waterbury Modified A*

J. Waterbury Modified A"

C. Suttle ': Modified A*

Modified BG11

Modified BG11



Figure 5. Schematic design of chemostat system. Continuous culture
chemostats, with working volumes of 400 mL, were established in
water-jacketed glass vessels. Medium flux (0.6 vol d') from the
reservoir was maintained by the action of a peristaitic pump.
Chemostat reactor temperatures were maintained at 37°C by a
thermostated water pump circulating water through the outer glass
jackets. Cells were maintained under a constant a constant light

level (85 uE m? s™).
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and was not an artifact from a previous growth condition. Flasks were
maintained on a orbital shaker at 38°C, under a photon flux of 85 pmol m? s
In order to isolate a sufficient quantity of siderophore for characterization, 8 L
batch cultures of cyanobacteria were established in 9 L glass carboys. Cultures

were bubbled with filtered air and circulation maintained by continuous stirring.

2.2 Analysis of Chemostat Yields and Growth Rates

I. Chemostats. In order to expediently sample cultures, a standard
relationship between cell density and absorbance at 750 nm (using a LKB 4040
Novaspec |l) was established. Linear regression of the data established a
relationship (an absorbance unit of 0.1 equivalent to 7.83 x 10° celis mL")
which was then utilized for the precise estimation of cell density with the
spectrophotometer (Figure 6).

Daily estimates of chemostat cell concentrations were obtained from
absorbance readings at 750 nm and converted to cell densities (cells mL").
Chemostat cultures were maintained for at least 2.5 cycles (4 days) after sleady
state growth had been established in order to guarantee equilibrium.

il. Growth Rate. Cells were preconditioned for at least two cycles of 72
hours at the test iron level prior to their subculture (5%) into flasks for growth
studies. This was to ensure that cells were physiologicaily equilibrated to the

specific iron level prior to analysis of growth. Cell densities were estimated



Figure 8. Relationship between cell density and absorbance for
Synechococcus sp. PCC 7002. Linear regression of the
relationship between cell density (cells mL™" as determined by
haemocytometer counts) and absorbance at 750 nm demonstrates
the relationship utilized to calculate cell densities

spectrophotometrically.
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spectrophotometrically every 6 hours at 750 nm with an LKB Biospec |
spectrophotometer. Cell growth was monitored for at least 120 hours to
ensure that the culture had reached stationary phase. Log normalized cell
numbers were then examined with regression analysis of the exponential phase

of growth and this utilized to determine specific doubiing times of cells.

2.3 Whole Cell Measurement of Photosynthetic Pigments

Chlorophyll a (chia) and phycocyanin (PC) concentrations in steady state
cells were estimated daily by ~hole cell spectra and normalized to cell biomass
using the equation of Myers et al. (1980). Absorbance spectra were measured
on a Shimadzu UV 160 spectrophotometer and the absorbance maxima used in
pigment calculations. Shifts in the chla absorbance maxima were examined for

variations between cultures under different iron regimes.

2.4 Alterations in pH

Chemostats were anaiyzed for shifts in hydrogen ion concentration using
a Corning 215 pH meter with a Corning General Purpose Combinaiton probe.
Samples removed from chemostats for pigment analysis were monitored prior

to spectrophotometric analysis.



45
2.5 Photosynthetic Capacity and Efficiency

i. Carbon Fixation. The incorporation of carbon dioxide into cells grown
under iron-replete (pFe 17) and iron-deficient (pFe 21) conditions was
monitored by providing the cells with a known quantity of NaH'*CO,,

Chemo. tat grown celis were harvested by centrifugation (8,000 xg) and
resuspended in fresh A° medium containing the appropriate iron leve! and 100
UM carbonate. Cells were dark-adapted for a period of 30 minutes prior to the
introduction of 1 uCi ( 37 kBq = 0.119 umol) radiotracer. After 15 minutes of
dark monitoring, cells were illuminated (I = 85 yE m? s™') and photosynthetic
carbon uptake monitored. A paralle! set of samples was maintained in the dark
in order to correct for any dark fixation of carbon into the cell.

The sampling procedure for cells involved the removal of a 1 mL aliquot
of cells and filtration through 0.4 uyM polycarbonate fiiters. Ceils were rinsed
with standard A* media containing 100 uM NaHCO,, placed in scintillation vials
and then treated with 100 pL hydrogen peroxide to degrade chlorophyll. This is
an important step in the process as autofluorescence of the chlorophyil can
interfere with the scintillation process when low energy emitters (such as '*C)
are used. Ten mL of scintillation fluid ("Ecoscint”, Diamed) were then added to
the samples and these were analyzed by scintillation counting after 12 hours.
Results were standardized to cellular carbon turnover rates based on
estimations of cell volume and mean - ell carbon (vol = 1 um?®, mean cell carbon

=125 kg C m™? and 125 fg C cell’) and these values confirmed to be
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approximately equivaient to the carbon per cell values of 150-290 for natural
populations (Waterbury et al. 1987).

ii. Oxygen Evolution. Oxygen evolution and consumption were
measured in iron-replete and iron-deficient cultures of Synechococcus sp. PCC
7002 using a thermostated, aqueous phase Clarke-type oxygen electrode
(Hansatech Ltd. King's Lynn, UK) according to the technique of Maxwell et al.
(1993). Aliquots of 2 mL, with a chiorophyll density of 1-2 ug L™’ were brought
to 4 mM with NaHCO, prior to examination. Each replicate involved the
examination of a single sample through 12 different irradiances ranging form 0
to 2000 umol photons m? s Actinic light from a 150 W halogen bulb was
supplied via a fibre optic cable (Fibre-lite, Dolan-Jenner ind. Rochester, NH,
USA). PPFD (photosynthetic photon flux density) was measured in the middie
of the cuvettes using a LICOR 185 quantum sensor. All data is reported as
pmol O, (cell’) h' as well as umol O, ( mg chla)”’ h™ (the standard method for
reporting oxygen evolution rates). Apparent quantum yield (®,..) was calculated
from a linear regression of the umo! O, ( mg chia') h' data for values of

positive net oxygen evolution and PPFD < 250 umol photons m? s™'.

2.8 Electron Microscopy
Chemostat cultured cells were harvested by centrifugation (4,000 xg) and
fixed according to the method of Burdett and Murray (1974). Thin sections

were stained with lead citrate and uranyl actete (Reynolds 1963). Micrographs
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were taken with a Philips EM200 electron microscope operated at an
accelerating voltage of 60 kV. Exponentially growing cells from batch culture
under iron-replete conditions (pFe 17) were similarly treated and utilized to
compare physiological aiterations that may result as a function of the specific

culturing technique.

2.7 Presence of Siderophores
In order to determine extracellular siderophore concentrations in steady

state chemostat cultures, cyanobacterial cells were removed by centrifugation
and subsequent passage of the spent culture medium through glass microfibre
filters (Whatman GF/C). Cell-free medium was concentrated (14-fold) by
lyophilization in order to increase detectability. This concentrated medium was
analyzed for the presence of iron chelators utilizing a number of chemical tests.

i. CAS Assay. The ternary complex, chrome azurol S-iron(!l)-
hexadecyltrimethylammonium bromide (CAS), was utilized as an indicator of
extracellular iron-binding ligands based on a modification of the method of
Schwyn and Neilands (1987). This method involves the formation of an
intensely coloured irondye complex which, upon removal of the iron, leads to a
change in colour.

FeDye*" + L* —~ Fel* + Dye™
Thus the addition of a strong iron binding ligand ( L. ie., a siderophore) is

capable of creating a colour shift proportional to the amount of iron bound. This
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procedure is standardized against the reaction of a known iron chelator
(rhodotorulic acid), to generate a semiquantitative result.

The CAS assay invoived the generation of a buffered test solution that
was prepared and then challenged with the potential iron chelators. Six mL of
10 mM HDTMA (hexadecylitrimethylammonium bromide or CTAB) was added
to an acid washed polypropylene container containing 25 mL chelex-treated
H,0. FeCl, (1.5 mL of 1 mM FeCl, in 10 mM HCI) was added prior to the
addition of 7.5 mL of a 2 mM aqueous CAS solution. Ten mL of MES stock
solution (0.43 g mL", pH 5.6) was then added along with 1 mL of 10.2% 5-
sulphosalicyclic acid. The 5-sulphosalicyclic acid acts as an iron "shuttle”. The
presence of the iron shuttle speeds up the rate of dye to ligand transfer in
. ituations where the ligand's affinity for iron is only slightly above that of the
dye. This solution was then brought to a final volume of 100 mL and utilized
as the CAS test solution.

Samples, solubilized in water, were mixed 50 : 50 (v/v) with the CAS test
solution and allowed to incubate for 30 min at room temperature. Samples
were assayed spectrophotometrically (630 nm) and compared to a blank using
H,O to replace the potential chelator. Results are reported as a function of the
following caiculation:

ABS,3.m Blank/ ABSgy,.m Sample
Results equivalent to 1.0 suggest no iron chelating ability in the sample while

those > 1.0 suggest the solution is chelating iron from the dye complex.
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li. Czaky Test for Hydroxamate-type Siderophores. The presence of
hydroxamate-type siderophores was examined using the hydroxylamine
production test of Czaky (1948), as modified by Gillam et ai. (1981). Acid
hydrolysis in 3 M sulphuric acid (4 hours at 121* C, 15 psi) cleaves bound
hydroxylamine functional groups from the siderophores. The cleaved product is
then oxidized with iodine to nitric acid, and reacted with sulphanilamide to
produce a diazonium salt. These diazonium salts can be coupled to N-(1-
naphthyl) ethylenediamine to produce an azo dye with an absorption maximum
of 543 nm. Trials are blanked against a non-acidified sample in order to
account for nitrite, which may interfere with the reaction. A range of
hydroxylamine standards are utilized to provide a standard curve, and results
are reported in hydroxylamine equivalents.

iil. Chemicai Tests for Catechol-Type Siderophores. Catechol-type
siderophores were quantified using two separate analyses. The Arnow test
(Arnow, 1937) is specific for the detection of aromatic vic-diols in which either
the 3- or 4-position is unsubstituted and not sterically blocked. The catechol
moiety is nitrited in alkali to produce a complex with an intense colour. This
complex is further stabilized and the coiour enhanced by the addition of
molybdate. The final solution is assayed at 500 nm.

The catechol determination test of Rioux et al., 1983 is not selective for
specific catechols, and is based on the reduction of Fe* to Fe*" by the

catechols under acidic conditions. Two molecules of Fe* are reduced per
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catechol, while the catechol is oxidized irreversibly to the corresponding o-
benzoquinone. The addition of ammonium fluoride masks any residual Fe*
after the reduction, and the Fe?* generated by the reaction is then assayed in a
hexamethyitetramine-buffered 1,10-phenanthroline system.

All catechol concentrations are correlated to standard curves prepared

using 2,3- DHBA,; results are, therefore, reported as DHBA equivalents.

2.8 Isolation of Siderophores

Extracellutar siderophores were examined in the spent culture medium of
low iron (pFe 21) grown cyanobacteria. The cultures were rendered cell-free by
centrifugation at 8,000 xg for 20 min. Remaining cells were then removed by
vacuum filtration of the culture medium through glass microfibre filters
(Whatman GF/C).

The filtrate was then acidified to pH 3.0 with 12 N HCI; this allowed for
the protonation of any iron chelators in the medium, so as to dissociate any
ferrisiderophore complexes that may exist. The acidified medium was then
passed through a column (15 cm x 3.5 cm) of Amberlite XAD-16 (Supelco), a
polymeric, non-ionic absorbent of hydrophobic, cross-linked, polystyrene
copolymer. This matrix adsorbs the exuded organic compounds in the spent,
cell-free medium. The organic laden column was then eluted with methanol (to
remove hydrophillic compounds), followed by a methanol : chioroform mix (1:1)

to liberate any remaining organic compounds. Specific siderophores were
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released under both elution procedures, with complete liberation possible only
with methanol : chloroform (1 . 1) elution.

Methanol and chioroform were removed by rotary evaporation at 63°C.
The remaining solvent and water were then expelled in a Savant SpeedVac
concentrator under vacuum. Collected material was fractionated based on
molecular mass and absorbance properties on a Sephadex LH-20 (Pharmacia)
column (37.5 cm x 1 cm) in one of a variety of solvent systems: methanol :
chloroform (90 : 10), propanol : butanol-1 : water (1 : 1 : 1), and methanol :
chloroform (50 : 50) were utilized, along with other, less successful solvent
mixtures. Fractions were analyzed with the CAS assay, as well as by
spectrophotometric analysis at 280 nm (for potential phenolic and proteinaceous
compounds) and at 405 nm (putative hydroxamate-type siderophore
absorbance maxima).

In order to determine if hydrophobic, iron-chelating compounds were
associated with the surface of cells, pFe 21 grown cells were harvested and
then washed with a small amount of chloroform (5 mL chloroform with 20 mL
wet packed cells). The chloroform component was resolved by centrifugation

and examined to determine in any iron-binding compounds were present.

2.9 Thin Layer Chromatography
Whatman PE SIL G plates, with a variety of solvents, were utilized to

separate the iron-binding ligands by thin layer chromatography. Organic



52

fractions were applied to plates utilizing capillary tubes. Samples were resolved
in one of several solvent systems. propanol : butanol : water (1 : 1 : 1), butanol
. acetic acid : water (25 : 15 : 60); isopropanol : water (70 : 30); methanol :
water (70 : 30); chloroform : methanol (50 : 50). Iron-sequestering compounds
were visualized on the plates by employing a 1.0% (w/v) FeCl, (in ethanol)
spray (Brown 1991), and R, values determined for each. In order to determine
the purity of samples, plates were analyzed for organics by exposure to iodine
vapour as well as examination under ultraviolet light to detect any fluorescence.
Fractions determined to contain iron sequestering compounds were
analyzed by thin layer chromatography and chemical techniques. Those
fractions which were to be utilized for mass spectrometric analysis were
refractionated in the LH-20 column. Purity of the compounds was determined

by two dimensional TLC analysis.

