
 

 

 University of Groningen

Iron-mediated effects on nitrate reductase in marine phytoplankton
Timmermans, Klaas; Stolte, W.; de Baar, Henricus

Published in:
Marine Biology

DOI:
10.1007/BF00346749

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1994

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Timmermans, K. R., Stolte, W., & Baar, H. J. W. D. (1994). Iron-mediated effects on nitrate reductase in
marine phytoplankton. Marine Biology, 121(2), 389-396. DOI: 10.1007/BF00346749

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 11-02-2018

http://dx.doi.org/10.1007/BF00346749
https://www.rug.nl/research/portal/en/publications/ironmediated-effects-on-nitrate-reductase-in-marine-phytoplankton(96305dcd-bade-4eb3-ab63-e79150f6fd6e).html


Marine Biology (1994) 121:389-396 �9 Springer-Verlag 1994 

K. R. Timmermans �9 W. Stolte.  H. J. W. de Baar 

Iron-mediated effects on nitrate reductase in marine phytoplankton 

Received: 22 February 1994 / Accepted: 11 April 1994 

Abst rac t  The potential activity of nitrate reductase was 
determined in uni-algal cultures in the laboratory and in 
natural marine phytoplankton assemblages. In the labora- 
tory bioassays, distinct differences in nitrate reductase ac- 
tivity were observed in iron replete versus depleted cul- 
tures for EmiIiania huxIeyi, Isochrysis galbana and Tetra- 
selmis sp. Cells from iron-depleted cultures had 15 to 50 
percent lower enzyme activity than those from iron-replete 
cultures. Upon addition of iron, nitrate reductase activity 
was enhanced in depleted cells up to levels comparable to 
those of the replete cells. Bioassays in the northern North 
Sea conducted in 1993, under low iron conditions, demon- 
strated similar results. Upon addition of 2.5 nM iron, a dis- 
tinct enhancement, to a maximum of three times, of nitrate 
reductase activity was observed within 32 h after addition. 
Therefore, iron can stimulate nitrate reductase activity. In 
spite of the clean techniques used, some nitrate reductase 
activity was always observed. Iron deficiency was shown 
to impair nitrate reductase activity, but it is unlikely that 
nitrate reduction would cease completely. 

Introduction 

The crucial role of iron in the bioenergetics of carbon and 
nitrogen metabolism in phytoplankton is well recognised 
(Morel 1986; Raven 1988; Sunda 1989; Morel et al. 1991). 
Substantial amounts of catalytic iron are required in pho- 
tosynthetic and respiratory electron transport chains (fer- 
redoxin, cytochrome) (Raven 1988). Furthermore, iron is 
essential in the synthesis of  chlorophyll (Chereskin and 
Castelfranco 1982). Finally, reduction of nitrate and nitrite 
is dependent on the presence of iron (Salisbury and Ross 
1978). After carbon, nitrogen is quantitatively the second- 
most important constituent of algal biomass (Syrett 1981). 
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The reduction of nitrate to ammonium requires large 
quantities of reducing power (8 mol e- moF 1 N), as weR 
as the enzymes nitrate and nitrite reductase, both of which 
need iron. Therefore, effects of iron on nitrogen metab- 
olism in (marine) phytoplankton have received much at- 
tention (Verstreate et al. 1980; Rueter and Ades 1987; 
Dugdale and Wilkerson 1990; Doucette and Harrison 
1991 a, b; Price et al. 1991). It is hypothesised that iron, 
through its effect on nitrogen metabolism, may affect the 
structure and functioning of marine ecosystems (Banse 
1991). More specifically, ammonium utilisation (regener- 
ated production, cf. Dugdale and Goering 1967) is not ex- 
pected to be directly influenced by the absence or presence 
of iron, as it can be readily incorporated in the cell. Nitrate 
utilisation (new production), on the contrary, could be lim- 
ited by low ambient iron concentrations, as heine and iron- 
sulphur compounds serve as co-factors in the reduction 
from nitrate via nitrite to ammonium. It is generally as- 
sumed that nitrate reduction is the rate-limiting step in the 
overall conversion to ammonium. For example, intracel- 
lular accumulation of high concentrations of intermediate 
nitrite has never been observed, and (potential) nitrate re- 
ductase activity is measured to be five to 20 times lower 
than nitrite reductase activity (Eppley et al. 1971; Tisch- 
ner 1976). In particular, the iron-mediated shift from re- 
generated to new production, as commonly observed in  
bloom events, the concomitant drawdown of carbon diox- 
ide from the atmosphere, as well as the change in commu- 
nity structure have drawn considerable attention in recent  
years (de Baar et al. 1990; Martin et al. 1990; Banse 1991; 
Buma et al. 1991). 

