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ABSTRACT: Under conditions of iron stress, many organisms replace the comlnon iron-sulfur redox 

protein ferredoxin with flavodoxin, a functionally equivalent, non-iron-containing protein These 2 pro- 

teins have been proposed to be ind~cators of iron nutritional status in marine phytoplankton, but llttle 

is known of their expression and regulation. This study charactenzed their expression by. (1) testing 17 

marine phytoplankton lsolates from 4 different algal classes for their ability to induce flavodoxin under 

iron limtatlon, ( 2 )  determining the effect of ecologically relevant limiting factors (other than iron) on 

flavodoxin expression using the marine centric diatom Thalassiosira weissflogu as a model organism, 

and (3) exdmining, in detail, the relationship between iron availability and relatlve ferredoxin/flavo- 

doxin abundance again using T welssflogii as a model. In the organisms exammed, the most common 

response (12 of 17 isolates) to iron limitation was induction of flavodoxin and suppression of ferredoxin 

expression. The remaining 5 isolates, largely of coastal origin, were never observed to produce flavo- 

doxin. These 5 non-inducing organisms have been shown to have high intrinsic Fe requirements for 

growth and should therefore not present a problem for field measurements of ferredoxin and flavo- 

doxin in iron-poor areas. Expression of flavodoxin in T we~ssflogii was found to be  specific to iron lim- 

itation, and was not induced by nitrate, phosphate, silicate, zinc or light deficiency. The prevalence of 

the flavodoxin response and its insensitivity to other limiting factors support its use as an  inhcator  of 

the presence of iron limitation. Iron regulation of relative ferredoxin and flavodoxln abundance (the Fd 

index) and iron availabhty was examined in greater detail by measuring the Fd index in T. welssflogii 

grown over a range of h t i n g  iron concentrations. The relationship between Fd index and growth rate 

(a proxy for iron availability) is composed of 2 distinct regions. In the first region, at  low growth rates, 

ferredoxln is undetectable and the Fd index is uniformly zero In the second region, at  moderate-to-fast 

growth rates, ferredoxin and flavodoxln co-occur in the cells. This implies that flavodoxin substitution 

is not a sunple 'on-or-off' response Flavodoxin expression is also very sensitive to iron limitation, occur- 

ring even at fast growth rates (80 to 90% pmau).  When the 2 proteins CO-occurred in cells, their relative 

abundance (the Fd Index) tended to increase along with Increasing iron availability Thus, variation In 

the Fd index has the potential to ~ndlcate  spatial and temporal changes in the severity of iron stress in 

the phytoplankton community 
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INTRODUCTION (Martin & Fitzwater 1988, Martin et al. 1989, 1990a,b, 

Martin 1990). Resolution of this debate has been hin- 

The potential for iron limitation of oceanic primary dered in part by a lack of suitable techniques for the 

productivity has generated considerable controversy assessment of iron limitation. The bulk of the evidence 

since it was proposed by Martin and colleagues in support of iron limitation is derived from nutrient 

addition bioassays, in bottles (e.g.  Buma et  al. 1991, 

'Addressee for correspondence E-mail: dandersonOwhoi edu Coale 1991) and in the environment (Martin et al. 
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1994, Coale et al. 1996). The interpretation of bottle 

bioassays is complicated by the potential for contami- 

nation and confinement effects (e.g. Venrick et al. 

1977, Cullen 1991) and mesoscale enrichments are 

expensive and logistically difficult. The methodologi- 

cal problems associated with these approaches could 

be circumvented through the use of a diagnostic 

indicator -a specific cellular response that is directly 

regulated by iron availability. Such an indicator would 

allow rapid diagnosis of iron limitation without manip- 

ulation of the natural community. 

The proteins flavodoxin and/or ferredoxin have been 

proposed as markers of iron limitation (LaRoche et al. 

1995, Doucette et al. 1996). Flavodoxin is induced in 

response to iron stress as a functional replacement for 

the iron-sulfur protein ferredoxin, which cells utilize 

when iron is not limiting growth. This adaptation is 

common among bacteria and freshwater algae, where 

it has been studied for decades (e.g. Vetter & Knappe 

1971, Zumft & Spil.ler 1971, Fillat et al. 1988), but ex- 

ceptions do exi.st. Various strains of the fresh.water 

cyanobactenum Anabaena show 3 different modes of 

induction: Anabaena ATCC29413 induces flavodoxin 

when iron limited (Fillat et al. 1988), Anabaena ATCC- 

29211 does not produce flavodoxin (Pardo et al. 1990), 

whereas Anabaena ATCC29151 produces flavodoxin 

constitutively in its heterocysts (Sandmann et al. 1990). 

Light is able to modulate the ferredoxin gene expres- 

sion in both pea and wheat (Dobres et al. 1987, 

Bringloe et al. 1995). In the freshwater cyanobacterium 

Synechocystis the flavodoxin protein seems to function 

as a general stress response, accumulating under con- 

ditions of high salt, heat shock and iron limitation 

(Fulda & Hagemann 1995). 

Comparatively little is known about ferredoxin and 

flavodoxin expression and regulation in marine phyto- 

plankton. A few laboratory studies to date document 

flavodoxin induction in a small number of marine 

microalgae (LaRoche et al. 1993, 1995, Doucette et al. 