2.10 Chemical lonization Mass Spectrometry

Precise mass measurements for siderophores was obtained by mass
spectrometry in the Department of Chemistry, The University of Western
Ontario. Purified siderophore samples (approx. 10 yg) were dissoived in
methanol prior to analysis in a Finnigan MAT 9236 Mass Spectrometry
Analyzer. Primary chemical ionization was accomplished with isobutane,
followed by a secondary ionization of 20 eV, utilized for a determination of the

fragmentation spectrum.
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2.°1 Preparation of Membrane Fractions

i. Outer Membranes. Outer membrane proteins were prepared based
on the technique of Brown (1991). Cells were collected by centrifugation at
5500 xg, washed in HEPES buffer (10 mM HEPES, 5 mM NacCl, oH 7.8), and
resuspended in several mL of the same buffer. Lysozyme (3 mg mL™") was
added and the suspensions were incubated at 30° C for 2 h. After the addition
of DNase and RNase to 5 uyg mL™, and phenyl-methylsulfonyl fluoride (PMSF:
included in all subsequent solutions) to 1 mM, breakage of the cells was
achieved using a cell disrupter (Mini-Bead Beater, Biospec Products) with 0.1
pm glass beads. All enzymes for this were obtained from Sigma. Suspensions
were pulse centrifuged (approximately 10-15 seconds) in an Eppendorf 5414
centrifuge to remove unbroken cells. Membranes were then collected by
centrifugation for 30 min (4°C) in the Eppendorf centrifuge. Pellets were
resuspended in 1 mL of HEPES buffer. N-Lauroyl sarcosine (“sarkosyl") was
added to a final concentration of 0.5% to solubilize thylakoid and cytoplasmirc
membranes (Filip et al. 1973) and samples incubated at room temperature for
20 min prior to centrifugation (30 min) to pellet outer membranes. Pellets were
resuspended in HEPES buffer and incubated for 20 minutes at room
temperature to remove the excess sarkosyl and any remaining soluble
membranes. Quter membranes were collected by a final 45 min spin in the
Eppendorf centrifuge. Pellets were resuspended in 0.1% SDS and proteins

quantified by a modification of the Lowry method (Hartee, 1972) The absence
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of contaminating pigments from other fractions (correlated to absorbance
values) is utilized as an indicator of membrane purity and was determined from
UV-visible light (200-750 nm) spectra (Brown 1991). For outer membranes,
chla absorbance (measured at 678 nm) was utilized to determine the presence
of other membranes (Figure 7).

ii. Internal Membranes. Cytoplasmic and thylakoid membrane fractions
were isolated by discontinuous density centrifugation (in sucrose) by a
modification of Omata and Murata (1984). Cells were treated with lysozyme (3
mg mL"' for 2 hours) and then mechanically disrupted as above. The
membrane suspension was brought to 0.6 M with sucrose and the intact cells
removed by a 10-15 second puise centrifugation in the Eppendorf centrifuge.
After the addition of 0.74 volumes of 90% sucrose to the supernatant (final
concentration of 50% sucrose), 17 mL of the solution vzas placed at the bottom
of a ultracentrifuge tube and successively overlayed with 8 mL of 39% sucrose,
3 mL of 30% sucrose and 7 mL of 10% sucrose. All sucrose solutions
contained 10 mM TES (pH 7.8), 10 mM NaCl, 5§ mM EDTA, and 1 mM PMSF.
Gradients were resolved by centrifugation in a Beckman L5-50 ultracentrifuge
for 16 hours at 130,000 xg and 4°C. Cytoplasmic membranes (resolved into
the 30% sucrose layer) and thylakoid membranes (resolved at the 39%-50%
sucrose interface) were withdrawn and diliited 5 fold with 10 mM TES (pH 7.8),
10 mM NaCl, 5 mM EDTA, and 1 mM PMSF. Membranes were collected by

centrifugation at 20,000 xg. Membrane fractions were resuspended in the




Figure 7. UV-visible light spectra of sarkosyl isolated membrane
fractions. Spectra of outer membrane fraction of Synechococcus
sp. PCC 7002 isolated with N-Lauryl Sarcosine. The purity of the
membrane fraction is reflected in the lack of chia from potentially
contaminating thylakoid membranes. A. Spectrum of sarkosyl
insoluble fraction from 200 nm to 750 nm with peaks at 301 and
446 nm. B. Expansion of sarkosyl insoluble spectrum for 400 nm
to 750 nm demonstrating the presence of carotenoids (446 nm)
and the lack of chia (678 nm) in this fraction. The identification of
carotenoids at 446 nm is based on spectra from Omata and
Murata, 1983 C. Spectrum of sarkosyl solubie membrane
fractions. Peak at 674 nm (chla) demonstrates the presence of

thylakoid material in this fraction.
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same buffer, analyzed for protein content, and stored at -20°C. The purity of all
membrane fractions was assured by a visible light spectral analysis (200-750
nm)

iil. Proteins in the Periplasmic Space. To examine the proteins of the
periplasmic space, the osmotic shock procedure of Neu and Heppel (1965, as
modified by Brown, 1991) was employed. Chemostat grown cells were
harvested by centrifugation (8000 xg) and cells quickly resuspended in 20 mL
of 20% (w/v) sucrose in 0.03 M Tris (pH 7.8). Na,EDTA was added to a final
concentration of 1 mM and cells incubated for 10 min. Cells were collected by
centrifugation and immediately resuspended in 20 mL of coid (4°C), chelexed
H,O0. Cells were removed by centrifugation and the supernatant concentrated
by lyophilization. The absence of phycocyanin in tha periplasmic protein
fraction (the supernatant) was utilized as an indicator that the celis did not lyse.
Protein in this fraction was then quantified using the modified Lowry technique

(Hartee, 1972).

2.12 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE was performed using the buffer system of Laemmii (1970).
Quantified protein (75 pg lane™') was electrophoretically resoived at 4°C in
7.5-15% polyacrylamide gradient gels (16 cm by 16 cm) and visualized first with

Coomassie blue stain and then by silver staining (Merril et al. 1979).
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2.13 Iron-Protein Associations

Isoiated protein fractions from specific celiular components were
examined to determine if any difference in iron sequestering ability was brought
about by conditioning to growth-limiting levels of iron. Cells from pFe 17 and
pFe 21 chemostats were harvested and the outer membrane and periplasmic
components isolated as described. Material equivalent to 100 pg of protein was
lyophilized to dryness and resuspended in a 8.76 x 10° M Tris (pH 7.8) and 8.5
x 10° M EDTA buffer. **FeCl, (10.41 pg yielding approx. 10’ cpm) was
brought up to 800 uL in Tris-EDTA buffer. Aliquots (100 pL) of radiolabel were
then dispensed to each of three protein samples. Into the first set, 25 pL of
crude Syn2chococcus sp. PCC 7002 siderophore, containing all four
siderophores at a total concentration equivalent to 150 ug rhodotorulic acid
based on the CAS assay, was added. Crude siderophore and @3-
mercaptoethanol (5 pL, 4% v/v final) was added to the second set of samples in
order to disrupt the secondary structure of the proteiis, and the third (control)
sample was left as just **FeCl,/protein. All samples were then brought to 1.0
mL final volume and incubated for 30 minutes at 37°C. Samples were filtered
through 0.22 um nitrocellulose filters and rinsed with 2 mL of nutrient-free and
iron-free A* medium. Filters were placed into scintillation vials and assayed
after the addition of the 10 mL scintillation fluor (Ecoscint, Diamed). In order to
account for the alterations in protein content that occur, resuits are expressed

as a percent of the control iron association level.
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2.14 Iron Uptake
In order to test the effects of siderophores on iron uptake in
cyanobacteria, cells grown in chemostats under iron-replete (pFe 17) and iron-
deficient (pFe 21) conditions were monitored for iron uptake and iron/surface
associations.
Crude extracts of extracellular organics from Synechococcus sp. PCC

7002 were isolated using XAD-16 and quantified with the CAS assay. Fractions
with an CAS determined iron-chelating equivalent of 300 ug Rhodotorulic acid
were taken and used for iron uptake analysis. Cells were harvested from
chemostats and resuspended in 40 mL fresh, iron-free medium, an: incubated
for 1 hour at 85 uE m? s and 37° C. Cyanobacteria were then maintained for
30 minutes in the dark and the siderophore fraction added (in control samples
no siderophore was added). After another 30 minutes, *FeCl, (3.47 ug) was
added and incorporation into the cell was monitored using a titanium(lil)-citrate-
EDTA (Table 5a) rinse prior to scintillation counting. The titanium wash
provides for the rapid reduction and removal of any surface bound or
superficially associated iron, thereby giving an accurate account of the iron
incorporation into the cell (Hudson and Morel 1989). Incorporation was
followed for 30 minutes in the dark followed by a one hour at 85 uE m? s,
Preliminary experiments established that this level of iron was saturating for

transport, yet presented the miniumum level for detection with this system.




TABLE 8a. Composition of Titanium-citrate-EDTA wash for resolution

of extracellular and intracellular iron.

COMPONENTS AMOUNT
Na,EDTA 4659
NaCitrate 368g

KCI 187 g
NaCl 300g
TiCl, 7.5 mL of 1.9M (in 2
N HCI)
NaOH Titrate to pH 7.8
H,0 ***final volume
250 mL

Table §b. Composition of saline-EDTA wash for iron-surface association

analysis.
COMPONENTS AMOUNT
Na,EDTA 8.50 x 10° M
TRIS (pH 7.8) 8.76 x 10° M
NacCl 0.31 M
KCI 0.08 M
MgSO, 0.02 M

cacl, 0.0245 M

61
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Analysis of cell surface associations utilized the same protocol, except that cells
were rinsed with a saline-EDTA rinse (Table 5b), which removes free 5*Fe from

the surface, but not dissociate iron complexed to surface sites.

2.18 Energetics of Iron Transport

The energy requirements of iron transport were investigated in iron-
replete and iron-deficient cultures by challenging celis with a variety of
photosynthetic inhibitors and determining the affect on the rate of iron uptake.
Comparison of light and dark rates of uptake was utilized to estimate the control
(uninhibited) light driven rates of iron uptake.

Arsenate (supplied as sodium arsenate heptahydrate), 3-(3'4'-
dichlorophenyl)-1,1-dimethylurea (DCMU), and triphenyl tin were utilized as
chemical inhibitors of cellular energetics. Arsenate (100 uM) functions as a
phosphate analog, and thus competes with phosphate during ADP-ATP
photophosphorylation. Arsenate has been demonstrated to function as an
inhibitor of fur/tor.B dependant high-affinity iron and vitamin B,, transport in E.
coli (Reynolds et al. 1980, Kadner 1990).

DCMU (10 uM; Sigma) functions to reduce ATP production by binding
near the D, peptide site of photosystem II, ultimately reducing ATP production
as well as decreasing the membrane potential generated by the translocation of

protons. Experiments in a Synechococcus sp. as well as other cyanobacteria
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have demonstrated that DCMU functions in a manner analagous to its effects in
higher plants (Golden and Sherman 1984, Sherman et al. 1987).

Triphenyl tin (5 pM; a gift of W.G. Hopkins) functions to inhibit CF,-CF,
proton transfer in higher plants (Cole et al. 1981). While no literature exists on
its efficiency in cyanobacteria, the conservation of the structure of the
photosynthetic machinery within the cyanobacterial (in comparison to higher
plants) suggests that this compound should inhibit electron transfer in a similar
manner (W.G. Hopkins, pers. comm.).

Iron transport into pFe 17 and pFe 21 grown cells was monitored as
above, with photosynthetic inhibitors added 30 min prior to the *Fe. Cells were
rinsed with titanium(lil)-citrate-EDTA to remove superficially associated iron
from the surface.

Temperature was aiso investigated as a potential iron uptake innibitor.
Cells were harvested by centrifugation and resuspended in iron free medium.
Cells were incubated for 1.5 hours at 37°C and 85 uE m? s'. The temperature
of the refrigeration unit (Frigomix U-1, Johns Scientific) was then changed to
4°C and the rate of change monitored. After S0 min the temperature had
stabilized at 4°C and the cells were incubated for 30 min more prior to iron

uptake analysis using the titanium(ili)-citrate-EDTA technique.
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2.16 Determination of Cellular iron Levels
Cellular iron quotas were determined as described by Sunda et al.

(1991). In order to determine the true cellular iron quota, Synechococcus sp.
PCC 7002 celis vwere precultured in appropriate iron levels, then batch cultured
with 5FeCl, over a :2nge of pFe values (pFe 17-21). Total iron content within
the cells was monitored with the titanium-citrate technique. This allows for an
establishment of the amount of iron in the cell with respect to the concentration
of available iron in the growth medium. Cultures were sampled over time, and

iron cell’ values determined based on changes in cell number and iron content.



3. RESULTS
3.1 Speciation of Iron

In order to ascertain the availability of Fe* in the system, the
concentration of different Fe-containing components within the medium was
calculated over the range of iron concentrations utilized for the chemostat
cultures. In all, 31 different Fe-containing components exist at concentrations
greater than 10"'®M (Appendix I). The majority of the iron appears to be tied
up in FePO, and FeEDTA™ compiexes.

The exact changes in Fe* availability in the A* and modified BG11
media are plotted in Figure 8. Precise values at specific :ron concentrations are
represented by symbols, with the connecting lines representing the computer
modelled functions. Results demonstrate the differences in Fe* availabilty with

respect to total iron in the freshwater and marine media.

3.2 Iron-Regulated Chemostat Yields
Steady state cell densities for each iron level in chemostats are
presented in Figure 9. Chemostats supplemented with iron to pFe 18, pFe 19,

pFe 20, and pFe 21 demonstrated a control of cell density by the level of iron.
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Figure 8. Availability of Fe* in A* and BG11 media. Ferric iron levels
(in pFe values ) are presented with respect to total iron (moles L")
in the system. The speciation of all the components of the two
media were utilized to calculate the pFe values at constant pH's
(A* pH =7.8; BG 11 pH = 7.4). The complete speciation of iron
appears in Appendix |. Resuits demonstrate that changes in iron
availability with respect to total iron concentration vary between

B8G11 and A® medium.
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Figure 9. Steady state cell densities for iron-limited chemostats. “teady
state celi densities were determined daily and aie presented
against the Fe¥ availability. Chemostats were considered to be in
equilibrium after 2.5 cycles at a constant cell density. Data from
chemostats where washout events were recorded (WO) is not
included in the calculation of steady state (+ S.D.) Results are
presented in comparison to predicted cell densities based on
chemostat kinetics (Section 1.9), the decrease in Fe* availability

and stanaardized to the cell density at pFe 17.
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In preliminary experiments (data not shown), final cell yields forthe pFe 18, 19,
20, and 21 chemostats would increase if supplemented with additional iron.
Celis from the pFe 17 chemostat were saturated with iron and the cell density
was controlled (limited) by the level of nitrate in the medium (11.8 mM).

