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ABSTRACT: The controversy surrounding the question of whether iron limits phytoplankton produc- 
tion in high-nutrient, low-chlorophyll regions of the world's oceans has stimulated research on numer- 
ous fronts, including the search for diagnostic indicators of phytoplankton iron nutritional status. Flavo- 
doxin (Flv), an iron-independent protein capable of catalyzing many of the same reactions as the 
non-heme, iron-sulfur protein ferredoxin (Fd), is produced by certain prokaryotic and eukaryotic 
organisms in response to iron stress. Few eukaryotic marine phytoplankton species have been exam- 
ined for their ability to synthesize Flv, primarily due to the lack of a suitable analytical method. In 
response to this need, a high performance liquid chromatography (HPLC)/photodiode array detection 
method was developed for the separation and identification of Flv and Fd in crude protein extracts of 
algal samples. The utility of this technique was then demonstrated with a study of Flv and Fd produc- 
tion by the diatom Thalassiosira weissflogii, a eukaryotic marine phytoplankton species. Flv was 
detected in iron-limited T. weissflogii at levels about 20-fold greater (by molecules) than in iron-replete 
cells. Although constitutive expression of this protein under iron-sufficient conditions was observed, 
actual levels were very low. By comparison, the iron-containing protein Fd was abundant in iron- 
replete cells but undetectable in iron-limited cells (limit of detection ca 1 pg ml-'). If Flv (by molecules) 
is expressed as a percentage of the combined pool of Flv and Fd, [Flv/(Flv + Fd)] X 100, values fall 
between ca 10 and 15 % (n = 6) for iron-replete cells, but are consistently 100 % under Fe-limiting con- 
ditions (n = 5), where Fd is below detection limits. Thus, the constitutive nature of Flv production by TT. 
weissflogii does not preclude its possible use as a diagnostic indicator of iron stress. The HPLC method 
developed during this study, in conjunction with cellular level techniques (e.g. antibodies, nucleic acid 
probes), will permit a rapid, accurate assessment of phytoplankton iron nutritional status without the 
need for intrusive techniques such as bottle incubations. Additional laboratory and field studies are 
now needed to evaluate the applicability of Flv and Fd relative abundance as a diagnostic indicator of 
iron limitation in a broad range of species and natural phytoplankton communities. 
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INTRODUCTION oceans has attracted considerable attention since 
being put forth by Martin and colleagues in a series 

The hypothesis that iron limits phytoplankton pro- of publications (Martin & Fitzwater 1988, Martin et al. 
duction in large, nutrient-rich regions of the world's 1989, 1990, 1991, Martin 1990). This body of work 

suggests that the occurrence of 'high-nutrient, low- 
'E-mail: greg-doucette@ccgate.ssp.nmfs.gov chlorophyll' (HNLC) areas, characterized by a low 
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phytoplankton standing crop in the presence of 
excess major nutrients (i.e. nitrate and phosphate), is 
due to limitabon of phytoplankton growth by iron. 
However, the 'iron hypothesis', based primarily on 
bioassay data and measurements of dissolved iron, is 
not without its detractors and has been countered 
with several alternative hypotheses (reviewed in 
Chisholm & More1 1991). Recently, the case for iron's 
role as a growth-limiting nutrient in the HNLC Equa- 
torial Pacific was strengthened considerably by a 
mesoscale (ca 64 km2) iron enrichment experiment 
(Coale et  al. 1994a) showing a clear enhancement of 
phytoplankton biomass and productivity in response 
to the iron addition (Coale et  al. 1994b). In any event, 
the controversy over what does, in fact, limit phyto- 
plankton growth in such HNLC waters has stimulated 
research on numerous fronts. One of these areas 
involves the search for diagnostic indicators (so-called 
biomarkers) of phytoplankton iron nutritional status 
which can be rapidly assessed in a field situation 
without the need for bottle incubations or large-scale 
enrichment experiments. Analytical determinations of 
these biomarkers on bulk plankton samples would 
provide valuable, community-level measurements of 
iron status. Resolution at the level of individual 
phytoplankton cells would also be possible using 
antibody- and/or nucleic acid-based probe technolo- 
gies. 