1996), of which all except 1 were diatoms. Information 

on environmental regulation of ferredoxin and flavo- 

doxin expression is similarly scarce. The study of flavo- 

doxin regulation in marine algae has primarily con- 

cerned its response to iron, although it has been 

demonstrated that nitrogen or phosphorus limitation 

does not induce flavodoxin expression in the marine 

diatom Phaeodactylum tncornutum (LaRoche et al. 

1993). However, the latter study is the extent of the 

present knowledge of non-iron flavodoxin regulation 

in marine phytoplankton. 

Before flavodoxin and ferredoxin can be used reli- 

ably as indicators of iron limitation in the ocean their 

expression must be better characterized in marine 

phytoplankton. Criteria for such a characterization 

were detailed by Falkowski et al. (1992): 'To be useful, 

diagnostic tools must identify those processes that 

(1) impose a truly physiological limitation, (2) are 

uniquely affected by a specific limiting factor, (3) are 

broadly applicable across phylogenetic lines, and 

(4 )  can be used in the field.' Thls study addresses the 

second and third of these criteria- the specificity of 

the flavodoxin response for iron limitation and occur- 

rence of flavodoxin expression in diverse algal classes. 

Our investigation proceeded along 3 lines. The first, 

a phylogenetic survey, examined expression of both 

ferredoxin and flavodoxin in a number of marine 

phytoplankton cultures representing different taxo- 

nomic groups to determine the generality of the flavo- 

doxin substitution strategy. The second, a nutrient 

limitation study, employed the marine centric diatom 

Thalassiosira weissflogii as a model system to deter- 

mine the effect of nitrate-, phosphate-, silicate-, iron-, 

light- or zinc-deficiency upon ferredoxin and flavo- 

doxin protein expression. Finally, iron regulation was 

examined in detail by measuring relative cellular 

ferredoxin and flavodoxin abundance in T. weissflogii 

grown at various iron levels. Together, these data pro- 

vide a thorough assessment of ferredoxin and flavo- 

doxin regulation in marine phytoplankton. 

MATERIALS AND METHODS 

Cultures. Organisms used in this study and their 

clone designations are listed in Table 1. All strains are 

listed by their CCMP number except for Chaetoceros 

neogracile, which was obtained from the Milford Col- 

lection, NMFS, Milford, CT, USA. In addition to the 

commercially available organisms, 3 pennate diatoms 

designated as 'EqPac pennate diatom sp.' were also 

examined. These 3 clones were isolated by E. Mann 

from the iron-fertilization-induced pennate diatom 

bloom during the IronEx I1 experiment (Coale et al. 

1996) and rendered clonal via single-cell isolation by 

D.L.E. They are identified here by their clone numbers, 

A3-30,lO-40A and 7-47B, pending further taxonomic 

identification. Although sterile techniques were used 

to minimize bacterial contamination, the cultures were 

not axenic. 

Culture conditions-phylogenetic survey. All cul- 

tures, except Synechococcus DC2 were grown in a 

modification of ESNW medium as described previously 

(Doucette et al. 1996). Cultures of Synechococcus DC2 

were not grown by the authors, but were a glft from the 

University of Warwick and supplied as freeze-dried 

cell pellets. 

Fe addition to replete cultures was 5 X 1 0 - ~  M Fe/ 

50 X M EDTA for all organisms except for Thalas- 

siosira weissflogii, wh.ich was grown at 50 X M Fe/ 

500 X 10-6 M EDTA. Iron additions to iron-deplete cul- 
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Table 1. List of organisms examined in this study, their algal class, clone designation, isolation locale (classified as  N-neritic or 

0-oceanic) and presence [+) or absence (-) of flavodoxin induction in response to iron limitation 

Clone Location 
- 

Dinophyreae 
Alexandrium fundyense CCMP1312 Gulf of Maine, 43" 00' N, 70" 19' W 
Amphidinium carteme CCMP1314 Great Pond Falmouth, hlA, USA 
Symbiodinium n~icroadriaticum CCMP829 Great Barrier Reef, Australia 

Bacillariophyceae 
Thalassiosira weissflogii CCMP1336 Gardiners Island, Long Island, NY, LS.1 
Thalassiosira VC-eanica CCMP1005 Sargasso Sea, 33" 11' N, 65" 15' W 
A4in utocellus polymorph us CCMP499 Rarltan Bay, Sandy Hook, NJ, USA 
Chaetoceros neogracjle Chaet B Boothbay, ME, USA 
EqPac pennate diatom 7-47B E. Equatonal Pacific Ocean 
EqPac pennate diatom 10-40A E. Equatonal Pacific Ocean 
EqPac pennate diatom A3-30 E. Equatorial Pacific Ocean 

Prymnesiophyceae 
Emiliania huxleyi CCMP370 Oslofjord, North Sea 
Emiliania huxleyi CCMP373 Sargasso Sea, 32" 10' N, 64" 30' W 