The yield of the 4 iron-limited chemostats did not decrease proportional
to the amount of added iron as predicted by chemostat modelling (Figure 9),
suggesting that cells in the iron-limited chemostats were more efficient at
utilizing the available iron pool. The pFe 17 chemostat (nitrate-limited) had a
final yield only 10-fold higher than the pFe 21 FeCl, chemostat.

The cells grown in the pFe 20 iron-limited chemostat shiowed the
greatest variability in results, suggesting that at this ievel of available iron cells
were undergoing an iron-regulated metabolic change, such that in some cases
the cyanobacteria were capable of establishing a steady state equilibrium, while
at other times they were unable to maintain steady state. This variation brought

about the exclusion of the pFe 20 c=!ls from the other chemostat experiments.

3.3 Iron-Regulated Growth Rates

The effect of lower levels of available iron on maximum growth rate was
determined in batch cultures and resuits are presented in Figure 10. Results
are presented as doublings day'. The increase in growth rate at pFe 21 is

suggestive of a change in iron-related physiology.




Figure 10. Effect of iron availability on maximum growth rates for
Synechococcus sp. PCC 7002. The growth of batch cultured
cyanobacteria was monitored spectrophotometrically to determine
maximum growth rates with respect to specific iron availabilities.
Linear regression of cell doubling during exponential phase was
utilized to predict rates. Cells grown at pFe 21 demonstrate a level
of recovery of growth with respect to cells grown under higher

levels of iron availability. (x S.D.)
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Figure 11. Pigment levels in steady state cultures of Synechococcus sp.
PCC 7002. A) Spectrally estimated chlorophyll levels in
chemostat grown cyanobacteria. Steady state levels of chiorophyll
were estimated daily and averages of individual chemostat triais
are presented for chemostat cultures over the range of iron
availabilities (+ S.D; pFe 17, 21 n = 34, pFe 18, 19 n = 3)).

B). Variations in the photosynthetic pigment ratio over a range of
iron availabilities. Values are presented as yM Phycocyanin : uM
Chlorophyll for steady state cultures (+ S.D; pFe 17, 21 n = 34;

pFe 18,19 n = 3)).
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3.4 Celiular Pigment Production

Production of photosynthetic pigments was regulated by the amount of
available ircn in the chemostat medium (Figures 11). A comparison of nitrate-
limited cells with iron-limited ceils shows a dramatic drop in the amount of chla
per cell. The iron-limited cells maintained a low but relatively constant cellular
chla concentration. Similarly, phycocyanin per cell was altered with a shift from
iron sufficient to iron-deficient growth status. A comparison of phycocyanin to
chla ratios (Figure 11) demonstrates an increase in the ratio at pFe 21 relative
to the other iron-limited (pFe 18, pFe 19) as well as nitrate-limited (pFe 17)
cells. Itis important to to point out that the sample size for the pFe 17 and pFe
21 chemostats is significantly larger. Changes in the localized absorbance
maxima were also noted for chla. The chla peak for pFe 17 grown cells was
significantly higher (681.8 nm 1 2.37) in comparison to the pFe 21 chla peak

(674.4 - m ¢ 2.43).

3.5 Levels of Extracellular Siderophores

The amount of extracellular organics that would react to the Czaky test
was dependant upon the amount of available iron in the medium (Figure 12)
Chemostat grown cells in medium containing the highest amount of iron (pFe
17) produced no measurable amounts of extracellular hydroxamate-type
siderophore reactive in the Czaky test, and only low amounts of material

reactive to the two tests for the catechol-type organics.
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In contrast, cells from the iron-limited chemostats provided high amounts
of reactive material. Maximum levels were obtained from chemostats
supplemented with pFe 19. Similar resuits were seen in both the Arnow and
Rioux tests for the production of catechol-type siderophores (Figure 13). No
appreciable reactive compounds were detected in the nitrate-limited chemostat
while significant amounts were detected in all the iron-limited chemostats.

The production of extracellular siderophores in Synechococcus sp. PCC
7002 is accompanied by a pH shift in the reactor medium. The pH within the
pFe 17 reactor is maintained at 7.83 ( S.D. = 0.045) while the pH of the

medium in the pFe 21 resctors was depressed to 7.59 (S.D. = 0.055).

3.6 Photosynthetic Capacity and Efficiency

Rates of light driven net cellular carbon fixation are given in Table 6.
Cells from the nitrate-limited pFe 17 chemostat appear to fix CO, at a rate one
order of magnitude faster than cells from the pFe 21 culture. To determine total
turnover rates, cellular carbon was estimated at 125 fg cell”’, based on cell .72
(1 pm?®), and approximate dry density (125 kg C m™), a value which was later
confirmed to be in the range of natural populations (Waterbury et al. 1987).
Results demonstrate that iron-limited cells lower carbon incorporation rates to
approximete growth requirements. Cellular carbon appears to be turned over
every 39.0 h in pFe 21 chemostats, while turnover takes only 5.58 h in pFe 17

chemostats.



Figure 12. Hydroxamate-type siderophore production in iron-limited
chemostats. Results from Czaky test demonstrate an increase in
siderophore levels with a decrease in iron availablity. Results are

standardized to hydroxylamine equivalents (n 2> 2).
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Figure 13. Catechol-type siderophore production in iron-limited
chemostats. Results from Arnow and Rioux tests for catecholate-
type siderophore production by chemostat grown cyanobacteria.
Resuits are standardized to DHBA equivalents (n > 2). ND- none

detected .
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Table 6. Carbon fixation rates in chemostat grown Synechococcus sp.
PCC 70J2. Chemostat grown cyanobacteria were harvested and
carbon fixation monitored with H'*CO,". Cellular carbon turnover
was calculated based on carbon uptake rates and estimated
cellular carbon content. Turnover time was calculat~d based on
the rate of carbon incorporation into the celi and the growth rate in
the chemostats. Results suggest that iron-limited cells (pFe 21)
down-regulate carbon fixation rates to apprcximate that of the
cellular growth rate (=40 hours) while iron-replete cuitures (pFe
17) experience luxury carbon fixation. Coefficients of variation (r’):

pFe 17 = 0.0991; pFe 21 = 0.9896.

pFe 17 pFe 21

Carbon Uptake 311 x10™ 4.45 x 10"
pmol min™' cell”

**assuming 125 fg C cell”

turnover time 568 hrs 390 hrs




Figure 14. Net oxygen evolution in iron-limited Synechococcus sp. PCC
7002. Profiles of O, evolution vs. photosynthetic photon flux
density for iron-replete (pFe 17) and deficient (pFe 19, pFe 21)
cultures of Synechococcus sp. PCC 7002 from chemostats.
Resuits are standardized to per cell (A) and per chla (B) levels
(£ S.D. n=5). The difference in oxygen evolution rates between
cells maintained at pFe 19 and pFe 21 is highlighted by a

comparison of the two graphs.
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Net oxygen evolution values are reported in Figure 1¢ Cells from pFe
17 chemostats dem 1strated higher rates of light-satured O, evolution and a
greater apparent quantum efficiency in comparison to those grown at pFe 19
and pFe 21 levels. A comparison of the cells from pFe 19 and pFe 21 cultures
demonstrates as well a significant difference in light dependant levels oxygen
evolution.

Values are reported both as a function of celiular biomass (umol O, cell™
h) and cellular chia levels (umol O, (ug chi®)” h) in order to emphasize these
differences. Variations in the @, of these cyanobacteria demonstrate the
highest &,,, for pFe 17 grown cells (®,,,= 0.414 + 0.032) and lower vaiues for

pFe 19 (®,,.= 0.269 1 0.054) and pFe 21 (®,,,= 0.180 0.032) populations.

app
3.7 Ultrastructural Variation

Transmission electron micrographs of iron-limited pFe 21 cultures of
Synechococcus sp. PCC 7002 demonstrate that a number of ultrastructural
variations are evident Jring iron-limited growth. Thylakoid membranes in pFe
21 grown cells appear to lose their integrity in comparison to pFe 17 grown
cells (Figure 15). A comparison of these with batch grown pFe 17 ceils
confirms that cellular physiology is not influenced by culturing technique.
Further examination also reveals a decrease in carboxysome number, but a
relative increase in size of the remaining carboxysomes. As well, 32 decrease in

intracellular polyphosphate bodies is seen in pFe 21 cells.



Figure 15. Ultrastructural differences between iron-repliete and iron-
deficient cultures of Synechococcus sp. PCC 7002. Electron
micrographs demonstrating the typical ultrastructure of
cyanobacteria grown under different conditions (minimum of 5
sections examined), with emphasis on changes in thylakoid
structure (T), carboxysome size and number (C), and the size of
polyphosphates bodies within the cell (P). Identification of
intraceliular components was based on Hardie et al. 1983b. A).
Celis maintained in a chemostat at pFe 17. B). Cells maintained in
a chemostat at pFe 21. C). Exponentially growing cells from a

pFe 17 batch culture. Bar = 1 ym.
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3.8 Effect of Iron-Limitation on Membrane Polypeptide Profiles

Synechococcus sp. PCC 7002, grown under iron-deficient (pFe 21)
conditions, demonstrated marked changes in the polypeptide profiles of the
thylakoid, cytoplasmic and outer membranes in comparison to cyanobacteria
grown under iron-replete conditions. Proteins of 70.0, 59.0, 39.0, and 32.5 kDa
were consistently identified in thylakoid membranes of pFe 21 grown cells that
were not detectable in pFe 17 grown cyanobacteria (Figure 16). Similarly, 2
protein of 23.5 kDa was consistently identified in the cytoplasmic membrane
fraction of pFe 21 grown Synechococcus sp. PCC 7002 (Figure 17).

Proteins of 72.0, 61.5, 59.0, 54.5, 35.0, and 29.0 kDa were consistently
identified in the outer membrane of pFe 21 grown cells that were not seen in
the outer membrane of pFe 17 grown cells (Figure 18). These proteins are in
the same size range as those reported in other iron-limited cyanobacterial
(Table 7) and eubacterial species (Neilands 1982). While the presence of
proteins of 59.0 kDa in both the outer membrane and thylakoid fraction
suggests some cross contamination of the samples, the lack of any other
common proteins suggests that these may be either ubiquitous stress proteins,
or the coincidental production ¢f different proteins of similér size.

Analysis of periplasmic proteins components from pFe 17 and pFe 21 grown
chemostats demonstrated no consistent differences when analyzed by PAGE.
Transiently evoked peptides were seen in the range of 50.0 kDa, but this could

not be consistently and positively confirmed.



Figure 16. Polypeptide profile of thylakoid membranes from pFe 17 and
pFe 21 grown Synechococcus sp. PCC 7002. Silver stained
polyacrylamide gel preparation of thylakoid proteins (75 pg lane™),
demonstrating 4 proteins whose expression appears enhanced
during iron-limited culturing.

Lane 1: pFe 17 thylakoids. Lane 2: pFe 21 thylakoids.
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Figure 17. Polypeptide profile of cytopiasmic membranes from pFe 17

and pFe 21 grown Synechococcus sp. PCC 7002. Coomassie
blue stained polyacrylamide gel preparation (75 ug lane™)
demonstrating a protein at 23.5 kDa in the pFe 21 fraction. Lane
1: pFe 17 cytoplasmic membranes. Lane 2: pFe 21 cytoplasmic

membranes.
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Figure 18. Polypeptide profile of outer membrane fractions from pFe 17
and pFe 21 grown Synechococcus sp. PCC 7002. Silver stained
polyacrylamide gel preparation (75 ug protein lane™)
demonstrating a number of enhanced proteins in the pFe 21
fraction. Lane 1: Outer membranes from pFe 17 cultured celis.

Lane 2: Outer membranes from pFe 21 cultured cells.
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Table 7. Iron-regulated outer membrane proteins (kDa). Proteins were
identified by polyacrylamide gel electrophoresis. In all cases,

proteins are expressed at iron-limiting levels and not detected

under iron-replete conditions.

Reference

Oscillatoria tenuis 200, 158, 81, 53, 51 Brown, 1991
Synechococcus sp. 92, 48-50, 35 Scanlan et al. 1989

PCC 7942

Synechococcus sp. 72,615, 59, 54.5, 35, 29 This study
PCC 7002

Synechocystis sp. 52, 36 Scanlan et al. 1989
PCC 6803
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3.9 Identification of Siderophores in Synechococcus sp. PCC 7002

Cell-free, spent medium from all of the chemostats was examined by
TLC for the presence of iron-binding organic compounds. Using the ferric
chloride spray to detect iron-chelating compounds, it was determined that the
concentrated cell-free spent medium from pFe 17 chemostat did not contain
sufficient iron-binding material for observation. In contrast, spent medium for all
of the cultures examined under iron-limiting conditions (pFe 18 or less),
contained four iron-reactive compounds recognizable by thin layer
chromatography (Table 8). R, values for these compounds, determined using a
variety of solvents, aliowed for a comparison between them. At ali levels of iron
availability, the iron-reactive properties of these compounds appear to be
constant.

Fractionation of the siderophores from pFe 21 chemostats on Sephadex
LH-20 columns, and subsequent analysis with the CAS assay, confirmed that
four different iron-binding compounds were produced (Figure 19). LH-20
fractionation of the extracellular, organic compounds produced in pFe 21 batch
cultures demonstrates a slightly different profile (Figure 20). Two major CAS
peaks are visible in these fractions, suggesting a change in comparative
production levels of the iron chelators. Comparison of the absorbance values
at 280 nm (proteins and phenolics) and 405 nm (putative siderophore
absorbance maxima) suggests that at least two compounds are responsible for

this profile (Figure 20). Thin layer chromatography confirmed that the four
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chelators found in iron-limited batch cultures are the same as those found in
iron-limited chemostat cultures (based on R, values), but the production of each
individual siderophore varies between different culturing protocols (Table 8).