The activity of nitrate reductase appears to be the cru- 
cial step in a chain of reactions, but in itself has received: 
little attention. The majority of research on iron-mediated 
effects on nitrogen metabolism has been based on measur- 
ing the overall uptake of nitrate. Price et al. (1991) ob-  
served enhanced uptake of tSN-nitrate and ensuing higher 
f-ratio's (nitrate uptake divided by total N-uptake) upon 
addition of iron to phytoplankton from the equatorial Pa- 
cific Ocean. Similarly, Doucette and Harrison (1991 b), 
found evidence for decreased nitrate transport and reduc-: 
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tion in i ron-depleted Gymnodinium sanguineum in labor- 
atory experiments.  The conclusions  from these invest iga-  
t ions support  previous observat ions that, when growing on 
nitrate as ni t rogen source, iron def ic iency causes several 
symptoms of ni t rogen l imitat ion (Glover  1977). 

The present  study focuses on the role of iron on nitrate 
reductase activity in mar ine  phytoplankton.  Here, we 
choose a direct approach: assessment  of the first, l ikely 
rate- l imit ing,  step of nitrate uti l isation.  The potential  of ni-  
trate reductase to serve as an indicator  of the ni t rogen 
source in use was first discussed by Eppley et al. (1969). 
They concluded that when nitrate reductase activity was 
present, phytoplankton used nitrate as a ni t rogen source. 
In the absence of nitrate reductase activity, another nitro- 
gen source was used, or growth stopped as a result  of  de- 
pletion. As presence of iron is a prerequisi te  for either syn- 
thesis or proper funct ioning  of nitrate reductase, we have 
sought to extend the indicat ive properties of nitrate reduc- 
tase to the presence or absence of iron. We hypothesised 
that under  low iron condit ions,  no or low nitrate reductase 
activities should be encountered.  Upon the addit ion of iron, 
an increased enzyme activity was expected as the result  of  
enzyme or co-factor induct ion.  

The potential  activity of nitrate reductase was deter- 
mined  in laboratory cultures of iron-replete and iron-de-  
pleted mar ine  phytoplankton.  Induct ion of enzyme activ- 
ity was studied in t ime series of experiments  in which iron 
was added to cultures grown without iron. In addition, ni-  
trate reductase activity was determined in phytoplankton 
assemblages in the northern North Sea. Enzyme  activities 
under  natural  condi t ions  and after addit ion of iron were 
studied. 

Materials and methods 

Laboratory bioassays 

Uni-algal cultures of Emiliania huxleyi, Isochrysis galbana, Tetra- 
selmis sp. from our culture collection were grown in polycarbonate 
erlenmeyer 1-liter flasks on artificial seawater at 15 ~ The light in- 
tensity (~120/aEm -2 s -1) was measured with a LiCor Li 185B 
equipped with a spherical sensor. A 16 h light : 8 h dark cycle was 
maintained. Rigorous precautions were taken to prevent iron con- 
tamination and introduction of bacteria into the medium. All labor- 
atory equipment, polycarbonate and Teflon, was pre-treated with 
6 N triple quartz distilled HC1 for several days, followed by at least 
five rinses with de-ionised water. The medium was prepared in a 
Class-100 laminar flow bench. The artificial seawater (AQUIL, Mor- 
el et al. 1979) was passed at pH 5.5 over a Chelex-100 ion exchange 
resin in order to remove any trace metal contaminants. Ultra-pure 
nutrient stocks, trace metals (with EDTA, but without Fe) and vita- 
mins were added. Finally, the complete medium was adjusted to pH 
8.0 with sterile 1 N NaOH. After this, the medium was filtered (0.2 
~tm), microwave heated (80 to 90 ~ frozen (-50 ~ and slowly 
thawed. This resulted in sterile conditions in the erlenmeyers, yet the 
absence of bacteria was not actually verified. 