Syracosphaera elongata CCMP874 Unknown 
Pleurochrysis carterae CCMP645 Woods Hole, MA, USA 
Phaeocyst~s sp CCMP1528 Gardiner Bay, Galapagos Islands 
Cl~rysochromulina eiicina CCMP281 N. Pacific, 49" 36' N, 140" 37' W 

Cyanophyceae 
Synechococcus CCMP1334 Sargasso Sea, 33" 44.9' N, 6729.8 '  W 

ODetermination was by HPLC according to Doucette et al. (1996) 

Habitat Flv" 

tures were adjusted according to the Fe requirements 

of ind.ividua1 clones. EDTA was added to iron-limited 

cultures at 1 X I O - ~  M. Organisms were transferred 

twice into the appropriate medium (iron-replete or 

iron-limited) in 25 m1 tubes before inoculation into 

experimental flasks. Cultures were grown in 2.8 1 

Fernbach flasks containing 2 1 of medium and were 

maintained at 15, 20 or 25'C under a 14 h 1ight:lO h 

dark cycle with illumination from 'cool white' fluores- 

cent lights at approxin~ately 150 pE m-2 S-'. Growth 

was monitored by microscope cell counts or Coulter 

counter (Coulter Instruments, Hialeah, FL, USA), and 

cultures were harvested by centrifugation when they 

reached late exponential phase. Cell pellets were 

frozen at -80°C until analysis. 

Culture conditions-nutrient regulation. Nutrient- 

deficient cultures were also grown in modified ESNW 

medium. Nitrogen-, phosphorus-, silica- and light- 

deficient cultures of Thalassiosira weissflogii all con- 

tained 10 FM Fe and 100 pM EDTA. The control cul- 

ture was enriched with 50 pM Fe and 500 PM EDTA 

and iron-limited cultures contained 100 nM Fe and 

1 pM EDTA. Nitrate-, phosphate- and silicate-deficient 

cultures contained the limiting nutrient at 1/50 the 

concentration of full medium, 11.0, 0.42 and 2.11 pM 

respectively. Zinc-limited cultures were not grown by 

the authors, but were provided by Dr Jenny Lee as 

cells harvested onto 3 pm polycarbonate filters and 

frozen in liquid nitrogen. Zinc-limited cells were 

grown in Aquil medium (Price et al. 1988/1989) with a 

calculated pZn = 11.6. 

Cultures (2 1 volume) were grown in acid-washed 

glass or polycarbonate 2.8 1 Fernbach flasks. They 

were maintained at 20°C on a 14 h 1ight:lO h dark cycle 

at a photon flux density of ca 175 pE m-2 ss1 as  mea- 

sured inside the culture flasks with a quantum irradi- 

ance meter (Biosphencal Instruments model QSP-100). 

Light-limited cultures were covered with 3 layers of 

neutral density screening, resulting in a measured irra- 

diance of ca 20 pE m-2 S-'. Cell densities were deter- 

mined by 4 replicate microscopic counts of Utermohl's 

preserved samples in a Fuchs-Rosenthal hemacyto- 

meter. Growth rates during exponential phase were 

calculated from linear regressions of the natural log of 

cell density versus time. Growth rates are expressed in 

the text as the mean * 1 SE. 

Control, Fe-limited and light-limited cultures were 

harvested during the mid-exponential phase of 

growth. Nitrogen-, phosphorus- and silica-deficient 

cultures were allowed to reach early stationary phase 

before harvest. At the appropriate stage (exponential 

or early stationary), subsamples were removed for 

chlorophyll determinations and cell counts. The re- 

maining volume was collected onto 3 pm polycarbon- 

ate filters (47 mm diameter), except for approximately 

100 ml. This volume was used as an inoculum for the 

next culture, which was initiated by the addition of 2 1 

of fresh culture medium. Three sequential cultures 
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were grown in this manner for all treatments except 

the control culture which was grown once. After har- 

vest, cells were frozen at -80°C until analysis. While 

triplicate cultures were grown for all treatments except 

the control, representative data from only 1 round of 

culturing is presented here for simplicity. 

Growth of phytoplankton-Fe limitation. Cultures 

of Thalassiosira weissflogii were grown by the proce- 

dure detailed in Maldonado & Price (1996). Cultures 

were grown in the artificial culture medium Aquil 

(Price et al. 1988/1989) with minor modifications. 

Media contained standard enrichments of phosphate 

and silicate, with either 50 pM nitrate or ammonium. 

Premixed Fe-EDTA (1:l) was added separately at a 

range of concentrations from 10 nM to 8.4 pM, to 

achieve free ferric ion concentrations of 10-~'  ' M (pFe 

21.1) to 10-'8.8 M (pFe 18.8). Synthetic ocean water 

was sterilized by microwaving in acid-washed Teflon 

bottles (Keller et al. 1988) and enriched with sterile 

nutrients. Trace-metal-clean technique was employed 

for all cultures, as outlined by Price et al. (1988/1989). 

Cultures were grown in acid-washed polycarbonate 

flasks. They were maintained at 20°C under continu- 

ous irradiance of 200 pE m-2 S-', using the semi-contin- 

uous batch culture technique described by Brand et 

al. (1981). Growth rates were determined by measure- 

ments of in vivo fluorescence using a Turner Designs 

fluorometer (model 10-AU). Growth rates were cal- 

culated from linear regressions of the natural log of 

in vivo fluorescence versus time. Cultures were consid- 

ered to be acclimated when growth rates of successive 

transfers did not vary by more than 10%. Cells were 

harvested by filtration, stored in liquid nitrogen and 

subsequently lyophilized prior to analysis. 