Of the two siderophores isolated, only sufficiently pure quantities of 2
compounds (Chelators #1 and #3) were retrieved to atiow for further chemical
analysis. Particle ionization mass spectrometry (Figure 21) allowed for a
determination of the precise mass of these compounds, from which appropriate

chemical formulae were estimated (Table 9).

3.10 Siderophore Production In Different Species

Siderophore production was monitored in a number of different
cyanobacteria (Table 10). Thin layer chromatography was combined with the
tests of Arnow, Rioux and Czaky to determine the numbers and types of
siderophores produced by the different species cultured at pFe 21. Resulits
suggest that all of the cyanobacteria tested in this study were able to produce
at least one siderophore, with some producing multiple iron-sequestering
compounds. Chemical analysis of the siderophore isolates allowed for a
determination of hydroxamate- and catechol-type siderophore production. in

situations when a compound provided a positive result in none of the reactions,

it was considered to be of the atypical-type (Table 10).
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Table 8. Siderophores produced by iron-limited Synechococcus sp. PCC
7002. The four siderophores produced by this cyanobacterium are
presented with their R, values for three solvents utilized to
separate them. Also presented is the relative proportion of their
production in batch and chemostat culture systems, which was
determined by a visual analysis of the relative ratio of I, and FeCl,
reactive material on TLC plates, as well as the CAS data for LH-
20 fractions. The numbers assigned to chelators represent the

order of their isolation.

Siderophore Pro:But:*,0 But:HAc:H,0 Iisoprop:H,0 Batch Chem

1:1:1 60:25:18 7:3
Chelator#1 .638 .804 877 4+ +44
Chelator#2 725 .583 .100 ++e +
Chelatorsd .833 .741 .820 ++ *e4e

Chelators4 .880 ND .800 + +




Figure 19. LH-20 profiles of siderophores from iron-limited
Synechococcus sp. PCC 7002 chemostat cultures. Analysis of
extracellular organic fractions, isolated with Amberlie XAD-16, for
iron-chelating compounds from pFe 21cultures with the CAS
assay. Results demonstrate that four different peaks of iron-
chelating compounds were resolved by LH-20 fractionation (37.5
x 1 cm column with a methanol.chloroform (50:50) solvent system,

fraction volumes of 1 mL).
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Figure 20. LH-20 profiles of siderophores from iron-limited
Synechococcus sp. PCC 7002 batch cultures. Analysis of the
extraceliular organic fractions, isolated with Amberiie XAD-16, for
iron-chelating compounds from pFe 21 batch cultures of
Synechococcus sp. PCC 7002. After fractionation through an LH-
20 column (conditions the same as Figure 19), extracellular
organic fractions from Synechococcus sp. PCC 7002 were
analyzed for iron binding capability (CAS assay), putative
siderophore levels (ABS,,,,) and potential phenolic and protein
content (ABS,,,,..). Differences between the ABS,,,,., and
ABS,.. profiles confirm the CAS data in demonstrating that at

least two different iron chelators are present.
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Figure 21. Particle ionization mass spectra of sideropho :s. Mass
spectra of Synechococcus sp. PCC 7002 Chelators #1 and #3
was accomplished utilizing isobutane as the chemical ionization
agent. Specira were determined in methanol solubilized samples,
with precise masses being determined by ine addition of a known
standard. A. Spectrum for Chelator #1. Siderophore mass
(452.3378) is reflected in the 453 peak with the peak at 493
derived from a siderophore-isobutane fusion product. B. Spectrum
for Chelator #3. Siderophore mass (391.2824) reflected in the
391 peak, with the peak at 443 reflective of a siderophore-

isobutane fusion product.
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Table 9. Precise mass and predicted chemical formulae for two novel
cyanobacterial siderophores. Formuiae are best fit predictions
based on precise mass measurements from particle ionization
mass spectrometry for compounds isolated from Synechococcus
sp. PCC 7002. Formulae are calculated from accepted precise
mass values for the elements. Results are presented with a
comparison to Schizokinen, the only completely characterized

cyanobacterial siderophore (* Matzanke 1991).

-

Precise Mass Chemical Formulae

Siderophore (Mass spectrometry) (Predicted)

Synechococcus

PCC 7002
Chelator #1 452.3378 C,.HeNO,
(452.3362)
Chelator #3 391.2824 C,,H,;N,0,
] (391.2838)
Anabaens sp.

Schizokinen = eeeee-- CieH2sN.Op

(420.1856)
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Table 10. Siderophore production by freshwater and marine species of
cyanobacteria. Chemical tests were utilized to determine the

number of hydroxomate and catechol-type siderophores.

STRAIN SIDEROPHORES HYDROXAMATE CATECHOLS

ERESHWATER

Synechococcus sp. 3 2 1
PCC 6301

Synechococcus sp. 2 1 1
PCC 6908

Synechococcus sp. 1 1 -
PCC 7942

Synechocystis sp. 1 - -
PCC 6803

Oscillatoria 3 1 2
tenuis Ag.
UTEX 428

Anabaena 2 1 1

catenula
UTEX 375

Synechococcus sp. 4 1 2
PCC 7002

Synechococcus sp. 2 1 1
WH 8101

Synechococcus sp. 1-2 ND ND
WH 7805

Synechococcus sp. 2 ND ND
BBC2A

ND. Not Determined

N.B. Discrepencies in total siderophore number may represent the presence of atypical-type
siderophores in some species.
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In order to compare interspecies production of siderophores among
coccoid cyanobactaria, thin layer chromatography of siderophores from each
cyanobacterium was carried out (Table 11). In all but one instance (PCC 7002
#1 and PCC 6301 #1), the compounds appear to be unique. PCC 7002 #1 and
PCC 6301 #1 co-migrated on TLC plates when mixed and resolved in
isopropanol:water (data not shown). The slight difference in their R's in other
solvent systems suggests that they may not be identical.

Analysis of surface associated iron-chelators from Synechococcus sp.
PCC 7002 and Synechococcus sp. PCC 6301 demonstrated that, during
periods of iron-limited growth, both cells produced chiloroform soluble iron-
chelators which remained associated with the cell surface after rinsing with iron-
free growth meQium, but were liberated by chloroform from the cell surface.
While the compound produced by Synechococcus sp. PCC 6301 was confirmed
to be catechol-type (positive Rioux reaction), no confirmed determination of the

Synechococcus sp. PCC 7002 chelator type was accomplished.

3.11 Iron Uptake by Synechococcus PCC 7002

The titanium-citrate EDTA wash proved to differentiate between iron
superficially associated with the surface of the cell, and iron actually
incorporated into the cell (Figure 22). Rates for iron uptake in pFe 17 and pFe
21 chemostat grown cells demonstrate only minor differences between the rates

of iron uptake in cyanobacteria grown under these two conditions (Table 12).
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Table 11. Relative mobility function of iron chelators by thin layer
chromatography. Siderophores from coccoid cyanobacteria were
resolved in propanol.butanol.water (1:1:1) or isopropanol:water
(7:3) and iron chelators visualized using 1% FeCl, in ethanol.
Chelator names reflect the species from which they were isolated

and the order of their isolation within that species.

Chelator Prop:But:H,0 Isoprop:H,0

1:1:1 7:3
PCC 6301 #1 .579 .880
PCC 6301 #2 .761 .079
PCC 6301 #3 .796 237
PCC 6803 #1 T77 .800
PCC 6908 #1 741 .857
PCC 7002 #1 .638 .877
PCC 7002 #2 725 .100
PCC 7002 #3 .833 .820
PCC 7002 #4 .880 .900
BBC2A #1 127 .871
BBC2A #2 1192 077
WH 7805 #1 .190 .820
WH 8101 #1 .561 .184
WH 8101 #2 .283 526

b




Figure 22. Efficacy of titanium-citrate EDTA wash. The distinction
between extraceliular and intracellular iron utilizing the titanium-
citrate-EDTA and saline-EDTA washes. Results demonstrate the
effect of rinsing pFe 21 grown cells, presented with **FeCl,, with
titanium citrate wash. A). Cells were rinsed with titanium citrate or
the saline EDTA wash and iron levels determined by scintillation
analysis. Results show that the surface of the cell is quickly
saturated with iron (saline-EDTA wash). B). Data for two trials of
pFe 21 grown cyanobacteria showing the linearity of iron uptake

as determined with titanium citrate wash.
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Table 12. iron uptake rates and surface associations in iron-deficient
and iron-replete cultures of Synechococcus sp. PCC 7002. A). A
crude extract of siderophore containing all four siderophores
produced by Synechococcus sp. PCC 7002 was utilized to test the
effect of siderophores on iron uptake in Synechococcus sp. PCC
7002 with different iron growth histories. Chemostat grown celis
were harvested and iron uptake monitored using the titanium-
citrate-EDTA wash. Resuilts are indicated as rate (with coefficient
of variance) as well as per cent control. B). Surface associated
iron was monitored by exposing cells to **Fe for 5 minutes then
rinsing with the saline-EDTA wash. Results (¢ S.D.) suggest that
the presence of siderophores decreases the surface associations
of pFe 17 grown cells with iron while increasing the surface

association of iron with pFe 21 grown celis.

A. pFe 17 pFe 21

Uptake of *Fe Control 2.09 x 10" 222 x 10"
pg cell’ min® (no added (? =0.833) (? = 0.937)
siderophore)

With 3.44 x 10 18 x 10"
Siderophore (* = 0.805) (= 0.720)
(166%) (811%)

Surface Association Control 1.41 x 10° 1.82 x 10?
ug cell’ (no added (£4.9 x10™) (£9.1 x10™)
siderophore)

With 8.17 x 10 2.76 x 10°
Siderophore (58%) (152%)
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Increases in the level of **FeCl, demonstrated no increase in uptake,
suggesting that the transport systems were saturated for substrate. The
amount of iron associated with the surface of pFe 21 grown cells was only 29%
higher than that associated with pFe 17 grown cells. These values markedly
change, however, when isolated, crude siderophore extract was added back to
the systems. The iron uptake rate of pFe 17 grown cells increased to 166%,
while the rate of iron uptake in pFe 21 grown cells increased to 811% of the
control (no siderophore added) value. The increase in the uptake rate in the
pFe 21 cyanobacteria was parallelied by an increase in the association of iron
with the cell surface (Table 12). This was in contrast to the pFe 17 grown cells,

where the presence of siderophores decrease the iron on the surface.

3.12 Effect of Photosynthetic Inhibitors on Iron Uptake

To determine if iron acquisition iron requires photosynthetic energy,
inhibitors of photosynthesis were introduced to ceils prior to an analyses of
uptake. In all cases (sodium arsenate, triphenyl tin, and DCMU), the inhibitors
were successful at reducing iron uptake rates to levels which were comparable
to the rates of iron incorporation in cells which were monitored in the dark with
no inhibitors added (Table 13). As demonstrated by the arsenate trials (Figure
23), the titanium-citrate-EDTA procedure allowed for an easy differentiation of
light and dark rates in the control, and demonstrated that a low background rate

of uptake continued in the inhibited cells. The results indicate



Table 13. Effect of photosynthetic inhibitors on iron transport in

Synechococcus sp. PCC 7002. Titanium citrate results for iron

uptake from iron-replete and iron-deficient cyanobacteria (in pg

cell’ min™ with coefficient of variance r’). Results are presented

as a percent of control for the specific iron level in order to

highlight the differences.
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Control

Dark

4°C
Photosynthetic
Inhibitors
DCMU (10 M)

Triphenyl Tin (8§ pM)

Arsenate (7100 pM)

pFe 17
2.09 x 10™
(7 = 0.833)

46 x 10" (22.4%)
(P = 0.939)

3.0 x 10" (0.1%)
(P = 0.024)

1.5 x 10" (7.3%)
(r* = 0.532)

2.7 x 10 (13.2%)
(r* = 0.899)

24 x 10" (11.7%)
(r = 0.973)

pFe 21
2.22 x 10"
(? = 0.937)

1.8 x 10" (8.1%)
(r* = 0.854)

7.0 x 107" (3.2%)
(r* = 0.083)

1.9 x 10" (8.6%)
(r* = 0.322)

4.0 x 107 (1.8%)
(r* = 0.641)

1.1 x 10" (5.0%)
(r = 0.729)




Figure 23. Affect of arsenate on iron uptake in Synechococcus sp. PCC
7002. Results for an iron uptake trial with pFe 21 grown
cyanobacteria challenged with sodium arsenate. Both control and
arsenate trials show similar rates of iron uptake (using the

titanium-citrate-EDTA wash) during the dark period, but

substantially different rates during light driven iron acquisition.
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that photosynthetic energy (production of which is inhibited by all these
compounds) appears to be required for the acquisition of iron not only by pFe
21 grown cells but also by pFe 17 grown cells.

Acquisition of iron by cells was also analyzed at 4°C (Table 13). In both
cases, the reduction in temperature dramatically reduced the rate of uptake.

Upon returning the temperature to 37°C, the rate returned to normal.

3.13 Iron-Protein Associations

The association of **FeCl, with isolated outer membrane and periplasmic
fractions was examined in order to determine if iron status brings about
changes in polypeptide iron-binding characteristics. The pFe 17 grown fractions
consistently bound more iron than the pFe 21 grown fractions (Table 14).
When compared to the control values, however, the presence of crude
siderophores consistently increased the iron-binding capacity of pFe 21
periplasmic fractions while decreasing the iron/protein associations in the pFe
17 fractions. In outer membrane fractions, siderophores appeared to have no
significant effect on the pFe 21 iron/protein interaction, but decreased this
interaction (to 22.3%) in pFe 17 fractions. The presence of B-mercaptoethanoi
decreased the iron/protein associations in the periplasmic samples as well as in
the pFe 21 outer membrane sample (Table 14). There was, however, a siight
increase in the iron protein association with siderophore when 3-

mercaptoethanol was added to the pFe 17 outer membrane fraction.
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3.14 Iron Content of Synechococcus sp. PCC 7002

The iron content of iron-limiicd Synechococcus sp. PCC 7002 was
determined and is presented in Figure 24. Results demonstrate that cellular
iron levels decrease proportionally with the availabilty of iron. Regression
analysis of the iog-log data yielded the following relationship:

[F€,uerma] = - 0.3482 [pFe] - 2.6982
r? = 0.9758
Results are determined from **Fe incorporation, and have been corrected for

iron introduced from the inocula.