Given the important contribution of both pro- and 
eukaryotic species to phytoplankton production, the 
search for an indicator of iron stress should include 
both groups. A promising direction is suggested by a 
survey of the bacterial and cyanobacterial literature, 
which indicates that a common response to iron stress 
among prokaryotes is to reduce levels of ferredoxin 
(Fd), an evolutionarily conserved non-heme, iron-sul- 
fur protein, while turning on production of flavodoxin 
(Flv), a flavoprotein capable of catalyzing many of the 
same reactions as Fd yet requiring no iron for its 
biosynthesis (e.g. Knight & Hardy 1966, Hutber et al. 
1977, Drummond 1985, Sandmann et al. 1990). While 
the production of Flv is frequently induced only by 
decreasing levels of iron bioavailability, certain 
prokaryotes can also synthesize this flavoprotein con- 
stitutively (Vetter & Knappe 1971, Klugkist et al. 1986). 
In the few eukaryotic algae that have been investi- 
gated for Flv production, variability similar to that 
found in prokaryotes has been observed (Zumft & 
Spiller 1971, Fitzgerald et al. 1978, Entsch et al. 1983, 
Price et al. 1991). However, since only 1 study included 
representatives of the marine phytoplankton (La Roche 
et al. 1993), a more comprehensive screening of this 
group is needed to fully assess the potential for Flv to 
serve as a biomarker for the iron nutritional status of 
these algae. 

A key requirement for screening a large number of 
diverse algal taxa for the abllity to synthesize Flv is an 
easily accessible analytical method with broad applica- 
bility. In our opinion, analysis of crude protein extracts 
by high performance liquid chromatography (HPLC) 
coupled with UV photodiode array detection (PDA) 
meets these specifications. The principal advantage of 
this approach is that HPLCIPDA provides the means to 
acquire an absorbance spectrum for a selected chro- 
matogram peak, and thus a physical 'fingerprint' of the 
compound. Furthermore, the separation chemistry can 
be applied to preparative scale samples in order to pu- 
rify compounds for additional work such as chemical 
characterization or antibody production. Although liq- 
uid chromatography methods for Flv (and Fd) have 
been reported (Fish & Sanders-Loehr 1987, Jones 1988, 
Sandmann et al. 1990), all rely on the technique of fast 
protein liquid chromatography (FPLC) and require spe- 
cialized equipment apart from conventional HPLC 
components. Our aim, therefore, was to develop an 
HPLC protocol for the separation and identification of 
Flv and Fd based on FPLC methods established previ- 
ously for these proteins. The utility of this HPLC tech- 
nique was then demonstrated with an investigation of 
Flv and Fd production in iron-replete and iron-limited 
batch cultures of the diatom Thalassiosira weissflogii, a 
eukaryotic marine phytoplankton species. 

MATERIALS AND METHODS 

Phytoplankton cultures and maintenance. The 
eukaryotic marine phytoplankton species examined 
during this study was the diatom Thalassiosira weiss- 
flogii (Grun.) Fryxell et Hasle (strain ACTIN). Cultures 
were maintained in 0.45 pm filtered Vineyard Sound 
(MA, USA) seawater (31 ppt) supplemented with a 
modified ESNW enrichment (Harrison et  al. 1980). In 
this case, an equimolar concentration of Na2HP0, was 
substituted for Na2glyceroP0,, and the trace metals of 
Brand et al. (1983), to which was added 10-8 M 
H2Se03, were used. EDTA was present at a concentra- 
tion of I O - ~  M and was added as a solution combined 
with 1 0 - ~  M FeC13. Cultures, including those used for 
experiments, were maintained at 20°C on a 14 h Light: 
10 h dark cycle, with ca 200 pE m-2 S-' irradiance sup- 
plied by cool-white fluorescent bulbs. 