Chlorophyll a determinations. Chl a in N-, P-, Si-, 

Fe- and light-deficient cultures was measured on trip- 

licate samples per flask. Cells were collected by gentle 

filtration onto Millipore SSWP membranes (3 pm, 

25 mm diameter) and frozen in liquid nitrogen until 

analysis. Filters were extracted in 100% acetone for 

24 h at 4°C in the dark. Before measurement, samples 

were diluted to 90% acetone and allowed to warm to 

room temperature. Chlorophyll was measured fluorc- 

metrically using a Turner Designs fluorometer (model 

10-AU). The fluorometer was calibrated using stan- 

dards of pure chlorophyll a (Sigma Chemical CO, 

St. Louis, MO, USA), which were quantified spectro- 

photometrically using the extinction, coefficients from 

Jeffrey & Humphrey (1975). 

Iron addition bioassays. For the phylogenetic sur- 

vey, iron limitation at late exponential phase was 

determined in 2 ways: decrease in growth rate com- 

pared to replete culture grown in tandem, and Fe- 

addition bioassay. For bioassays, 30 m1 aliquots of 

iron-limited culture were transferred to acid-cleaned 

polycarbonate tubes after which the remaining culture 

volume was harvested. One tube was kept as a control, 

a second was enriched with Fe to replete levels and the 

third was enriched with all nutrients except Fe. The 

tubes were incubated as above and growth was tracked 

by in vivo fluorescence. 

Protein extraction. Initially, cell extracts were pre- 

pared by an acetone precipitation technique. Briefly, 

cells were washed from filters using extraction buffer 

(20 mM phosphate, 100 mM EDTA, 100 mM NaC1, 

13 mM P-mercaptoethanol, 1 mM PMSF pH 7.0) and 

lysed by the addition of 9 volumes of acetone. The 

resulting acetone precipitate was collected by centri- 

fugation, dried and then resuspended in extraction 

buffer. This aqueous extract was analyzed for ferre- 

doxin and flavodoxin by HPLC. All phylogenetic sur- 

vey samples and half of the N/Fe interaction samples 

were extracted using thls method. 

The remaining N/Fe samples and all of the nutrient 

limitation samples were extracted using an alternative 

method. Cells and their filters were placed in a 2 m1 

tube with ice-cold extraction buffer (described above) 

and zirconium beads. Cells were ruptured by three 

50 S cycles in a mini-beadbeater (Biospec Instruments, 

Bartlesville, OK, USA) and placed on ice between 

cycles. The cell lysate was centrifuged for 1 h at 

105 000 X g and the supernatant was filtered (0.45 pm) 

and injected into the HPLC. Prior to use of this extrac- 

tion method, it was compared to the acetone powder 

method using laboratory cultures of Thalassiosira weiss- 

flogii. The overall extraction efficiency using this alter- 

native method was better, and the same ratio of ferre- 

doxin:flavodoxin was obtained from the 2 methods 

when using identical samples (data not shown). 

HPLC of ferredoxin and flavodoxin. All cultures 

were analyzed using the HPLC method of Doucette et 

al. (1996). Ferredoxin and flavodoxin in cell extracts 

were separated by anion-exchange HPLC. Detection 

was performed with a Hewlett-Packard model 1050 

diode array detector (Hewlett-Packard CO, Andover, 

MA, USA), which also allowed identification of the 

proteins by their absorption spectra. Quantification of 

peak areas was performed by HP ChemStation soft- 

ware (Hewlett-Pa.ckard) in, autointegration mode. The 

zinc-limited samples, which were analyzed prior to the 

other cultures, are an exception to this procedure. The 

same chromatographic method was employed, but a 

Hewlett-Packard model 1040A diode array detector 

was used instead of model 1050. Model 1040A records 

wavelength data only in the range from 250 nm to 

600 nm, whereas model 1050 covers the range from 

200 nm to 600 nm. This is reflected in Fig. 5, where the 

spectrum of the chromatographic peak of the zinc sam- 

ple begms at 250 nm. The data collected by model 

1040A were analyzed uslng the HP ChemStation pro- 
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gram, thus quantification of peak areas was by the 

same method as for the other samples. 

RESULTS AND DISCUSSION 

Both flavodoxin (LaRoche et al. 1995, 1996) and the 

cellular ratio of ferredoxin:flavodoxin (Doucette et al. 

1996) have been proposed as molecular markers of 

iron limitation in marine phytoplankton. This study 

seeks to extend our knowledge of ferredoxin and 

flavodoxin expression so that we may better assess 

their usefulness as a diagnostic test for iron limitation. 

The data show flavodoxin induction to be a common 

response to iron stress in marine phytoplankton. Fur- 

thermore, it is specific to iron limitation and insensitive 

to nitrate, phosphate, silicate, zinc and light deficiency, 

supporting its use as an indicator of the presence or 

absence of iron limitation. We also show that the use- 

fulness of flavodoxin as a marker may be extended by 

measuring both it and ferredoxin together in a sample. 