Table 14. iron-protein associations in isolated membrane fractions.

Outer membrane and periplasmic components from pFe 17 and

pFe 21 grown cells were examined for iron-chelating ability with

and without the addition of siderophores (n 2 2). "Sid & B-mer”

represents the addition of siderophore and f3-mercaptoethanol.

ug Fe (ug protein)?

Outer Membrane

pFe 17
with siderophore
with sid & B-mer

pFe 21
with siderophore
with sid & B-mer
Periplasmic
Protein

pFe 17
with siderophore
with sid & 3-mer

pFe 21
with siderophore
with sid & 3-mer

Percent Control

3.86 x 10
8.60 x 10°®
1.19x 10°

7.99 x 10°
8.11 x 10°®
2.29 x 10°

7.87 x 10°®
6.29 x 10°*
1.04 x 10®

3.77 x 10°®
1.88 x 10°%
1.66 x 10°®

100
223
30.7

100
101.5
28.7

100
79.9
13.2

100
498.4
441.5




Figure 24. iron content of Synechococcus sp. PCC 7002. Internal iron
levels, as determined by the titanium-citrate method, are given (&
S.D.). Values are presented in relation to predictions based on a
diffusion mediated control of internal iron concentrations. Resuilts

are presented as a function of pFe value. (pFe 17 - pFe 20, n = 9;

pFe 21, n = 12).
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4. Discussion
It has been established that cyanobacteria play an important role in the
regulation of the biological and biogeochemical cycles in many aq:. .lic systems
(Section 1.1). It remains to be determined, however, which factors within these
systems function to regulate cyanobacterial productivity. Many members of the
scientific community now believe that the availability of iron may regulate
production in certain aquatic systems. It was of preeminent interest, therefore,
to determine how cyanobacteria respond to growth-limiting levels of iron

availability, and to determine if they are capable of high-affinity iron acquisition.

4.1 Iron-Dependant Physiology

Cell densities in chemostat cultures demonstrate a leve! of recovery at
pFe 21 values (Figure 9), suggesting that the cells are somehow able to
compensate for the lower availability of iron. To accomplish this, cells may
either lower their requirements for iron (the cellular iron quotient, Q.,), or
increase their ability to scavenge iron from their environment. Work in batch
culture (Rueter and Unsworth 1991) has demonstrated that some cyanobacteria
maintain a non-linear relationship between iron availability and growth, while no
siderophore production was detected. They did not, however, show any
recovery in growth rate, unlike the results from either the equilibrated
chemostats or the batch cultures of Synechococcus sp. PCC 7002. Growth

recovery at low iron levels in Oscillatoria tenuis (Brown 1991), Anacystis

120



121

nidulans and Anabaena variablis (Kerry 1988) has been correlated to the ability
to scavenge iron with a high-affinity system (Figure 3).

From the chemostat data the Q,, values can be calculated, but due to
the non-linear cell yield with respect to iron concentration, one can only
consider these values to be concentration specific (Table 15). These values
reflect the requirement for iron in the medium in order to maintain cell density at
a growth rate of 0.6 day”. Q,, is affected not only by the physiological variation
within the cyanobacteria, but also by the changes in the iron scavenging ability
of the cells. Brand (1991) utilized final cell density levels in batch culture in
order to determine cellular quotients for 22 species of pelagic marine plankton.
Brand (1991) rationalized that maximum cell yield in cultures shown to be iron-
limited would be predictive of Q,, values for cells. He neglected to consider,
however, the remobilization of iron during the lysis of cells, the exudation of
organically complexed iron and the kinetic conversion of iron from a biologically
unavailable form to a biologically available form as available iron levels are
reduced. Brand also fails to consider that cyanobacteria, in stationary growth
phase, differ physiologically from those in exponential growth phase (ie. natural
populations). Results of this nature, therefore, bring into question their validity
in extrapolations to natural populations.

Changes in cellular pigmentation have commonly been utilized as
markers for cyanobacterial nutritional stress . Rueter and Unsworth (1991)

concluded that it is unwise to use chlia levels as normalization facters when



Table 18. Predicted cellular iron quotients from chemostat grown

Synechococcus sp. PCC 7002. Cellular iron quotients based on

mean steady state cultures within chemostats at specific iron

availabilities. Results are expressed in terms of total iron (Q,,: M

Fe cell'’) as well as available iron (Q,,,.: M Fe * cell' ).

| Chemostat pe
Value

17

18

19

20

21

1.20x 10"
214 x 10
388x10™
2.70 x 10

421 x 10"

05030

2.27 x 10®
1.82 x 10
2.99 x 107
2.22 x 107

3.29 x 10

122
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varying iron status. Similar reductions in chla with iron status were
demonstrated in Anacystis nidulans (Oquist 1971, 1974a,b; Sherman and
Sherman 1983, Guikema and Sherman 1984). This work supports these
findings as well as demonstrates that changes in PC and PC/chla ratio occur
(Figure 11). For these reasons, most values have been normalized to per cell.

Ultrastructural changes have been noted in batch cuitured
Synechococcus sp. PCC 7002 (Hardie et al. 1983a). Examination of chemostat
grown cells demonstrates that iron-limited growth brings about a reduction in
thylakoid integrity (Figure 15). Other reports of Synechococcus spp. have
confirmed that iron-regulated thylakoid disassociations do occur (Boyer et al.
1987). These changes are perhaps associated with a loss of structural
components (proteins, lipids) brought about by nutrient deficiency. Lowe-iron
grown cells also show a reduction in the number of cellular carboxysomes. This
was not previously demonstrated in electron micrographs of batch cultured
Synechococcus sp. PCC 7002 (Hardie et al. 1983a). Limitation of
Synechococcus sp. PCC 7002 for other nutrients (i.e., vitamin B,,) has
demonstrated both phenomena (see Appendix ).

The extrusion of protons has been associated with the strategies for iron
acquisition of some organisms during periods of iron-limited growth. Here, the
pFe 21 shift in pH would require the generation of 228 H* cell’ min”'. This
considers only the direct shift, and not the buffering capacity of the medium,

which drives it significantly higher (8.6 x 10° H* cell’* min'). This shift in pH,
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however, appears to have a neglible effect on the availability of Fe** to the
cyanobacteria: the decrease in pH causes the concentration of Fe* to shift
from 4.57 x 10%* M (pFe 21.34) to 4.32 x 102 M (pFe 21.37) (calculated with
Minegl® ver 2.1), slightly decreasing the availability of iron. The program is,
however, unable to account for natural organic chelators (siderophores), and
thus the effect of the pH shift on these compounds remains undetermined.

The extrusion of H’ into the extraceliular environment by h: her plants
occurs in several iron acquisition systems, including the Turbo Reductase
system; this system leads to the reduction of organically complexed Fe** and its
subsequent transport into the roots of certain plants (Bienfait 1987). Other
organisms, such as yeast (e.g., Sacchromyces cerevisiae) exude protons to the
medium to provide a simple and effective method of increasing the availability
of iron in the environment (Neilands et al. 1987). The flux of protons here,
however, may be associated with other parameters relating to changes in
cellular physiology, and thus not a direct consequence of iron-limitation.

The transport of iron in eubacteria requires energy (ATP) for the
translocation of the iron from the iron-siderophore complex into the cell (Braun
et al. 1987). Such transport systems often invoive proton-ATPases to generate
ATP for iron transport and consequently translocate H° across the membrane
(Figure 25). While cation-transport ATPases have been shown to exist in a

Synechococcus sp. (Kanamura et al. 1993), it remains to be determined if such




Figure 25. Proton extrusion and ATPase involvement in iron acquisition.
lllustration of the potential involvement of membrane associated
ATPases in iron acquisition in cyanobacteria. During high-affinity
iron transport, proton ATPases, intimately associated with
ferrisiderophore transport proteins, would extrude protons to the
environment while iron was assimilated. This process would
utilize cellular ATP: the excess requirements of ATP to be met by
cyclic photophosphorylation at photosystem |. A switch to cyclic
photophosphorylation would result in a reduction in cellular carbon
fixation and oxygen evolution. The net results demonstrate an
internalization of Fe* (eventually converted to Fe** at some point),

and the extrusion of H® to the extracellular environment.
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a system is functional here. if an ATPase dependant system is involved in this
cyanobacterium, it would partially explain the increase in the extracellular levels
of H'. This system would, however, create a1 increased ATP requirement
within the cell; this increased supply of ATP must uitimately be accounted for.

The photosynthetic efficacy of iron-limited cells is of unique interest as it
is of direct consequence of and to their physiological state. The reduction in
carbon fixation rates to the level of the cellular carbon turnover rate (y =
doubling time of = 40 hours) suggests that the luxury fixation of carbon (i.e.,
incorporation of carbon at a rate in excess of basic growth requirements ) in the
pFe 17 chemostat requires excess iron (Table 6). The carbon fixation rates of
the pFe 17 grown cells are similar to those of natural popuiations of marine
Synechococcus spp. (Table 15), with the pFe 21 rates being significantly less.

It is important to note, in comparison, that the natural populations are under
pressures of grazing, light intensity fluctuations, and nutrient fluctuations that do
not affect the chemostat grown cyanobacteria.

The decrease in carbon fixation levels is paralieled by changes in the
oxygen evolution profiles (vs. light intensity) of cells under iron-limitation (Figure
14). A relative decrease in the maximum oxygen evolution rate as well as the
apparent quantum efficiency (®,,,) occurs in both the pFe 19 and pFe 21 grown
cells in comparison to the pFe 17 cultures. This supports the carbon data in
suggesting that an aiteration in physiological parameters has occurred. Oxygen

evolution in pFe 19 cells, in comparison to the pFe 21 attests to this variation
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Table 16. Carbon fixation rates in natural populations. A comparison of
laboratory results (this study) for pFe 17 and pFe 21 grown
Synechococcus sp. PCC 7002 and in situ measurements of
carbon fixation rates in natural populations of Synechococcus

spp. (Waterbury et al. 1987).

Carbon Fixation

Synechococcus sp. (fg cell’ h')
PCC 7002
pFe 17 chemostat 2238
pFe 21 chemostat 32

Natural Populations
Surface measurements 40

80m below surface 16
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in their iron physiology. It is possible that the decrease in oxygen evolution
may be the result of a proportional increase in cyclic photophosphorylation in
photosystem |; this process decreases cellular rates of carbon fixation and
oxygen evolution while maximizing ATP production (Lawlor 1987). This shift
would be cued by an increased cellular ATP demand resulting from the
energetic requirements of ferrisiderophore translocation (Figure 25). The
differences in carbon fixation and oxygen evolution between pFe 17 and pFe 21
cultures not only demonstrate that variations in cellular metabolism exist. They
also support the concept that an increase in the cyclic photophosphorylation of
ADP to ATP by photosystem | is occurring. This actual shift is, however, is not
(and was not intended to be) demonstrated by these experiments.

While changes in the cellular utilization of iron are obvious from the data,
the main purpose here was to identify components of, and demonstrate
evidence for the activity of a high-affinity iron transport systems (should such a
system have been found). Reports of siderophores and iron-regulated proteins
do exist in the literature (see Sections 1.4 - 1.7), but the complete
characterization of a system within a single coccoid cyanobacterium remains to
be accomplished. Accomplishment of this task would establish a potential
bioassay organism for iron-limited environments. The cor.ponents which were
searched for were based on the systems of Escherichia coli, which are now
well documented (Neilands 1977, 1982; Winkelmann et al. 1987; Winkelmann

1991).




130
4.2 Siderophore Production By Cyanobacteria

The prevalence of siderophore production and utilization of high-affinity
transport schemes in cyanobacteria has been of some debate (Rueter and
Unsworth 1991). Ten species of cyanobacteria were examined here, all of
which produced detectable iron-chelating compounds by these techniques
(Table 10). Of the ten, seven were shown to produce multiple siderophores,
and six were shown to produce catechol-type siderophores. Other low iron
compensation mechanisms, including reductions in cellular Q,, (Reuter and
Unsworth 1991) and the use of surface reductases (Boyer and Morse 1992),
have been proposed for cyanobacterial species. These results suggest that
siderophore excretion may be a common response by Synechococcus spp., as
well as other species of cyanobacteria, to growth-limiting iron levels. The
frequent identification of catechol-type siderophores further suggests that
catechol-type siderophores may play an integral role, not previously examined,
in cyanbacterial high-affinity iron transport. Previous characterizations of
siderophore production by cyanobacteria have focussed on the hydroxamate-
type siderophores, utilizing the test of Czaky (1948) and bioassays with
hydroxamate-type siderophore auxotrophs (Boyer et al. 1987). This description
of catechol-type siderophore production and evidence suggests that
cyanobacteria may be utilizing a variant of eubacterial high-affinity iron transport

systems (Section 4.7).
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4.3 Siderophore Production In Continuous Culture

The ability of some cyanobacteria to produce siderophores, under iron-
limiting conditions, has been widely accepted for some time (Boyer et al. 1987).
The actual effect of siderophores on cyanobacterial iron physiology, however,
is still of some debate. Analysis of siderophore production here has shown that
hydroxamate-, catechol-, and atypical-type siderophores are produced by
Synechococcus spp. during periods of iron-limitation. Synechococcus sp. PCC
7002 produces catechol- and hydroxamate-type siderophores maximally at pFe
19, but a recovery in growth does not occur until pFe 21. This suggests that
the presence of siderophores alone is not sufficient to remove the constraints of
iron-limitation from these cyanobacteria . The decrease in detectable levels of
siderophore production at pFe 21 further suggests that there is either a
physiologically-controlied decrease in the level of siderophore production, or an
increase in utilization (and subsequent removal from the medium) of the
siderophores by the cyanobacteria. This last possibility is consistent with the
increase in cellular proliferation within the chemostat reactors and the increase
in growth rate seen in pFe 21 batch cuitures.