Experimental procedures. Batch cultures utilized 
during this study were of 2 types: iron-replete and iron- 
limited. Six iron-replete cultures (1.5 1 volume) were 
grown in 2.8 l borosilicate Fernbach flasks using the 
medium described above for maintenance, except that 
the iron and EDTA concentrations were adjusted to 
10-' M and 10-", respectively. Three of these cultures 
were harvested (see below for methods) at mid-expo- 
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nential phase and the remaining 3 were harvested in 
early stationary phase. Similarly, 6 ironlimited cultures 
(2 1 total volume) were grown in acid- cleaned 2.8 1 
borosilicate Fernbach flasks, with 3 flasks each har- 
vested at the mid-log and early stationary points on the 
growth curve. The composition of the medium used to 
limit available iron was the same as that employed for 
maintenance, with the total iron concentration reduced 
from I O - ~  M to 2 X 10-7 M and EDTA increased from 
I O - ~  M to 2 X 10-6 M. Culture vessels and media were 
sterilized by autoclaving. For the purposes of this study, 
cells obtained at both mid-log and early stationary 
phase of the low iron addition cultures are referred to 
as iron-limited, and identified as being harvested dur- 
ing exponential (EXP) or early stationary (STN) phase, 
where appropriate. Confirmation that cell division 
ceased due to a lack of biologically available iron in the 
culture medium was obtained by bioassays, which 
showed renewed growth following the addition of iron 
only, but no response from either re-supply of all non- 
iron enrichments or no addition (data not shown). 

At the appropriate points in the growth curve, cultures 
were sampled for cell counts and chlorophyll a (chl a )  
determinations, then harvested by centrifugation, fol- 
lowed by aspiration of the supernatant, and freezing/ 
storage of the cell pellet at -80°C until extracted. Crude 
extracts of acetone-precipitated, solubilized protein 
(containing Flv and Fd) were prepared as follows: Cell 
pellets were thawed in 4 m1 of freshly prepared, ice-cold 
homogenization buffer [50 mM Tris-acetate, 10 PM 
PMSF (phenylmethylsulfony1 fluoride), 1 mM EDTA, 
1 mM B-mercaptoethanol, final pH = 8.01 and sonicated 
for 30 S on ice using a Branson Model W-185 sonicator 
(Branson Sonic Power Co., Danbury, CT, USA). Com- 
plete disruption of cells was confirmed by microscopic 
examination. The cell-free homogenate was then com- 
bined with 9 volumes of l00 % acetone and extracted by 
agitating for 1 h at -20°C in order to quantitatively 
precipitate proteins and to remove pigments and other 
non-polar constituents. Following acetone extraction, 
samples were centrifuged for 15 rnin at 15000 X g (4"C), 
the supernatant aspirated, and the pellet allowed to dry 
at  room temperature forming an acetone powder. The 
acetone powder was resuspended in 2.2 m1 of ice-cold 
homogenization buffer containing no B-mercapto- 
ethanol (= sample buffer), and extracted by agitation for 
ca 24 h at 4OC. Cell debris was pelleted by centnfuging 
for 20 rnin at 10000 X g (4OC), after which the supernatant 
containing the solubilized proteins (hereafter referred to 
as the crude protein extract) was removed and stored at 
-20°C until the time of analysis. 

Analytical techniques. HPLC/PDA: All HPLC analy- 
ses were performed with a Varian model 5000 Liquid 
Chromatograph (Varian Associates, Sugar Land, TX, 
USA), coupled with UV PDA detection using a Hewlett- 

Packard model 1040A Diode Array Detector (Hewlett- 
Packard Co., Andover, MA, USA). Our HPLC protocol 
was based on previously described FPLC methods for 
Flv and Fd (Fish & Sanders-Loehr 1987, Jones 1988, 
Sandmann et al. 1990). The column used in these FPLC 
procedures was a Mono Q anion exchange colun~n 
(Pharmacia, Piscataway, NJ, USA). The properties of 
this column are closely approximated by a Hydropore 
5-SAX column (Rainin Instrument Co., Inc., Woburn, 
MA, USA), which was therefore selected for use in the 
HPLC system. Several different mobile phases and elu- 
tion gradients were tested in order to optimize detec- 
tion of purified Chlorella Flv I1 (isolated and prepared 
by M.L.P.) and spinach Fd (Sigma Chemical Co., St. 
Louis, MO, USA). The most satisfactory results were 
obtained with a linear salt gradient (0.1 to 0.7 M NaCl 
over 35 min) made up in a 20 mM sodium phosphate 
buffer (pH 7.0) at a flow rate of 0.6 m1 min-l. These con- 
ditions were used in our analyses of crude protein ex- 
tracts prepared as outlined above. The column was re- 
generated between runs by briefly washing with 1 M 
NaC1, then flushing thoroughly with buffer only. Eluted 
proteins were detected by PDA and absorbance spectra 
collected for chromatogram peaks of interest. For crude 
protein extracts from the diatom Thalassiorsira weiss- 
flogii, identification of peaks corresponding to Flv and 
Fd was based on absorbance spectra for these proteins 
as isolated and purified from other systems (Smillie 
1965, Knight & Hardy 1966, 1967). Quantification of T. 
weissfloyii Flv and Fd was based on Chlorella Flv 11 and 
spinach Fd, respectively. We recognize that this method 
of quantification yields only estimates of Flv and Fd, 
which are nonetheless suitable for assessing relative 
differences in these proteins. 