The ratio of the 2 proteins varies with, and should thus 

indicate changes in, the severity of iron stress. 

Phylogenetic survey 

In total, 17 isolates representing 4 phytoplankton 

classes were examined for their ability to induce flavo- 

doxin when limited by iron (Table 1). Ferredoxin and 

flavodoxin in cellular extracts were separated using 

HPLC and identified by their characteristic absorption 

spectra (Fig. l), which allows unambiguous identifica- 

tion of the 2 proteins. The most common response (12 

of 17 isolates) was an absence of flavodoxin under iron- 

sufficient conditions, with induction of flavodoxin and 

suppression of ferredoxin expression occurring when 

the cells were iron-stressed. The remaining 5 organ- 

isms were never observed to express flavodoxin under 

either iron-replete or -limited conditions. It is evident 

from these data that flavodoxin induction is a common, 

Fig. 1. UV-visible absorbance spectra of (A) ferredoxin and 
(B) flavodoxin from Tlhalassiosira weissflogii. In addition to 

the 280 nm absorbance maximum common to all proteins. 
ferredoxin exhibits secondary maxima at ca 330 and 430 nm 
and a shoulder at 465 nm Flavodoxin, in contrast, has sec- 
ondary maxima at ca 365 and 465 nm, giving it a distinctive 

'camel hump' appearance 

but not universal, adaptation to iron limitation in 

marine phytoplankton. This heterogeneity in response 

is similar to that documented in freshwater algae, 

where ferredoxin and flavodoxin have been exten- 

sively studied. Given our results and those in the liter- 

ature, flavodoxin induction in response to iron limita- 

tion seems to be the most typical and frequently 

observed response. 

Lack of flavodoxin induction 

A minority of the organisms examined (5 of l?) were 

never observed to produce flavodoxin. Regarding this 

group of 'non-inducers', a logical concern was that the 

cultures examined were not iron-limited. In iron- 

limited medium all exhibited decreased growth rates 

compared to replete control cultures, which is con- 

sistent with iron stress. (Synechococcus was grown by 

others for this analysis, so similar growth rate informa- 

tion is not available.) 

Further evidence of iron limitation was obtained 

from nutrient addition bioassays (Fig. 2).  While growth 

of primary cultures was monitored by cell counts, the 

bioassays were monitored by measurement of in vivo 

fluorescence. Positive bioassays were characterized 

by an increase in fluorescence only in Fe-enriched 

samples. In vivo chlorophyll fluorescence is known to 

be affected by iron stress, and its use may seem to con- 

days after harvest days after harvest 

days after harvest days after harvest 

Fig. 2. (A) Syracosphaera elonga ta, (B) Pleurochrysis carterae. 
(C) Minutocellus polymorphus, (D) Alexandnum fundyense. 
Bioassay results from iron-limited cultures of species that did 
not express flavodoxin. Culture aliquots removed on the day 
of harvest were amended with either Fe (01, all nutrients 
except Fe (*l, or no addition (0) as a control. Growth was 

monitored by in vivo fluorescence 
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found interpretation of the bioassay results. This is 

because the increase in fluorescence following iron 

addition can be accounted for in several ways. First, 

higher fluorescence may be due to increases in chloro- 

phyll per cell rather than an  increase in cell number. 

Second, it may be due to increased biomass due to cell 

growth and/or division in the culture. Finally, increases 

in fluorescence are observed when cells become iron- 

limited, because iron stress damages the photochemi- 

cal apparatus and impairs electron transfer capability 

(Terry 1983). In a sample that has been enriched with 

iron, however, any enhanced fluorescence relative to 

the corresponding controls must be due to either 

increases in cell number or size, or in fluorescence per 

cell, both of which indicate that the original culture 

was limited by iron. 

Syracosphaera elongata (Fig. 2a), Pleurochrysis car- 

ferae (Fig. 2b) and Minutocellus polyrnorphus (Fig. 2c), 

none of which induced flavodoxin, all exhibited posi- 

tive growth responses when iron was added to aliquots 

of the iron-limited culture; the addition of other nutri- 

ents elicited no change. These cultures were clearly 

iron-limited. In contrast, one other non-inducing or- 

ganism, Alexandriurn fundyense, showed no obvious 

pattern of response In iron-add~tion bioassays when 

grown repeatedly under a variety of iron additions 

from 0 nM to 1 pM (data not shown). Nevertheless a 

marked decrease in specific growth rate (p = 0.325 d-' 

replete vs 0.073 d-' low iron) was observed for A. 

fundyense cultured in low-iron medium. As all other 

culturing conditions were identical, the lack of iron 

must be responsible for the reduced growth rate for 

this dinoflagellate. 