The presence of siderophores in natural environments is expected to
function to increase the total avaitability of iron in these systems. The
siderophores scavenge iron to such an extent that biologically unavailable iron
becomes biologically available, thereby increasing the total available iron in the

system. The amount of "new” iron becoming available would be dependant not
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only on the rate of siderophore production, but aiso on the release of

organically compiexed iron from the cyanobacteria and the ability of other

organisms to utilize ferrisiderophore and organically complexed iron sources.

4.4 iron-Regulated Membrane Proteins

If the production of siderophores is not the limiting factor in the uptake of
iron from the environment, then the production of the components of uptake
(e.g., membrane proteins) may be. Freshwater cyanobacteria do not assimilate
S*-methionine or other amino acids well (Scanlan et al. 1993). Proteins are
thus presented in silver or Coomassie stained form. Results here demonstrate
that the concentration of a number of specific proteins is altered during periods
of iron-limitation. Similar results in Oscillatoria tenuis (Brown, 1991) and
Synechococcus sp. PCC 7942 (Scanlan et al. 1987) suggest that some of these
proteins may indeed be ferrisiderophore transport proteins. Proteins detected in
Synechococcus sp. PCC 7002 all appear to be of a size similar to those
produced in fungal and eubacterial iron transport systems (Braun et al. 1987).

The isolated membrane fractions from pFe 17 grown cells have a higher
affinity for unchelated **Fe (from **FeCl,) in comparison to the pFe 21 fractions.
The presence of siderophores, however, decreases the capacity for iron of the
pFe 17 fractions, while increasing the affinity for iron of the pFe 21 fractions
(Table 14). This demonstrates that the iron-binding capacity of pFe 17 proteins

may not be transport related. Cytochromes, ferredoxins, carbohydrates and
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acidic peptides in the pFe 17 fractions may add to the overall iron-binding
capabilities. In pFe 21 cells, a switch to non-iron integral components (ie. from
ferredoxin to flavodoxin) combined with a reduction in the levei of iron-
containing enzymes, results in the apparent decrease in affinity for the
unchelated iron in the controls. The production of ferrisiderophore specific
proteins by pFe 21 cells brings about an increase in the apparent affinity of
fractions containing these proteins for iron. Without these proteins (pFe 17
fractions), the iron is chelated away from the membrane fractions by the
siderophores. Thus it appears that tt.e pFe 21 periplasmic proteins do contain
some form of ferrisiderophore receptor proteins.

The minimal increase in the pFe 21 outer membrane iron associations in
the absence of siderophores suggests that either the sites are already saturated
with iron, or that the association of the proteins with ferrisiderophore complexes
requires interactions or conformations not possible with the isolated protein
fractions. In Escherichia coli, proteins traversing the periplasmic space from the
cytoplasmic membrane to the outer membrane are required for ferrisiderophore
mediated iron acquisition; they allow for conformational changes and energy
transiocation events (Braun et al. 1987). The protein in the isolated membrane

fractions may not be able to associate with the ferrisiderophore comp'exes due

to inability to attain the proper conformation.
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4.5 Iron-Binding and Transport in Synechococcus PCC 7002

Analysis of the iron bound to the surface of pFe 17 and pFe 21 cells
confirms that the pFe 21 cells are producing ferrisiderophore specific proteins
(Table 12). The increase in surface association of **FeCl, with pFe 21 grown
cells, when siderophore is added, illustrates that there are ferrisiderophore
receptors on the surface of the cells. The absence of these receptors in the
outer membrane of pFe 17 grown cyanobacteria brings about a reduction in iron
surface associations as the siderophore chelates the iron away from the cell.

The activity of a high-affinity iron transport system is illustrated by the
titanium-citrate-EDTA data for whole cell iron uptake (Table 12). Addition of
crude siderophore increases the iron uptake rates in pFe 17 and pFe 21 grown
cultures. The small increase in iron uptake rates by the pFe 17 grown cells is
most probably due to an increase in the availability of Fe* in the
microenvironment around the cells, as the addition of chelators (in this case the
siderophores) will alter the iron equilibria (ie. pFe level) within the medium. The
marked increase in iron uptake rate of pFe 21 cells, taken with the other
evidence, is testimony to the activity of a high-affinity iron transport system.

These rates of iron transport into the cyanobacteria represent subtrate
saturated levels, and thus may not represent normal rates. Iron-deficient
Synechococcus sp. PCC 7002 appear to scavenge iron maximally at a rate of
3.20 x 10"* g Fe cell’ d’ without added siderophore and at 2.59 x 10™** g Fe

cell' d' with added siderophore. This is similar to predictions for other marine
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phytoplankton grown under iron-limiting conditions. In Pleurochrysis carterae a
marine coccolithophorid, iron uptake rates have been estimated in similar
experiments to be 2.9 x 107 g Fe cell’ d"' (Hudson and Morel 1990), while the
diatom Thalassiosira weissflogii assimilates iron at 2.4 x 10"* g Fe cell”’ d”
(Harrison and Morel 1986). Dark rates for T. weissflogii iron assimilation (in
iron-deficient cultures), estimated to be 2.00 x 10™"* g Fe celi” d"' (Anderson
and Morel 1982), are more rapid than the dark rate (no siderophore added) for
Synechococcus PCC 7002 (2.64 x 10™ g Fe cell” d”). It is difficult, however,
to compare these rates due to the contrast in cell size. Expression of iron
uptake rates in terms of cell volume shows that Synechococcus PCC 7002
assimilaties iron at a higher rate than the eukaryotic phytoplankton (Table 17).

Similar normalization of the chemostat predicted Q,, values for
Synechococcus sp. PCC 7002 demonstrates that, for iron-limited cultures, this
cyanobacterium has a higher iron requirement per unit volume (pm3) in
comparison to the eukaryotic phytoplankton (Table 18). This is expected for
two reasons. The larger size and structural organization of the eukaryotic
phytoplankton, in comparison to the cyanobacterium, intrinsically suggests that
the eukaryotes require a greater proportionality of structural material. This
manifests itself as an increase in the C:Fe of the cell, as the carbon based
structiiral components (eg. cellulose, sugars) generally require fittle iron.
Similar results are seen in comparisons of the nitrate requirements of

prokaryotic and eukaryotic phytoplankton (Whitton 1892). Synechococcus sp.
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Table 17. Normalization of iron assimilation rates (pFe 21) and a
comparison with other phytoplankton. lron uptake rate are

normalized to cell volume (* adapted from Hudson and Morel

1990).

Pleurochrysis Thalassiosira

Synechococcus

PCC 7002 carterae weissflogii
Fe Uptake,,,,r 32x10" 29 x 10" 24 x 10"
(g Fe cell* d”)
cell volume 2 407 736.6
(um?)
Normalized
Rate 1.6 x 107° 7.13 x 10" 326 x 10®

(9 Fe pm? d)
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Table 18. Normalization of Q,, and comparison to other phytoplankton.

A) Q,, for phytoplankton grown under iron-deficient conditions

and normalized to cell volume (* adapted from Hudson and Morel

1930). Values for Synechococcus (pFe 21) were converted from

Table 15. B) Normalization of values to intraceliular carbon based

on batch culture levels and 125 fg C cell’. Values are compared

to those for Thalassiosira oceanica and a total algal sample from

sub-Arctic Pacific station T-6 (Sunda et al. 1991).

A.
Synechococcus  Pleurochrysis Thalassiosira
PCC 7002 carterae weissflogii
Cell Quotient -
(at p) 42 50 - 100 100 - 200
amol cell” d
¥ (div d') 06 1.0 2.0
cell vol (pm?) 2 407 736.6
Q,, um* 21 0.123 - 0.246 0.136 - 0.272
B.
Synechococcus PCC 7002
pFe pFe pFe pFe pFe T Sta, T8
17 18 19 20 21  oceanica
Fe:C 510 1.480 0.708 0455 0.150 2.0x107 2.6x10?

(mmol:mol)
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PCC 7002 also represents a coastal species of cyanobacteria (Van Baalen,
1968). Coastal phytoplankton typically have higher Q,, values than the open
ocean species (Brand 1991). This may explain the higher Q,, um of the

cyanobacterium.

4.6 Energetics of iron Acquisition

The titanium-citrate procedure, combined with the photosynthetic
inhibitors, was utilized to determine if cellular energy was required for iron
acquisition. Results demonstrate reductions in iron acquisition rates in the
presence of these photosynthetic inhibitors in both pFe 17 and pFe 21 grown
cyanobacterial species (Table 13). The rates, in the presence of these
inhibitors, are similar to the rate of iron uptake in cells maintained under no
illumination. While this suggests that energy may be required for iron transport
at all times, the reduction may also be due to a reduction in the overall cellular
physiology, creating a buildup of free Fe in the cell as cellular requirements are
satiated. The current dogma suggests that iron acquisition under iron-replete
conditions is diffusion mediated (Neilands 1977; Section 1.7), and reduction in
cellular metabolism would reduce the iron concentration gradient and
subsequent assimiation rate. It may also be interpreted, however, that energy
(ATP) is required for Fe acquisition at all levels, perhaps in the form of a low
level surface reduciase or low-affinity transport system. The presence of

reductase-type components has been suggested to be involved in iron
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assimilation in some Anabaena spp., where siderophores are not produced
(Boyer and Mcirse 1992).

The utilization of photosynthetic inhibitors was also investigated by
Hudson (1989). His work demonstrated that some uncouplers are successful at
reducing iron transport in the coccolithophorid Pleurochrysis carterae (CCCP
inhibits iron uptake rates by 80.0%) while others were less successful (DNP
inhibits iron uptake by only 15.0%). Hudson reasoned that the pKa of the
unsuccessful uncoupler (4.1 for DNP) was responsible for their lack of efficacy
under these conditions (pH 8.1). It is important to note though that P. carterae
does not produce any extracellular siderophores (Hudson 1989), thus it is

difficult to compare these systems.

4.7 High-Affinity Iron Acquisition

in this thesis, | recognize and determine two iron-uptake velocities for
what | describe as the low (free ferric iron) and high-affinity (siderophore-
mediated ferric ion) transport. High-affinity iron transport systems in
microorganisms are typically identified by the presence of the mechanistic
components of these systems, and the subsequent regulation of these systems
by the availablity of iron. Since the concept of "affinity” of iron transport has a
significantly different meaning than in the context of nutrient transport, the

description of affinity within iron-transport requires expianation.
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Macro-nutrients such as nitrate and phosphate have iow solubilities in
lipids and very slow diffusion rates through cell membranes. Transport into an
algal cell is usually modelled after the two-step enzymatic reaction (a): 1)
chemical binding to the uptake site and 2) transfer through the cell membrane
and delivery to the inside of the cell. The kinetics of this type of transport are
described through the traditional Michaelis-Menten reaction kinetics. For the

transport reaction (b), the uptake rate is described as (¢).

K,
2. [E]+([S] - + [ES] - {EP} ~ [P] +[E]

- e D ad  w D —>

Where E is the enzyme, S is the substrate, and P is the product of the reaction.

- Kc.
b. S s SL zz':zx Cell
K-l. L

Where S is the nutrient, L is the surface bound nutrient transporter.

e p=IS]/(K, +[S)). where K,= (K, +K,) /K,

From the two step model, two important parameters of transport can be
determined: the maximum uptake rate (p) and the half-saturation constant (K_).
These two parameters provide information on the concentration of the uptake

sites and the reaction rate constants, respectively. In most reactions the
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slowest step is the catabolism step (K_,,). allowing K_ to approximate {K ,/K,},
the binding constant of the substrate to the cell. The smaller the value of K,
the larger the avidity- or the higher the affinity of the transport system for the
nutrient S. However, the attractiveness of S to L is a thermod/namically-fixed
property of L. Defining a transport system as a "high" or "low" affinity system
can only be done through a comparison of two systems with comparable L. In
this situation, the affinity of the substrate can be experimentally determined and,
through comparison, the system expressing the lowest K,, is declared the
"high(er) affinity" system.

Direct incorporation of Michaelis-Menten type nutrient transport into an
iron transport model is not acceptable since the basic formulation of the model
can not be met. We must consider the model of the transport system to include
an external reactive pool of "biologically unavailable” iron. Iron added to the
environment is involved in a compeiitive equilibrium between cellular transport
and kinetic incorporation onto the external pool (g). It is experimentally clear
(Hudson 1989) that the level of iron denoted as biologically available (Fe*)
contrc's the transport velocities. Thus, at low concentrations of Fe (where [Fe*]
< Km) transport is linearly related to [Fe*]. However, if the concentration of iron
were to be elevated to increase [Fe*] to a point where [Fe*] > K, the reaction
to form biologically unavailable iron is sufficiently fast that the cell ligands (L)
that bind Fe are undersaturated for the desired [Fe*] and the transport

becomes independent of [Fe*]. In this case the relationship between velocity
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and concentration cannot be determined since the stable level of Fe* is
controlled by the relative rates of formation (K.) and dissociation (K.,) of the
competing complexes of iron in the chemical environment and the Fe-L
complex at the cell surface.

K K, K

d. P-Fe —— : Fe* ; » Fel  Cell
K K. :

Where P is the pool of biologically unavailable iron, L is the cell surface ligand,
and Fe* is the fraction of biologically available iron.

In conclusion, Michaelis-Menten kinetics cannot be used to describe the
affinity of the transport of iron (or to verify the high- or low-affinity characteristics
of the system) since no relationship can be established (at the scale of the
velocity of iron transport) between the concentration of externally available iron
and the velocity of the transport of the substrate to tne product. It is also
impractical, as my uptake for pFe 21 cells is substrate saturated, and
contamination makes studies below pFe 21 suspect as the level iron
contamination, even with Chelex-100 treated reagents, often is of the same
order of magintude as the introduced iron (D. Muggli, pers. comm.).