Cell concentrations: Cell concentrations were ob- 
tained by direct microscopic counts of Lugol's-preserved 
san~ples (4 replicates of at least 100 cells counted 
per sample) in a Fuchs-Rosenthal haemacytometer. 

Chlorophyll a: Chl a was determined on triplicate 
samples per flask according to a slightly modified ver- 
sion of the Parsons et al. (1984) method. Cells collected 
on Millipore GSWP membranes (0.22 pm; 25 mm diam- 
eter) were extracted without grinding in 90% acetone 
overnight in the dark at 4OC (note: membranes dis- 
solved in extraction solvent). Chl a concentrations in 
the extract were measured fluorometrically and values 
were corrected for the presence of any phaeopigments. 

Soluble protein: Concentrations of acetone-precipi- 
tated, buffer-solubilized protein in crude extracts con- 
taining Flv and/or Fd were determined using the BCA 
protein assay reagent (Pierce Chemical Co., Rockford, 
IL, USA). The term soluble protein hereafter refers to 
that protein fraction solubilized in sample buffer fol- 
lowing acetone precipitation and quantified in the 
manner described. 
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RESULTS 

Flv and Pd standards 

Absorbance spectra for Chloreila Flv I1 and spinach 
Fd reference standards obtained from HPLC/PDA 
analyses are shown in Fig. 1A & B, respectively. The 
spectrum for Chlorella Flv I1 showed absorbance max- 
ima at 380 and 466 nm, while wavelengths of maxi- 
mum absorbance for the spinach Fd occurred at  330, 
423 and 466 nm. These spectra were determined to be 
characteristic of these proteins as described previously 
from other sources (see 'Materials and Methods'). Our 

limit of detection with the HPLC/PDA for both Flv and 
Fd was about 1 pg ml-l, below which reliable 
absorbance spectra could not be obtained. A linear 
response with increasing protein concentration was 
observed from 2 to 100 pg ml-' in the case of Flv, while 
Fd exhibited linearity between 1 and 100 pg ml-l. 

Flv and Fd in Thalassiosira weissflogii 

Direct analysis of crude protein extracts by 
HPLC/PDA allowed the separation and identification of 
Flv and Fd in Thalassiosira weissflogii, when present. 
Iron-replete and iron-limited cultures of T. weissflogu 
both showed a clear presence of Flv, while Fd was de- 
tected only under iron-sufficient conditions (Figs. 2A & 

3A). Identities of chromatogram peaks were confirmed 
through their respective absorbance spectra obtained 
with the PDA detector (Figs. 2B, C & 3B). 

Relative differences in levels of Flv and Fd as a func- 
tion of iron status were noted (Table 1). Flv was deter- 
mined to be present in cells of the Fe-replete cultures 
at both EXP (1.50 X 10' molecules cell-') and STN 
phase (1.23 X 105 molecules cell-'). Nevertheless, dra- 
matically higher Flv levels (ca 20-fold) were observed 
in the low iron addition cultures at the corresponding 

U 20 growth phase. Iron-limited cells in EXP phase con- 
S l0 
m tained 2.90 X 106 molecules cell-', while values were 
a 300 400 500 600 slightly higher at 3.74 X 106 molecules cell-' at the 

WAVELENGTH (nm) onset of plateau phase upon depletion of biologically 
available iron. Fd, in contrast to Flv, was present at 