Lack of flavodoxin was not confined to a particular 

taxonomic group; examples were seen amongst 

the dinoflagellates, prymnesiophytes and diatoms in 

Table 1. It did, however, seem to occur primarily in 

coastally derived clones within a class. Of the 5 non- 

inducing organisms in this study, 3 were isolated from 

neritic habitats while a fourth, Syracosphaera elon- 

gata, was of unknown origin. Phytoplankton from 

neritic versus oceanic habitats are known to exhibit 

different responses to trace metals. Neritic species 

generally suffer iron limitation at Fe levels far above 

those at which oceanic species show little or no impair- 

ment (Brand et al. 1983, Brand 1991). However, this 

does not mean that coastal species in general are non- 

inducers. In fact, the majority of the nentic clones 

examined in this study expressed flavodoxin. 

The results presented here agree well with pub- 

lished data on phytoplankton iron requirements. Brand 

(1991) measured high minimum iron requirements for 

the coastal coccolithophorids Syracosphaera elongata 

and Pleurochrysis carterae, and the cyanobacterium 

Synechococcus DC2, none of which produce flavo- 

doxin. Doucette et al. (1989) calculated extremely high 

minimum iron requirements for the red tide dinofla- 

gellate Alexandriurn fundyense, another non-inducer. 

Organisms that are unable to express flavodoxln seem 

to consistently exhibit elevated cellular requirements 

for iron. This implies that non-inducing organisms 

should not present a problem for field measurements 

utilizing ferredoxin and flavodoxin as indicators of iron 

stress. At low metal concentrations, the success of 

oceanic organisms compared to neritic ones is due 

to decreased cellular Fe requirements for growth, as 

opposed to more efficient uptake systems (Sunda et 

al. 1991). The substitution of flavodoxin for ferredoxin 

permits a reduction in cellular Fe quotas, as the former 

contains no iron while the latter requires 2 iron atoms 

per molecule. Thus, organisms that cannot express 

flavodoxin should be unable to persist in chronically 

low-iron oceanic environments, and therefore would 

be constrained in their distributions to more iron-rich 

coastal areas. In the analysis of samples from open- 

ocean, low-iron environments, non-expression of flavo- 

doxin should therefore not be a large complication, as 

non-inducing species are unlikely to constitute a sig- 

nificant portion of the biomass in these areas due to 

their restricted, growth at low iron levels. 

Flavodoxin expression in Thalassiosira weissflogii 

Results obtained from the centric diatom Thalassio- 

sira weissflogii during this study were somewhat dif- 

ferent than those reported previously (Doucette et al. 

1996). Like most others, this species induced flavo- 

doxin in response to iron limitation, with an accompa- 

nying suppression of ferredoxin expression. When 

grown in medium with 1 pM Fe, T. weissflogii pro- 

duced similar amounts of both ferredoxin and flavo- 

doxin (see Doucette et al. 1996), whereas the other 

organisms utilized here contained only ferredoxin 

when grown at this iron level. This led Doucette et 

al. to conclude that ferredoxin was constitutively ex- 

pressed in this species. In the present study, it was 

found that llavodoxin expression was ultimately sup- 

pressed by increasing the added Fe in the culture to 

60 PM, 6 times that of the common f/2 medium (Guil- 

lard & Ryther 1962). Thus, low-level flavodoxin expres- 

sion by T weissflogii seemed to be the result of high Fe 

requirements rather than constitutive expression as 

previously reported. 

Growth of cells in light- o r  nutrient-deficient culture 

Growth curves for Thalassiosira weissflogii cultures 

are displayed in Fig. 3. For the nutrient- or 1.1ght-defi- 
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Fig. 3. Growth of (A) control, (B) nitrate-, (C) phosphate-, 

(D)  silicate- (E)  11ght- and (F) iron-deficient cultures of Tha- 

lassjosira weissflogli ( W )  (:ell numbers for treated cultures, 

(U) control cell numbers. For nutrient- and light-deficient 

cultures, cell numbers of the control culture are  included for 

comparison 

cient cultures (Fig. 3B-F), data from the control culture 

are included for comparison. The control culture was 

grown in complete medium and harvested during 

mid-exponential phase and was considered to be non- 

limited. The -N, -P and -Si cultures were harvested 

for analysis during stationary phase, when the medium 

should have been effectively depleted of the limiting 

nutrient. The final biomass levels of the N- (Fig. 3B), 

P- (Fig. 3C) and Si-deficient (Fig. 3D) cultures at 

stationary phase were below that achieved by the 

control culture, characteristic of nutrient starvation. In 

theory, the growth rates of these 3 cultures should have 

been similar to that of the control during exponential 

phase, prior to the onset of nutrient limitation. The 

exponential growth rates for N-, P-, and Si-starved 

cultures, however, were lower than the control culture 

(p = 0.014 * 0.002, 0.022 + 0.003 and 0.027 ? 0.008 h-', 

respectively), which suggests that the cells may have 

experienced some limitation by low nutrient availabil- 

ity before reaching stationary phase. The -Fe (Fig. 3F), 

-Zn and low light (Fig. 3E) cultures were harvested 

during exponential phase, during which their growth 

was constrained by the supply rate of the limiting fac- 

tor. These cultures exhibited slowed but exponential 

growth rates relative to the control (p = 0.010 + 0.001, 

0.019 -r 0.008 and 0.038 h- ' ,  respectively), indicative of 

light or iron limitation. 

Effect of nutrients and light on  

cellular chlorophyll levels 

Further evidence of limitation or starvation was pro- 

vided by cellular chlorophyll measurements (Fig. 4 ) .  