While it is clear that uptake velocities cannot be utilized to describe
affinity of the transport system to the level of iron in the medium, the growth
rates of celis at different ievels of iron indicate the relative "affinities” of the cells

to the limiting nutrient. | have been able to consider the growth rate of celis at
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steady-state (chemostats) and in batch culture where the level of available iron
[Fe’] has been established by varying the total pool of iron and by using an
external chelator (EDTA). In these experiments, the velocity of iron transport is
a function of the cellular requirements of the limiting nutrient (Q) and the
specific growth rate of the cells (p = Q). Since | have shown that the cellular
quota decreases less than the level of the total available iron when the cells are
limited by iron (a Q,, = - 0.34 when a pFe = -1.00), and yet the growth rates are
maintained, then the transport rate of iron into the cell must be modified to
compensate for the decreasing [Fe*] concentration. This transport system can
be viewed as (d), where for the higher iron concentrations a pseudoequilibrium
can be considered. That is, the rate of uptake (p) is dependant on a calculated
[Fe*] until a critically low [Fe*] is obtained and the siderophore mediated
transport system is induced. The presence of this system is verified by the
determination of extracellutar and cell-bound components, but the affinity of this
system is established through the recovery of the growth rates of the cells at
very low calculated [Fe*] levels. To achieve these growth rates the induced
system must supply iron to the cells at a relatively fast rate (to match the
growth rate) by increasing the affinity of the system for iron from the
"biologically unavailable” pool of reactive iron (g). Thus the "affinity” of the iron
transport system has little to do with the velocities of the transport and more to

do with the modification of the relative availabilities of the iron pool to the ceil.
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e K,* Ke* = K*cat
—~ FeC — Fe-T =— Cell
P-Fe +—— K*1IK,*
l K, 4 K, ' Keat
¢ = Fe* ¢ FelL t Cell
K, Ky
p = 1/Q [K + K] [Fe* + FeC] [Lq, + Ty,]
Where:

C is the external siderophore or siderophore complex.
T is the siderophore-iron membrane transporter.

The increased ability of the cells to effectively draw on the external pool
of iron is experimentally demonstrated by an analysis of chemostat Q,, values
with respect to the total cellular iron content over a range of iron concentrations
(Figure 26). These results provide an insight into the size of the external iron
pool required for cells to assimilate a single unit of iron. For pFe 17, 18, 19
and 20 grown cells, high levels of iron are required for cells to assimilate a
single unit of iron. For pFe 21 grown cells the level of iron required to
assimilate a single unit is more than an order of magnitude less than for the
other iron concentrations, suggesting that these cells are capable of utilizing a
smaller pool to saturate a given iron requirement. The only explanation for this
is an increased ability of the cells to utilize the previously biologically

unavailable iron in the system. Thus, by increasing their ability



Figure 26. External iron pool requirements for Synechococcus sp. PCC
7002. Q,, predictions from chemostat data (Table 15) are
normalized to cellular iron requirements (Figure 24). Results
reflect the envirnmmental pool size of external iron for cells at a

specific pFe value relative to the incorporation one unit of iron.
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to utilize more of the environmental iron pool, the cells have increased their
“affinity” for iron in the system.

It is important to note that increased affinity may not manifest itself as an
increase in the rate of iron assimlation in comparison with uptake systems of
other affinities. Normalization of the batch culture iron quotas to growth rate
demonstrates that pFe 17 cells maintain a higher net uptake rate (3.78 x 10"
moles cell’ d') than pFe 21 cells utilizing high-affinity iron transport (1.1 x 10"
moles cell’ d"). This highlights the important distinction between the velocity

of uptake and the affinity of a system for a substrate.

4.8 Cyanobacterial Strategies For Iron Acquisition

Most cyanobacteria, unlike many fungi and eubacteria, are forced to deal
with the acquisition of nutrients in aquatic environments where the diffusion of
organics released from the cell, in a combination with a positional flux of the
organism due to mixing events in the water column, would decrease the
probability of ferrisiderophore association with the cell. In most aquatic
systems, microbial acquisition of nutrients is carried out by "finesse” transport
systems; systems commonly associated with Gram-negative bacteria involving
membrane associated components and energy driven transport (Neilands 1977,
Kadner 1990). Exo-enzyme activity, such as utilized by many Gram-positive

organisms is intrinsically unsuccessful due to the dilution effect that occurs in
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open aquatic environments. It is thus a curiosity that cyanobacteria would
secrete extracellular organics in an attempt to increase cellular iron levels.

The results of these experiments suggest that cyanobacterial high-z!... ity
iron transport involves the serial utilization of multiple siderophores (Figure 27).
When initially challenged by low levels of iron, cyanobacteria excrete
hydroxamate-type siderophores to the environment in order to increase the
solubility of iron in the microenvironment around the cell. These siderophores
are hydrophilic in nature and freely diffuse through the aquatic environment.

iron-limited cells also release hydrophobic catechol-type siderophores,
which concomitantly associate with the surface of the cell due to their
hydrophobicity. The identification of chloroform soluble compounds associated
with the surface of Synechococcus sp. PCC 6301 (Section 3.10) confirms
suspicions about the localization of hydrophobic catechols on the surface of
cyanobacteria. When a hydroxamate-type siderophore, complexed to Fe*,
comes within proximity of the cell, the catechol-type siderophore: strip
ferrinydroxamate complex of its iron. The iron transfer is facilita.. d by the
catechol-siderophores higher affinity for iron in comparison to the hydroxamate-
type siderophore (Mantzanke 1991). This suggests that the true "high-affinity"”
part of the system is based on the kinetics of catechol-type siderophore
transport and/or the hydroxamate-catecholate iron transfer event.

This system may also explain the relationship between the production of

iron chelators by cyanobacteria, and a reduced susceptibility to toxic levels of



Figure 27. Acquisition of iron by cyanobacteria. During periods of iron-
limited growth, the release of siderophores on the cell may be
accompanied by the expression of ferrisiderophore specific
proteins of the cell surface. A) lron acquisition involving only the
production of hydroxamate-type (H) siderophores functions similar
to eubacterial systems. B). Production and subsequent
expression of catechol-type (C) siderophores on the surface of the
cell estabilishes a serial iron transfer; iron is transferred from the

ferrihydroxamate complex to the catecholate siderophore prior to

its internalization into the cell.
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trace metals. Copper toxicity, in cyanobacteria, has been shown to be offset by
the presence of extracellular iron chelators (McKnight and More! 1979, 1980,
Clarke et al. 1987). Addition of the hydroxamate-type siderophore schizokinen
to iron-replete and iron-deficient cultures of Anabaena sp. strain 7120 (a
cyanobacterium which produces schizokinen) has been shown to alleviate
copper toxicity (Clarke et al. 1987). it is thought that the chelation of the
copper by the siderophore prevents the assimilation of the copper into the cell.
The question remains, however, as to why the copper-siderophore complex is
not transported into the cell by the iron high-affinity transport machinery. While
this may be an effect of the conformational requirements of the
metallosiderophore complexes for transport, selectivity, at the surface of the cell
by catechol-type siderophores, may in part explain this phenomenom. When
the catecholate compounds are presented with ferric-hydroxamate complexes at
the surface, they remove the iron from the complex, and the iron is
subsequently transported into the cell. In situations where the hydroxamate-
type siderophore is associated with copper, the greater selectivity of the
catechol prevents it from assimilating the copper. This functions to impart a
degree of resistance to toxic levels of copper while in turn scavenging iron.

The affinities of the catechol-type siderophores for copper remain to be
determined.

This suggests that it would have been interesting to look at the effect of copper

on iron uptake rates. If copper associates with the siderophores produced by
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Synechococcus sp. PCC 7002, then it would affect the rate of iron assimilation

during high-affinity iron transport.

4.9 implications for the Global Aquatic Environment

It is difficult to infer from these results the complete implications of iron-
limitation on aquatic systems. The dynamics of these environments is
multidimensional; nutrient flux, primary productivity, grazing rate, microbial
nutrient remobilization and the physical events of mixing and light penetration
all interact intimately. If primary productivity is limited by the availabiltiy of Fe™,
then aitering this may have dramatic consequences. Shifts in species
composition, brought about by iron fertilization, have already been
demonstrated during on-ship experiments in the Pacific (Martin and Gordon
1988). These fluctuations increased the relative abundance of diatom
populations, at the expense of other planktonic algae. Experiments with iron-
limited natural populations from the sub-Arctic Pacific Ocean have further
demonstrated that the addition of iron markedly increases diatom population,
while indigenous populations of coccoid cyanobacteria remain unaffected
(P.J. Harrison, pers.comm.). Repressior. .f high-affinity transport in
cyanobacteria, if sucn systems are active in the natural population may function
to decrease their productivity (as a pre 21 to pFe 20 shift in a chemostat

system would). The impiications of such an event are numerous.
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The ability of cyanobacteria have to utilize iron which is biologicatly
unavailable to other organisms also presents interesting implications for the
pelagic iron cycle. If open ocean cyanobacteria respond to iron-limitation in a
manner similar to Synechococcus sp. PCC 7002, then models for an oceanic
iron cycie would require that the conversion of iron from biologically unavailable
to available must be considered. This is definitely an area that future research
must consider.

These results do demonstrate, however, that iron may play an integral
role in the phytoplankton driven aspects of carbon flux in aguatic systems.
Carbon flux into the oceans is an important part of th.» global carbon cycle
(Chishoim and Morel 1991). Understanding the role of the picoplankton in this
process will lead an increased ability to predict the affects of anthropomorphic

perturbations on the aquatic systems on our planet.




5. Conclusions

In this thesis, | have demonstrated that Synechococcus has a defined
physiology when confronted with a low iron environment. The cell's physiology
shifts in such a manner as to actively scavenge iron from the environment by
producing siderophores and membrane proteins that have a high affinity for
iron. Siderophore production invoives the release of multiple siderophores in
the genus Synechococcus, including hydroxamate-, catechol-, and atypical-type
compounds. These scavenge iron to such an extent that previously unavailable
iron becomes available to the organism, and therefore to the biological system
in general. The result of siderophore release in cyanobacteria is an increase in
the overall ability of the cell to assimilate iron, which manifests itself in a greater
level of surface affinity of the cell for iron as well as an increase in the rate of
iron uptake. Concurrent to this is a decrease in the cells overall requirement for
iron, aithough the decrease in iron requirements . Jne is not sufficient for this
cyanobacterium to survive in the absence of ferrisiderophore acquisition.

When confronted with a low iron environment, the physiology of the cell
shifts to a more efficient state; carbon fixation is reduced to minimum growth
requirements. Iron transport during iron-limited growth is an energy dependant
process, with that energy being derived from photosynthesis.

The results of this thesis will allow for Synechococcus sp. PCC 7002 to
be established as an ecological indicator organism for iron-limited

environments. By culturing this cyanobacteria in cell-free, natural water

164




165

samples, and observing the associated physiology we will now be able to

determine if a sample of water is truly iron-limited.
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Appendix ll: Physiological Profile of Synechococcus sp. PCC 7002 Grown in
Vitamin B, -Limited Continuous Culture.

Among their complex nutrient requirements, a number of cyanobacteria
have an obligate requirement for vitamin B,,. These cyanobacteria cover a
broad range of genera including Dermocarpa, Synec*ocystis, Pleurocapsa, and
Synechococcus (Rippka et al. 1879). Vitamin B,, has been suggested to
potentially limit the productivity of cyanobacteria and other phytoplankton in
some pelagic and neritic aquatic systems (Swift 1981).

Vitamin B,, (cyanocobalamin) is an essential cofactor in a number of
integral cellular processes, including intramolecular rearrangements,
methylations, and the reduction of ribonucleotides to deoxyribonucleotides
(Dolphin 1982). While studies on the effect of vitamin B,,-limited growth have
examined biochemical and physiological variations in eukaryotic algae (Droop
1966; Carlucci and Silbernagel 1969; Swift 1981) and particularly diatoms
(Haines and Guillard 1974; Guillard 1968; Carlucci and Bowes 1972), little has
been done to examine the physiological or biochemicai changes that occur
during vitamin B,,-limited growth in cyanobacteria.

Under conditions of vitamin B,,-limitation, some eukaryotic algae have
been shown to produce vitamin B,,-binding proteins which are released to the
environment (Pintner and Altmyer 1979). These proteins bind vitamin B,,
making it unavailable to other organisms. The Gram-negative bacterium

Escherichia coli acquires vitamin B,, via an energy dependant, membrane
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associated vitamin B,, specific transport system which is regulated by the
furltonB regulatory system (Kadner 1990). it remains to be determined how
coccoid cyanobacteria acquire vitamin B,, from their environment. While they
do not produce vitamin B,,-binding proteins (Pintner and Altmyer 1979), they do
appear to utilize energy dependant nutrient acquisition schemes (ie. high-affinity
iron transport) similar to other Gram-negative organisms (Section 4.7). These
systems require surface associated receptor proteins which identify and assist
in the assimélation of specific nutrients.

Synechococcus sp. PCC 7002, a unicellular, halotolerant, cyanobacterial
isolate from Puerto Rico (Van Baalen 1962), has been shown to have an
obligate requirement for vitamin B,, (Rippka et al. 1979). Previous
characterizations of the nutrient-limited physiology of this cyanobacterium have
neglected vitamin B,, but considered iron (Hardie et al. 1983a, 1983b; Wilhelm
and Trick 1993), nitrogen (Stevens et al. 1981a) and phosphorous (Stevens et
al. 1981b). These studies have, however, focused on the effects of nutrient
deprivation in batch culture ("starvation”). Growth at limiting levels of nutrient
may be better examined in a continuous culture chemostat systein (Droop
1966). In his work on the vitamin B,, requirements of Monochrysis lutheri,
Droop (1968) was able to monitor the changes in cellular vitamin B,, quota
through a series of dilution rates in vitamin B ,-limited chemostats.