Fig. 1. (A) W absorbance spectrum of CNoreLIa Flv I1 reference 
standard (73 pg injected); absorbance maxima: 380, 466 nm. both EXP (1.37 X 106 molecules cell-') and STN phases 

[B) UV absorbance spectrum of spinach Fd reference stan- (0.56 X 106 molecules cell-') of Fe-replete cultures, Yet . . 
dard (50 pg injected): absorbancemaxima: 330,423,466 nm this iron-dependent protein could not be detected in 
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Fig. 2. Thalassiosira weissflogii. (A) Representative HPLC/PDA trace of crude protein extract from a stationary-phase, iron- 
replete culture. (B) UV absorbance spectrum of Fd (retention time 24.38 rnin); absorbance maxima: 331, 429, 466 nm. (C) UV 

absorbance spectrum of Flv (retention time 26.68 min); absorbance maxima: 380. 460 nm 
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1 

Flv 

WAVELENGTH (nrn) 

Fig. 3. Thalassiosira we~ssflogii. (A) Representative 
HPLC/PDA trace of crude protein extract from a sta- 
tionary phase, iron-limited culture. (B) UV absorbance 
spectrum of Flv (retention time 26.68 min); absorbance 

1 2 3 4 5 6 7 8 9 1 o 1 1 1 ~ 1 ~ ~ 4 1 ~ 1 6 1 7 1 8 1 ~ ~ 0 ~ ~ z ~ z ~ ~ 4 ~ s ~ ~ z 7 z ~ z 9 ~ o  maxima: 382, 465 nm 
TIME (rnin) 

any Fe-limited cultures regardless of growth phase. If DISCUSSION 
Flv and Fd levels (by molecules) are incorporated into 
a n  index expressing Flv as a percentage of the com- Development of a new HPLC/PDA technique for the 
bined pool of Flv and Fd, analysis of Flv and Fd in crude protein extracts from 

[Flv/(Flv + Fd)] X 100, 
algae allowed us to obtain real-time spectral ab- 

(l) sorbance signatures of chrornatogram peaks, which 
values for Fe-replete cultures range from about 10 to 
15%, while the index is consistently 100% under con- 
ditions of iron stress, reflecting the undetectable levels 
of Fd in these cells (Table 1). 

Flv accounted for less than 1 U/O of soluble protein (by 
weight) in cells of all Fe-replete cultures, but increased 
markedly to about 15 % in Fe-limited cultures for either 
EXP or STN phases. By comparison, Fd remained at  a 
relatively constant 1 to 2 %  of soluble protein in Fe- 
replete cells irrespective of growth phase. As already 
noted, Fd was not detected under conditions of iron 
stress. The chl a content of cells in the low Fe addition 
cultures was 2- to 3-fold lower than for those cells at the 
same growth phase under ~ron-sufficient conditions. 

provided unambiguous proof of the presence of Flv in 
both iron-replete and iron-stressed cells of Thalas- 
siosira weissflogii. While it was  not possible to deter- 
mine absolute quantities of Flv or Fd present in 
extracts, due to a lack of purified reference standards 
from T. weissflogii, quantification based on measure- 
ments of these same proteins isolated from other spe- 
cies permitted us to assess their relative changes as a 
function of culture iron status. Our data are consistent 
with the recent findings of LaRoche et al. (1993), who 
used western blot techniques to document the pres- 
ence of Flv in iron-stressed, marine eukaryotic phyto- 
plankton for the first time. Extrapolation of their results 
to broader issues of marine ecology is constrained, 

Table 1 Thalassiosira we~ssflogii. Biochemcal characteristics of iron-replete (+Fe) and iron-limited (-Fe) batch cultures sampled 
at either the mid-exponential (EXP) or the early stationary (STN) phase. Three replicates were performed for all experiments 

except -Fe/STN, where n = 2. Values in parentheses are kSD. nd: not detectable 

Iron Chl a Soluble Fd Fd Flv Flv Fd % Flv % [Flv/(Flv + 
status (fg cell-') protein (molecules (fg cell-') (molecules (fg cell.') sol prot sol prot Fd)] X 100 

(pg cell-') cell-' X 105) cell'' X 105) (wt/wt) (wt/wt) 