Iron analyses were performed according to Gordon et al. (1982). 
Measured total iron concentrations in the final medium ranged from 
0.64 to 1.30 nM in cultures without added iron (control) and from 
9.8 to 15.3 nM in cultures spiked with iron. Computer calculations 
with EASEQL, a computer model that calculates equilibrium con- 
centrations of metal species based on a thermodynamic data base 

(Morel 1983), indicated free iron concentrations of 10 -22.2 M in the 
medium without iron addition. With iron addition, free ion concen- 
trations of 10-19"2M were calculated. For the replete cultures, a 
10-IS2 M free iron concentration was calculated. 

After at least three l-wk growth periods, during which cells were 
transferred to new medium with the same iron concentration, cells 
were harvested during exponential growth for determination of ni- 
trate reductase activity. Before inoculation, the medium contained 
80 gM nitrate and 5 gM ammonium. The absolute concentrations of 
nitrate and ammonium were verified before nitrate reductase bioas- 
says were performed. Induction of nitrate reductase activity was stud- 
ied upon the addition of iron to iron-depleted cultures. For this pur- 
pose, subsamples of depleted iron cultures were spiked with 5 nM 
iron, as FeC13 (without EDTA), and incubated as the other cultures. 
In the following 24 to 48 h, nitrate reductase activity bioassays were 
performed with iron-spiked, as well as iron-depleted (control) and 
iron-replete (plus) cultures. 

Field experiments 

Four iron addition experiments were conducted during the BLOOM 
1993 cruise (June-July 1993) to the northern North Sea. An over- 
view of the research area with sampling stations and the location of 
phytoplankton activity is provided in Fig. 1. Briefly, three different 
areas could be discerned. A large, high reflectance area (a post-bloom 
ofEmiliania huxleyi) was characterised by whitish blue water, caused 
by loose coccoliths and low nutrient concentrations. To the north, a 
narrow zone of actively growing phytoplankton, dominated by cya- 
nobacteria, was encountered. Finally, the northeast Atlantic Ocean 
was characterised by high numbers of cyanobacteria and small eu- 
karyotes and by relatively high nutrient concentrations (Veldhuis and 
Timmermans in preparation). 

Ultra clean techniques were applied. Typically, the experiments 
were as follows: water was sampled from 10 m depth with Go-Flo 
bottles, mounted on a Teflon-lined conductivity, temperature and 
depth (CTD) frame. Water from the sampling bottles was led, with- 
out pre-screening, through Teflon tubing passing across the wall of 
a temperature controlled Class-100 clean container. Each incubation 
bottle received 10 liters. The incubations were performed at 11 ~ 
and light intensities of ca. 100 laE m .2 s -1 in a 16 h light: 8 h dark 
cycle, designed to mimic the ambient light conditions. At t=0 h, an 
addition of 2.5 nM iron, as FeC13 , without EDTA, was made to two 
bottles. Two bottles served as controls. Samples for cell counts were 
collected every 4 h. After 24 h incubation, ~SN-nitrate and 15N-am- 
monium spikes, equal to 10% of the ambient concentrations at the 
beginning of the experiment, were made resulting in the following 
four combinations: plus Fe/nitrate, plus Fe/ammonium, control 
Fe/nitrate and control Fe/ammonium. Nitrate and ammonium uptake 
rates were determined based on 15N uptake (Timmermans et al. in 
preparation). Nitrate reductase activity was determined in all incu- 
bations at approximately t= 32 h. 