Chlorosis is a common effect of nitrogen, phosphorus 

and iron stress (e.g. Glover 1977, Laws & Bannister 

1980). This was evident in N-, P- and Fe-deficient 

cultures, whose cellular chlorophyll content was only 

29, 70 and 59% of the level in control cells, respec- 

tively. The low-light grown cells exhibited increased 

pigment content (170Y" relative to the control), a 

characteristic adaptation to limiting light levels (e.g. 

Laws & Bannister 1980). Increased chlorophyll per cell 

(260% of control level) was also measured in the Si- 

starved cells, consistent with silica starvation (Harrison 

et al. 1977). 

Effect of nutrients and light on  ferredoxin and 

flavodoxin expression 

HPLC chromatograms, including UV-visible spectra 

of peaks, of cell extracts from nutrient- and light-defi- 

cient Thalassiosira weissflogii cells are shown in Fig. 5 .  

The total range of the elution tlmes was less than 

1 min, with the exception of the zinc-limited sample. It 

was analyzed some months prior to the other samples 

and exhibited a shifted elution time as well as a 

truncated UV-visible spectrum (see 'Materials and 

Methods'). In all cases, only 1 chromatographic peak 

was observed during the appropriate range of elution 

time. Flavodoxin was observed only in iron-limited 

cells (Fig. 5G), and was not induced in response to 

nitrogen, phosphorus, silica, zinc or light stress. 

It has been shown previously that flavodoxin in 

Phaeodactylum tricornuturn is not induced in response 

to nitrogen or phosphorus starvation (LaRoche e t  al. 

1993). These data provide an independent confirma- 

control 

Fig. 4 .  Chlorophyll a in pg  cell-' for the varlous nutrient treat- 

ments. Chl a in the control was determined from triplicate 

subsamples of 1 culture. Values from all other conditions are  

pooled measurements of triplicate samples from each of 3 
replicate cultures. Values shown are  mean * 1 SE 



Mar Ecol Prog Ser 184: 43-53, 1999 

l:,: G 100 

50 

0 
200 400 600 

time (min.) wavelength (nm) 

Fig. 5. (A-G) HPLC chromatograms of cell extracts of cultures 
grown under vanous luruting conditions. Compounds were 
detected by their absorbance at 465 nm (in mAu, vertical 
axis). The chromatograms have been cropped to show the 
relevant 10 min window during which ferredoxin and flavo- 
doxin both elute. The UV-visible absorption spectrum of 
the peak is shown next to its corresponding chromatogram. 
(A)  control, (B) N-starved, (C) P-starved, (D) Si-starved, (E)  

light-limited, (F) zinc-hmited and (G)  iron-limited. Whereas 
A-F all exhibit the ca 330 and 430 nm maxima of ferredoxin, 

only G has the characteristic flavodoxin 'camel hump' 

tion of those results in a different species and extends 

our knowledge of ferredoxin and flavodoxin regulation 

to include the effects of silica-, zinc- and light-defi- 

ciency. Our intent was to examine some common forms 

of limitation that cells may be likely to encounter in 

natural waters. 

In many potentially iron-limited regions of the 

ocean, there is also the possibility of limitation by other 

factors. Nitrogen or phosphorus stress is unlikely in 

the high-nutrient-low-chlorophyll areas of the ocean 

where iron lunitation is suspected, but it may be a 

factor in coastal regions where macronutrient levels 

are often low and iron availability may vary both 

temporally and spatially (Wells et al. 1991). Another 

macronutrient, silicate, may be the 'next' limiting 

nutrient for diatoms in iron-limited areas, whose 

growth seems to be favored by iron enrichment (Coale 

et al. 1996). Oceanic regions with low surface water 

iron concentrations also typically exhibit low levels of 

other biologically important micronutnents such as 

zinc and manganese (Bruland et al. 1978, Landing & 

Bruland 1980, Gordon et al. 1982). In the Southern 

Ocean, where iron limitation is one possible explana- 

tion for persistent HNLC conditions, light is also 

thought to constrain primary production (de Baar et 

al. 1990, Mitchell et al. 1991). Induction of flavodoxin 

by any of the aforementioned factors would generate 

'false positives' for iron limitation. The insensitivity of 

flavodoxin to these potential limiting factors makes it 

an excellent candidate for a marker of iron limitation. 

Iron regulation of relative ferredoxin and 

flavodoxin abundance 

The effect of iron availability on relative ferredoxin 

and flavodoxln levels was investigated in detail by 

measuring the 2 proteins in cells grown over a range of 

iron concentrations (Fig. 6). Relative ferredoxin/flavo- 

doxin abundance is expressed as the Fd index, defined 

as the proportion of ferredoxin in the combined ferre- 

doxin + flavodoxin pool: 

This expression is a modification of Eq. (1) of Doucette 

et al. (1996). The Fd index is calculated from the inte- 

grated HPLC peak areas, which are directly propor- 

tional to moles of ferredoxin or flavodoxin, and varies 

from 1 (only ferredoxin, no flavodoxin) to 0 (only flavo- 

doxin, no ferredoxin). In Fig. 6 the Fd index is shown as 

a function of growth rate, which is expressed as a per- 

centage of the known maximum rate and serves as a 

% p max 

Fig. 6. Cellular ferredoxin/flavodoxin content over a, range 
of iron-lunited growth rates. Cells were grown on (a) nitrate 
or (0) ammonium. Fd index = [ferredoxin/(ferredoxin + 

flavodoxin) ] 
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proxy for iron availability. When working with very 

low culture iron levels, small amounts of contamination 

can have a large effect on medium iron content. The 

culture growth rate is therefore a more accurate mea- 

sure of the amount of iron actually present in the 

culture, rather than moles of iron added or calculated 

free ion activities. 