EXP 
+Fe 223 (6) 1.08 (0.1 1) 13.7 (0.75) 26.3 (1.5) 1.50 (0.08) 5.3 (0.6) 2.46 (0.29) 0.50 (0.05) 9.9 (1.0) 
-Fe 130 (17) 0 68 (0.06) nd nd 29.0 (4.0) 109 (15 6) nd 15.31 (0.97) 100 (0) 

STN 
+Fe 307 (32) 0.96 (0.08) 5.62 (0.11) 17.3 (11.0) 1.23 (0 48) 4.6 (1 5) 1.10 (0.05) 0.50 (0.20) 14.8 (3.9) 
-Fe l10 (0) 0.85 (0.04) nd nd 37.4 (2.8) 140 (14.1) nd 16.35 (0.98) 100 (0) 
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Morel 1986), suggests that phytoplankton species in 
nearshore environments may be  adapted to minimize 
the effects of iron stress, a characteristic generally 
attributed only to their oceanic counterparts. The only 
comparable data on Flv levels of which we are aware 
are those of Jones (1988), who reported that Flv rep- 
resented 4 % of the soluble protein for severely Fe- 
limited cells of the freshwater cyanobacterium 
Anabaena. We acknowledge the potential error asso- 
ciated with the use of Chlorella Flv I1 standards for 
HPLC-based quantification of our T. weissflogii Flv, 
but consider the error to be  small. For example, the 
use of Anabaena Flv standard to quantify purified 
Chlorella Flv I1 resulted in only a 15% overestimate 
from values obtained using Chlorella Flv a s  a stan- 
dard (G.J.D. & D.L.E. unpubl. data).  

The detection of a constitutive Flv in Thalassiosira 
weissflogii is not unique among those eukaryotic algae 
previously reported to synthesize this flavoprotein 
(Fitzgerald et  al. 1978, Price et al. 1991), yet it is not 
clear what adaptive advantage is conferred by Flv in 
Fe-replete cells. Constitutive Flv isolated from the red 
algal species Chondrus crispus (Fitzgerald et  al. 1978) 
is present at  levels far above the corresponding Fd. By 
comparison, the flavodoxins of another red alga, Por- 
phyra umbilicalis (Price et al. 1991), a re  considerably 
less abundant than Fd and thus more similar to the 
results obtained for T. weissflogii in this study. Given 
that such a broad range in the relative proportions of 
Flv and Fd is possible among eukaryotic marine algae, 
it appears unlikely that the role played by these vari- 
ous flavodoxins in cellular metabolism is identical. In 
cases where Flv reaches maximum concentrations 
under conditions of iron stress and the accompanying 
Fd levels are  comparatively low, it is reasonable to 
think, based on numerous in vitro and in vivo studies, 
that the flavoprotein containing no iron replaces the 
iron-sulfur protein in certain metabolic pathways 
essential for cell growth and maintenance. This expla- 
nation likely applies to Fe-stressed T. weissflogil cells, 
and is consistent with the theoretical arguments of 
Morel (1987) that reductions in cellular iron quota 
(coupled with elevated maximum iron uptake rates) 
allow this species to maintain near maximum growth 
rates over a 300-fold range of free ferric iron activities. 

CONCLUSION 

Here we described the development of a new 
HPLC/PDA method for the separation and identifica- 
tion of Flv and Fd that allowed us to demonstrate 
unequivocally that the marine diatom Thalassiosira 
weissflogii produces substantial quantities of Flv in 
response to conditions of iron stress. This method can 

now be  used to screen other marine phytoplankton 
species for this nutritional strategy, free from concerns 
about cross-reactivity and other limitations associated 
with immunodetection techniques. We also provided 
evidence for the constitutive expression of Flv by T 
weissflogii, albeit at  levels ca 10-fold lower than those 
of Fd. T. weissflogii Flv represents the fourth constitu- 
tive Flv documented for a eukaryotic algal species. A 
simple index of Flv abundance relative to Fd showed 
good potential as an  indicator of iron stress, even with 
constitutive Flv present. Additional laboratory and  
field studies are  now needed to critically evaluate the 
applicability of Flv and Fd relative abundance a s  a 
diagnostic indicator of iron limitation in a broad range 
of species and natural phytoplankton communities. 
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