Two iron enrichment experiments (Expts 1 and 3) were performed 
in the high reflectance area, one in the actively growing phytoplank- 
ton zone (Expt 2) and one in the northeast Atlantic Ocean (Expt 4). 
Iron analyses on board were made using cathodic stripping voltam- 
metry (Gledhill et al. in preparation). With this method, reactive iron 
could be measured, defined as that fraction which reacts with the 
added chelating agent (nitroso-naphtol). In the high reflectance 
area, reactive iron concentrations ranged from 0.55 to 1.91 nM. In 
the actively growing zone, the experiment suffered from serious iron 
contamination, resulting in reactive iron concentrations ranging 
between 6.43 and 11.4 nM in the controls. Ambient reactive iron con- 
centrations were, however, ca. 1.0 nM (Gledhill et al. in preparation). 
In the northeast Atlantic Ocean, reactive iron concentrations were 
between 1.05 and 1.35 I~/ in  the controls. Iron additions resulted in 
concentrations in reasonable agreement with the target concen- 
trations (1.48 to 2.1 nM, with the exception of the contaminated 
Expt 2). 

Nutrient analyses on board resulted in nitrate concentrations of 
0.03 to 1.53 gM and ammonium concentrations of 0.42 to 1.76/aM 
in the high reflectance area. In the actively growing phytoplankton 
zone and the northeast Atlantic Ocean, nitrate concentrations ranged 
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from 5.6 to 6.2 gM and ammonium concentrations from 0.32 to 0.69 
laM. 

In addition to the bioassays, natural nitrate reductase activity was 
determined directly in depth profiles. One depth profile was meas- 
ured at Stn 13, in the actively growing zone, and one depth profile 
at Stn 33, in the high reflectance area (Fig. 1). 

Nitrate reductase activity bioassays 

Numerous methods and modifications for the determination of ni- 
trate reductase activity in laboratory phytoplankton cultures and nat- 
ural phytoplankton have been described (Eppley et al. 1969; Pack- 
ard et al. 1978; Hochman et al. 1986). We benefited from all these 
descriptions and designed a method adapted for our objectives. A 
cell suspension (10 to 40 ml for the laboratory cultures, 200 to 
500 ml in the field) was gently filtered on a GF/C glass fiber filter 
(Whatman). Cells and filter were placed in small flasks and soaked 
in 6 ml of a 150 mM phosphate buffer (pH 7.8). Toluene (100 pl) 
was added to permeate the cells, and 0.4 ml NADH, resulting in a fi- 
nal concentration of 6.5 raM, was provided as a reducing agent. The 
bioassays were started by the addition of 0.4 ml KNO 3 (final con- 
centration of 0.1 M) and performed at room temperature under light. 
Samples (1 ml) were taken after 10, 20 and 30 rain. The enzyme re- 
action was stopped by adding the sample to 1.7 ml boiling de-ion- 
ised water in a centrifuge tube. Finally, samples were centrifuged for 
15 rain at 4000 rpm (1100 g), 2 ml supernatant was pipetted into 
sampling cups, and automated nitrite analyses were performed with 
a Skalar Auto Analyser. The effects of diel periodicity on nitrate re- 
ductase activity, as described by Eppley et al. (1971), were avoided 
as different incubations were sampled at the same time of the day. 
Enzyme activity was standardised to fmol (10 -15 M) nitrite formed 
cell -1 h 1. Cell counts were performed with an Elzone particle coun- 
ter (laboratory assays) or with a Coulter flow cytometer (field as- 
says). 

Results 

Laboratory bioassays 

Nitrate reductase activity could be measured in all cultures 
studied, even in the cultures grown without addit ional iron. 
The enzyme activities were always lower in the cells grown 
under  iron deficiency. In spite of all clean techniques ap- 
plied, the nitrate reductase activity could not be stopped 
completely. 