My purpose here was to determine whether growth over a range of

vitamin B,,-limiting conditions would induce observable physiological changes,
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and document thase changes and the cellular requirements (“quotient") for
vitamin B,, in Synechococcus sp. PCC 7002 in chemostat systems. | have also
examined the affects of vitamin B,, availability on outer membrane protein
profiles in order to determine if specific proteins, which may be involved in
vitamin B,, acquisition, are enhanced during vitamin B, ,-limitation.
Methods and Materiais

Strains and Media

Synechococcus sp. PCC 7002 (Agmenellum quadr.iplicatum PR6) was
grown in modified A® medium at 37°C in chemostat cultures at a dilution rate
equivalent to a turnover of 0.6 volumes d. Filter sterilized FeCl, was added to
a final concentration of 4.2 x 10° M. Crystalline cyanocobalamin (Sigma
chemicals) was brought into aqueous solution, filter sterilized, and dispensed so
as to produce a range of cyanocobalamin concentrations from 5.0 x 10? ug L™

to 5.0 x 10 pg L*, with each concentration differing by an order of magnitude.

Analysis of Physiological Variation

Chemostat yields, cellular pigment levels and ultrastructural variation
were monitored as described (Sections 2.2 1, 2.3, and 2.6). Outer membrane
fractions from steady state populations of , .obacteria maitained in vitamin
B,,-limited cultures were prepared utilizing the the sodium lauryl sarcosinate
procedure (Section 2.11 i), and fractions resolved and visualized in linear (15%)

polyacrylamide gels (Section 2.12).
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RESULTS

Chemostat Yields and Pigment Production

Cell populations of equilibrated chemostats are as displayed in Figure
28. Concentrations of vitamin B,, above 500 ug L™ are in excess and the
chemostat is then limited by the available nitrate (data not shown). Chemostats
were shown to establish an equilibrium over a vitamin B,, con~u:ntration range
of 500 ug L" to 5 x 10° ug L. Yields are expressed as an average of cell
number over four days of enumeration at an equilibrium state. Cells grown in
continuous culture which were switched to vitamin B,, concentrations of 5 x 10
ug L' were unable to maintain themselves in the culture medium and the
chemostat eventually washed out (not shown). The rate of washout, however,
when correlated with the rate of dilution, allows for an estimation of the growth
rate at 0.005 pg L vitamin B,, to be 0.237 d".

Distinct changes in cellular chia were observed in cell cultures grown
under varying vitamin B,, levels (Figure 29), while cellular phycocyanin levels
remained relatively static. A flux in chla cell is demonstrated at 5 yg L~
vitamin B,,, but beyond this concentration the pigment level decreases with the

vitamin B,, concentration.



Figure 28. Influence of vitamin B,, concentration on steady state cell
densities in chemostat cultures of Synechococcus sp. PCC 7002.
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Figure 29. Concentration of photosynthetic pigements (chlorophyil,

phycocyanin) in vitamin B,,-limited chemostat cultures.
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Outer Membrane Proteins
Silver staining of the sarkosyl insoluble outer membrane components of

cells grown at vitamin B,,-replete (5.0 x 10° pg L) and vitamin B,,-deficient
(5.0 x 102 yg L") cecnditions demonstrated the consistent
production/enhancement of three proteins during periods of vitamin B,,
limitation (Figure 30). A strongly expressed protein of 34.0 kDa, as well as two
negatively staining proteins of 70.0 and 95.0 kDa were detected on
silver-stained polyacrylamide gels. Proteins were seen as early as 48 hours
after transfer of cells to vitamin B,,-limiting ccnditions (not shown), but were

most prominent at 96 hours.

Electron microscopy

Changes in cellular uitrastructure were examined in cells grown in
vitamin B,,-limiting conditions (5.0 x 10 pg L™') and compared to the vitamin
B,, sufficient control cultures (Figure 31). Cyanobacteria, grown under vitamin
B,,-replete conditions, show weil structured thylakoids within the cells (Figure
31a) while cells grown at limiting levels of vitamin B,, demonstrate a reduction
in the integrity of the thylakoid structure (Figure 31b). Some vitamin B,,-limited
cells demonstrate decompressed or separated lameilae (Figure 31b),
suggesting that vitamin B,,-deprivation may be leading to a breakdown in the

integrity of these structures.




Figure 30. Silver stained polyacrylamide gel of isolated outer
membranes from vitamin B,,-limited Synechococcus PCC 7002.
Cells were maintained in chemostats at 500 ug L™ vitamin B,,
until steady state was reached and then transfered to test
condition for a period of 96 h prior to analysis. A) 500 pg L™

vitamin B,,. B) 0.05 pg L~ vitamin B,, after 96 h.
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Figure 31. Ultrastructure of vitamin B,,-limited Synechococcus.
Transmission electron micrographs of Synechococcus sp. PCC
7002 maintained at vitamin B,,-replete (A.) and vitamin B,,-
deficient (B.) conditions. T- thylakoids; P- polyphosphate bodies;

C- carboxysomes. Bar = 1um.
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Discussion

In this study, | have documented some of the physiological changes that
occur in Synechococcus sp. PCC 7002 during periods of vitamin B,,-limited
growth. Unlike previous characterizations of nutrient physiology in this
cyanobacterium (Hardie et al. 1983a,b; Stevens et al. 1981a,b), | have analyzed
these parameters under conditions of continuous culture so as to obtain data
from physiolngically equilibrated and exponentially growing cells.

As expected, reduction in the amount of the limiting nutrient (vitamin B,,)
leads to a reduction in the cell density yields of the chemostats (Figure 28).
This monophasic response to nutrient deprivation is predictable if the organism
scavenges the specific nutrient through a constitutive transport system, as
opposed to the biphasic response one sees in an inducible or high-affinity type
transport system (Brown and Trick 1992; Section 3.3).

A similar response is seen in the analysis of chlorophyll per cell (Figure
29). The anomaly of the initial drop in chiorophyll per cell (50 ug mL') is
suggestive of a response due to a decrease in the luxury uptake of vitamin B,,
and a possible utilization of this as a nitrogen source. Previous work has
shown that standard A* medium at levels of 500 pg mL™ vitamin B,, is
nitrate-limited, and since the cyanocobalamin molecule contains approximately
12% N (by mass), the excess vitamin B,, may be acting as a source for celiular
nitrogen. The increase seen in cellular chiorophyll at 5 pg mL" vitamin B,, may

thus attributed to a slight decrease in growth rate vs. chiorophyll production in
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the cells as vitamin B,, is no longer available as a nitrogen source. This
suggests that it is at and below this level where the population begins to
become “truly” vitamin B,,-limited. Suggestions of this sort have been made
with respect to the utilization of vitamin B,, as a source of Co in marine
organisms (Bruland et al. 1991).

The determination of the maximum growth rate at the 5.0 x 10™* pg
vitamin B,, L level to be 0.237 day" is interesting as some natural
concentrations have been found to be in the range of growth where it appears
to be limiting. Carlucci and Silbernagel (1966) found North East Pacific
concentrations of the vitamin to be in the range of 0.1 ug L' while Menzel and
Speath (1962) found that vitamin B,, concentrations below 100 m were in the
0.08-0.2 yg L' ra ._e. While these levels were shown to be potentially limiting
in chemostat cultures, this data cannot be extrapolated to actual conditions due
to the complexities of vitamin B,, flux; natural populations teing comprised of
vitamin B,, auxotrophs as well as vitamin B,, over-producers (Swift 1981).

Enhancement of outer membrane proteins during growth at vitamin
B,,-limiting levels suggests that the cyanobacteria may harbour an energy
dependant, high-affinity acquisition system for vitamin B,, similar to that of other
nutrients actively scavenged by Gram-negative bacteria (ie. iron-siderophore
transport systems). In Escherichia coli, inducible vitamin B,, transport systems
facilitate the energy dependant acquisition of vitamin B,, during periods when it

is a growth-limiting factor. it is more likely, however, that a constitutive active
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transport system is enhanced during periods of low vitamin B,, availabilty. Due
to the size of the vitamin B,, molecule, it is too large to pass readily through
the porin channels in the outer membrane of Gram-negative organisms
(Reynolds et al. 1980).

Of particular interest here is in the production of a protein of 34 kDa by
Synechococcus sp. PCC 7002 during periods of low vitamin B,, availability;
proteins of similar size have also been identified in Synechococcus sp. PCC
7002 during periods of low iron availability (Section 3.8) as well as in
Synechococcus sp. PCC 7942 during periods of iron-limited (35.0 kDa), and
phosphate-limited (32.0 kDa) growth (Scanian et al. 1989). While it cannot be
stated that this is the same protein, it may suggest that a regulatory protein,
such as those of the furtonB system of E. coli might be induced/enhanced in
response to vitamin B,,-limiting conditions. The furitonB system is known to be
involved in the regulation of iron and vitamin B,, transport in E. coli (Kadner
1990), and similar systems have been found in Salmonella typhimurium (Rioux
et al. 1990).

Ultrastructural differences between nutrient-repiete and -deficient batch
cultures have been examined for a variety of nutrients in Synechococcus spp.,
for iron (Hardie et al. 1983b; Sherman and Sherman 1983), phosphate (Stevens
et al. 1981a) and nitrogen (Stevens et al. 1981b). As in their experiments, we

find that the growth of this Synechococcus sp. at nutrient-limiting conditions

induces a variety of structural modifications. This is particulary evident in the
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deterioration of the thylakoid structures within the cells (Figure 31). The
micrographs also demonstrate that growth unc<r vitamin B,,-limiting seems to
have no effect on the presence of inclusion bodies within Synechococcus sp.
PCC 7002, similar to the previous reports for iron (Hardie et al. 1983b). Such
thylakoid alterations during nitrate-limitation have been credited to a break down
in the accessory pigment C-phycocyanin (C-PC), which accounts for some of
the electron density that is associated with the thylakoids in non-limited cells
(Stevens et al. 1981b). Suggestions have attributed this to the use of C-PC as
a source of nitrogen during periods of nitrogen-limited growth (Boussiba and
Richmond 1980), but the lack of an affect of vitamin B,, concentration on C-PC
levels in this experiment rules out that possibility. The dissociation of the
thylakoids is however, supported by the chia cell’ data, the drop in chla cell”
being intrinsically associated with a decrease in thylakoid structure. Thus it
appears that the affect of vitamin B,, may be to aiter the availability of structural
components required to maintain thylakoid integrity.

The amount of vitamin B,, per cell in the medium, defined by a
comparison of cell densities with vitamin B,, concentrations, declines to 256
molecules per cell at the level of 5 ng L", equivalent to 6.15 x 10" ng cell”
(Table 20). Guillard and Cassie (1963) reported that, for seven clones of
marine centric diatoms, the molecules of vitamin B,, required per cell varied
from 1035.3 to 35,711. However, standardizing this to cell volume, the values

decreases from 5.1 to 13.4 molecules vitamin B,, pm™, less than the



Table 20. Vitamin B,, cell quotients in chemostat grown Synechococcus
sp. PCC 7002. Quotients were determined from steady state cell

densities.

Cellular Quotient

Vitamin B,,

(g L) (ug B, cell)
500.0 1.40 x 10°®
50.00 1.95 x 10
5.000 2.11 x 107
0.500 2.44 x 10°®
0.050 2.88 x 10°

0.005 6.15 x 10
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requirements for Synechococcus sp. PCC 7002. Similar studies in
autotrophically grown Euglena gracilis (Carell, 1969) have shown that the
organism has a requirement of 4,900 to 22,000 molecules per cell (1.10-4.95 x
10® ng cell’). Considering the volume of a cyanobacterial cell ranges from 1-3
pm?, it appears as though this cyanobacterium has a higher Q,,, pm™ than the
eukaryotes. Consideration is not given here to the volume of specific cellular
components, particularly the chloroplasts and thylakoids in the eukaryotes.
Cyanobacteria normally have a higher nitrogen content (4-9%) in comparison to
eukaryotic algae (1-3%), impart do to the lower percentage of cellulose and
other structural material within the cyanobacteria (\Whitton 1992). Assuming
that a similar situation exists for vitamin 8,,, the higher Qg,, pm™ of
Synechococcus sp. PCC 7002 is to be expected.

Carell (1969) indicates that in vitamin B,,-deficient Euglena gracilis,
chloroplast number increases by three to four fold, while total cellular
concentrations of chlorophyll remain constant. This suggests is that, in
eukaryotes, chloroplast biogenesis continues during vitamin B,,-deficient
growth, while chlorophyll synthesis is affected, reducing the relative chlorophyll
chloroplast’ levels. This concept is further complicated by reports of increases
of celiular DNA, RNA and protein during periods of vitamin B,,-deficient growth
as well as increases in cell size (Carell et al. 1970; Bertaux and Valencia 1973;

Bertaux et al. 1991). This can be extrapolated to this cyanobacteria,
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suggesting that this prokaryote responds to vitamin B,,-limitation in a similar
manner to the eukaryotes chloroplast.

All the specific functions of vitamin B,, within cells remains tc be
determined; it appears, however, that mechanisms of Synechococcus sp.
vitamin B,, utilization are likely to demonstrate similarities to the mechanisms of

both eubacteria and plastids.




Appendix lil: Statistical Anglysis of Growth Data.

L F- ired T-
17 18 19 20 21
17 JOOOXXX 20.898 30.864 4.994F 8.048
18 3.5¢° X000XX 1.476F 4.186F 2.897F
19 8.72°x 1124 200000 S.181F 3.836F
20 8.84°x 11.68°x 8.48°x 200X 1.612F
21 6.04°x 6.64°x 109 6.38°x XXXXXXX

Upper Matrix. F-test, variance is homogeneous at less than 7.15 (F)
Lower Matrix (shaded): T-test, * t,s =2.132, X tg.0 = 4.604
bold values demonstrate homogeneous variance.

17 18 19 20 21 22
17 XXXXXX .0148F 250  11.111  2.041F 100
18 247 OO0XXX 169 0.013F  0.072F  0.001F

19 745« 060 XXXXXX O0.016F 0.032F  0.010F
20 800 128  48°x X00XX 0.034F  0.014F
21 0.92 183  BM1°x  10.9°x XXXXXX  0.032F
22 801  0.77 2.00 428"  9.80°x  XXXXXX

Upper Matrix: F-test, variance is homogeneous at less than 7.15 (F)
Lower Matrix (shaded): T-test, * t,, =2.132, x tgo, = 4.604
bold values demonstrate homogeneous variance.
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