It is interesting to note that while the cultures ana- 

lyzed in Fig. 6 were grown on different N sources, it 

did not seem to have any gross effect on ferredoxin/- 

flavodoxin content. Nitrate-grown cells are thought to 

require more iron than those utilizing ammonium 

(Raven 1988) which should be reflected in their cellu- 

lar iron quota. We hypothesized that cells may com- 

pensate for this increased cellular demand through 

changes in relative ferredoxin/flavodoxin content. 

However, the data in Fig. 6 show no obvious differ- 

ences in response between nitrate- and ammonium- 

grown cells. This is consistent with the results of 

Maldonado & Price (1996), who demonstrated that 

nitrate-grown cells do have elevated cellular iron 

quotas relative to anlmoniun1-grown cells but are able 

to compensate by acquiring more iron. Thus, the cells 

seem to satisfy their increased iron demands through 

uptake of extracellular iron rather than via reappor- 

tionment of the internal iron pool. 

The results presented in Fig. 6 provide a description 

of changes in cellular ferredoxin and flavodoxin abun- 

dance in response to iron availability. At the highest 

growth rate examined here, which was near-maximal, 

cells expressed only ferredoxin (Fd index = 1). As iron 

availability and therefore growth rate decreased, cells 

contained less ferredoxin relative to flavodoxin (0 < 

Fd index < 1). Eventually, ferredoxin expression was 

completely repressed and cells contained only flavo- 

doxin (Fd index = 0) .  Flavodoxin expression seemed 

to be very sensitive to iron limitation, being induced 

at relatively high growth rates (80 to 90% p,,,). The 

sensitivity of flavodoxin induction is in agreement 

with the results of McKay et al. (1997), who observed 

increases in flavodoxin protein-' when cells were only 

mildly iron-stressed (%p,,, - 80%). At intermediate 

iron levels, many of the cultures examined in our 

study contained both ferredoxin and flavodoxin in 

varying proportions. The cultures were grown semi- 

continuously and were therefore in a relative steady 

state, implying that replacement of ferredoxin by 

flavodoxin was a gradual process, not a simple 'on-or- 

off' response. 

The relationship between Fd index and growth rate 

in Thalassiosira weissflogii is composed of 2 general re- 

gions. In the first region, below approximately 55 %p,,,, 

cells are experiencing moderate to severe stress, ferre- 

doxin is undetectable and the Fd index is uniformly 

zero. In the second region, at moderate to low iron 

stress (high %pmax), ferredoxin and flavodoxin co- 

occur in the cells. In this latter region faster-growing 

cells tend to have higher Fd indices, which suggests 

that the Fd index is (logically) related to iron avail- 

ability. Thus, the Fd index should provide information 

not only about the presence or absence of iron limita- 

tion, but also its relative severity. 

This data is not intended to imply a universal rela- 

tionship between growth rate and Fd index for all 

organisms. Growth rate is simply the most convenient 

way to quantify iron availability or iron stress in this 

analysis. The range of growth rates is intended to rep- 

resent the continuum of iron stress, from fully replete 

to extremely deplete, and should be treated as such. 

The Fe levels required for iron-replete growth (p,,,) 

will be different for different organisms, as will the 

amount required for survival (the lowest %p,,,). Each 

organism will establish its own 'endpoints', but the 

response in between these limits should be similar. 

Regardless of cellular Fe quota, if Fe availability de- 

creases below that required level, cells should pro- 

gressively replace their ferredoxin with flavodoxin, 

eventually repressing all ferredoxin expression. It is 

not necessary to consider each cell's individual Fe 

quota, as the cell, in essence, does it for you. This 

exploits one of the strengths of molecular markers- 

they allow the cell to act as a reporter of the environ- 

mental conditions that it perceives. 

CONCLUSIONS 

The data presented here support the proposed role 

for ferredoxin and flavodoxin as a specific and sensi- 

tive system for the detection of iron limitation. Flavo- 

doxin induction is an  iron-specific response that is 

common amongst marine phytoplankton, and thus a n  

excellent indicator of the presence or absence of iron 

limitation. Additional information may be gained by 

measuring the relative cellular abundance of ferre- 

doxin and flavodoxin together, expressed here as the 

Fd index. The cellular Fd index vanes with external 

iron availability and should indicate changes in the 

severity of iron stress. Thus, use of the 2 proteins 

together may allow determination of both temporal 

and spatial changes in iron stress, e.g. over the course 

of a phytoplankton bloon~ or on a transect from coastal 

to oceanic waters. 
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