The nitrate reductase activity in Emiliania huxleyi 
grown with iron was approximately twice as high as in 
those grown without iron (Fig. 2 A). Within  24 h after ad- 
dition of iron, the enzyme activity increased signif icantly 
(t-test, p = 0.001 ) in the i ron-depleted cells and reached the 
values of those which had cont inuously  been grown with 
iron. For Isochrysis galbana, a small, but  significant  
(t-test, p= 0 .014 ) ,  difference between cells cultured with 
or without iron was observed (Fig. 2 B). After addition of 
iron, an increase in nitrate reductase activity was seen af- 
ter 24 h. Tetraselmis sp. cells cultured without iron had a 
signif icantly lower activity than those cultured with iron 
(t-test, p = 0.007, Fig. 2 C). Upon addition of iron, a grad- 
ual increase in enzyme activity in time was observed. Fi-  
nally, this resulted in even greater nitrate reductase activ- 
ity than in cells cultured with iron. After 48 h, the enzyme 
activity appeared to decrease again, approaching levels of  
the cells grown with iron. 
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Fig. 2 Emiliania huxleyi, Isochrysis galbana and Tetraselmis sp. 
Average-+ SD nitrate reductase activity in uni-algal cultures of A E. 
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spiked with iron (spike, n=2), B L galbana with iron (n=2), with- 
out iron (n = 2) and spiked with iron and C Tetraselmis sp. with iron 
(n = 3), without iron (n = 3) and spiked with iron 
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-Field bioassays 

Assessments  of  natural nitrate rednctase activities were 
made in two separate depth profiles (Fig. 3 A and B). The 
highest values of  enzyme activity were present near the 
surface. At the deepest points at both stations nitrate re- 
ductase activity was no longer detectable. 

Iron enrichment experiments 

In Expts 1 and 3, low concentrat ions o f  iron and nitrate 
were found, the absolute values of  nitrate reductase activ- 
ity differed substantially in the two experiments (Fig. 4 A 
and C). However,  the general trend was the same. Upon 
the addition o f  iron, nitrate reductase activity was stimu- 
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lated in the incubation with the iron and nitrate addition 
(Expt 1: t-test, p=0.009; Expt 3, non-significant). The 
other incubations showed non-significant differences upon 
addition of iron. 

Expt 2, performed in the actively growing phytoplank- 
ton zone, was affected by iron contamination. Due to tech- 
nical problems, the CTD frame could not be used and the 
"clean" seawater supply of the ship was used to obtain wa- 
ter for the incubations. Cultures incubated with additional 
iron, and either ammonium or nitrate, have significantly 
higher nitrate reductase activities than those incubated with- 
out extra iron (t-test, p=0.010, Fig. 4B). In the controls, 
much lower nitrate reductase activities are measured, in spite 
of reactive iron concentrations ranging from 6.4 to 11.4 nM. 

At the northeast Atlantic Ocean (Expt 4), the addition of 
iron resulted in less obvious differences in nitrate reductase 
activity (Fig. 4D). The absolute values are low compared 
to those measured in Expt 2. In spite of the relatively high 
concentrations present, it seems that at this station low lev- 
els of nitrate were used as a nitrogen source. The addition 
of iron had non-significant effects on the enzyme activity. 

Discussion 

Evidence for the importance of iron in overall nitrate as- 
similation' in phytoplankton has been provided by Rueter 
and Ades (1987), Verstreate et al. (1980), Doucette and 
Harrison (1991 a and b) and Price et al. (1991). The present 
study gives direct evidence of the effect of iron availabil- 
ity on nitrate reductase activity. Under low iron conditions 
(<1.0 nM reactive iron), nitrate reductase activity was 
lower than under iron-replete conditions. Upon the addi- 
tion of iron, nitrate reductase activity was induced. 

During the laboratory assays and in the field experi- 
ments, nitrate was present, and ambient ammonium con- 
centrations were generally below 1.0 gM. Under these con- 
ditions, phytoplankton should contain active nitrate reduc- 
tase (Eppley et al. 1969). This turned out to be the case. 
Under all conditions, some enzyme activity was estab- 
lished, except for the deepest sampling points along the 
depth gradient (Fig. 3 A and B). Nitrate reductase depth 
profiles as reported in the present study are in accordance 
with those reported by Eppley et al. (1970), Collos and 
Slawyk (1977) and Blasco et al. (1984). At the greatest 
depth (>50 to 60 m), the nitrate reductase activity was no 
longer detectable. Since living cells, as well as ample avail- 
able iron were present there, impairment of the enzyme due 
to iron deficiency is unlikely. On the other hand, the higher 
levels of ammonium suggested that the cells no longer 
needed nitrate reductase, as utilisation of ammonium is 
deemed preferable (Thompson et al. 1989; Flynn 1991). 

Laboratory cultures 

The few laboratory assays which studied the effects of iron 
on nitrate reductase activity in phytoplankton resulted in 
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ambiguous conclusions. Cardenas et al. (1972) concluded A 
fom their study on the effect of iron on the nitrate reduc- 
ing system in the freshwater alga Chlorella sp. that nitrite 140 
reductase was stimulated, but nitrate reductase was not. ~ 120 
They worked with iron concentrations ranging from 0.1 to .~'r- v" 
100 jaM. Verstreate et al. (1980) showed that the addition "~ ~ 100 
of 39.4 laM iron resulted in Anabaena sp. producing four ~ 
times higher nitrate reductase activities. Similar experi- ~ O ~ 

80 

ments with Scenedesmus sp. showed no effects. ,z Z 60 
Our experiments with three species of marine phyto- ~ ~ 40 

plankton demonstrated that under low iron conditions ~ 
(-1.0 nM), nitrate reductase activity was lower than in "~ 20 
iron-replete cultures. Induction of enzyme activity was 
possible within 16 to 24 h. It was, however, not possible 
to shut nitrate reductase activity down completely, even 
under the cleanest conditions, i.e., a total dissolved iron 
concentration of ca. 1 nM. The same can be deduced from B 80 
the findings of Verstreate et al. (1980). We see this as an 
indication of the highly efficient use of iron in cells, re- 
sulting in the fact that even under extremely low iron con- 
ditions algae continue to assimilate nitrate. 

Natural phytoplankton 

A striking parallel between laboratory and field bioassays 
was observed, both in the sense of ambient nitrate and iron 
concentrations and in the sense of phytoplankton response. 
In the high reflectance area, under low iron conditions 
(< 1.0 nMreactive iron), nitrate reductase activity remained 
low when no iron was added, whereas a significantly higher 
activity was observed within 32 h after the addition of iron 
(Fig. 4 A). The effect on enzyme activity may be biased by 
the addition of ~SN-nitrate or 15N-ammonium. Following 
Dugdale and Goering (1967), we intended to add approx- 
imately 10% ~SN of ambient nitrogen. Because of the low 
ambient nitrate (and ammonium) concentrations, more was 
added (0.1 laM). Unintentionally, we doubled both the am- 
monium as well as the nitrate concentration. The fact that 
no increase was observed in the incubation receiving iron 
and ammonium is seen as an indication of complete or par- 
tial repression of the nitrate reductase activity due to the 
enhanced ammonium availability (Flynn 1991). Obvi- 
ously, the presence of nitrate reductase activity is not only 
an indication of nitrate availability (Eppley et al. 1969; 
Blasco et al. 1984); it is also indicative of low ambient am- 
monium concentration and presence of ample iron. The 
field data on nitrate reductase activity were confirmed by 
15N experiments (Timmermans et al. in preparation). Upon 
the addition of iron, incorporation of nitrate-N was stimu- 
lated, whereas incorporation of ammonium-N remained 
unaltered. The direct relation between iron and nitrate re- 
ductase activity, corroborates the findings by Doucette and 
Harrison (1991 b) and Price et al. (1991), who described 
enhanced nitrate uptake in marine phytoplankton upon the 
addition of iron. Enhanced availability of iron directly 
stimulated the first step in nitrate utilisation and hence new 
production. Depending on feedback mechanisms, such as 
grazing, the ecosystem structure may change. 
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Fig. 5 A Nitrate reductase activity (analyses at t= 24 h) and remov- 
al of nitrate from external medium (over 24 h) for Emiliania huxleyi 
(E hux), Isochrysis galbana (Iso) and Tetraselmis sp. (Tetra) in la- 
boratory experiments in +Fe, control Fe and spiked cultures. B Ni- 
trate reductase activity versus absolute nitrate uptake rate (both av- 
erage + SD) in iron-enriched and control incubations with North Sea 
phytoplankton. Nitrate uptake rates calculated from ~SN-nitrate ad- 
dition experiments (Timmermans et al. in preparation) 

Results from the enrichment experiments in the actively 
growing zone were less straightforward. Expt 2 suffered 
from serious iron contamination. The main lesson learned 
from this experiment is that stringent anti-contamination 
procedures are obligatory. Ordinary "clean" facilities were 
not adequate. Based on the iron concentrations, as collected 
by Gledhill et al. (in preparation) at the same station where 
water for Expt 2 was sampled, it seemed that the phyto- 
plankton was adapted to low iron concentrations (-1.0 nM 
reactive iron). Upon the addition of iron, the nitrate reduc- 
tase activity increased substantially. As nitrate was present 
at 5.0 to 6.0 btM, it was not surprising that both enrich- 
ments (nitrate and ammonium) in this experiment had high 
nitrate reductase activity. Both prerequisites had been met: 
iron and nitrate were present. 

In spite of nitrate concentrations of 6.0 jaM and the pres- 
ence of phytoplankton, very small amounts of nitrate were 
reduced during Expt 4. Under similar condition in Expt 2, 



much h igher  levels  o f  enzyme  act ivi ty  were  found. The 
most  l ike ly  explana t ion  for this d i f ference  is that, based  on 
f luorescence  measurements ,  the phy top lank ton  in Expt  4 
was less active.  Given  the low ambien t  react ive  i ron con- 
centra t ions  (<1.0 nM) measured  in this region,  it cannot  be 
ruled out  that iron def ic iency  affected the nitrate reductase  
activity.  

Severa l  authors have  looked  at a re la t ionship  be tween 
nitrate reductase  act ivi ty  and nitrate uptake  (Eppley  et al. 
1970; Col los  and S l awyk  1977; Blasco  et al. 1984). Dif-  
ferences  in the rat io of  uptake  to reduct ion  have been as- 
c r ibed  to factors such as l ight,  internal  and external  nitrate 
concentra t ions ,  and absolute  rates of  ni trate uptake.  We 
have made  a compar i son  be tween  nitrate uptake,  ca lcula ted  
ei ther  f rom the remova l  of  ni trate f rom external  med ium 
( labora tory  exper iments )  or f rom 15N incorpora t ion  rates 
(f ield exper iments) ,  and di rec t ly  measured  nitrate reduc-  
t ion ac t iv i ty  (Fig.  5 A and B). For  the labora tory  exper i -  
ments,  a s ignif icant  corre la t ion is apparent  (R=0 .87 ,  
F- tes t ,  p --- 0.022). The f ie ld data  show a non-s igni f icant  
correlat ion.  Both f igures show that  the potent ia l  nitrate re- 
ductase  act ivi ty  is h igher  than the actual  nitrate uptake rate.  
Apar t  f rom the factors ment ioned  above,  the enzyme  as- 
say is a measure  of  potent ia l  activity,  that is under  ideal  
condi t ions  of  substrate  concentra t ion,  light,  temperature ,  
reducing  power  and wi thout  f eedback  interact ions.  Thus, 
nitrate reductase  act ivi t ies  are h igher  than actual  uptake 
rates. 
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