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Nitrate reductase activity quantitatively predicts the rate of 
nitrate incorporation under steady state light limitation: 
A revised assay and characterization of the enzyme in 
three species of marine phytoplankton 

John A. Berges’p2 and P. J. Harrison 
Department of Oceanography, University of British Columbia, Vancouver V6T 124 

The enzyme nitrate reductase (NR) has been proposed as an index of nitrate incorporation rates in marine 
phytoplankton, but it has proven difficult to interpret NR measurements in field settings because many 
previous NR assays have been poorly optimized and NR activity in phytoplankton has been poorly char- 
acterized under steady state conditions. An NR assay was developed for the diatom Thalassiosira pseudonana 
using an extraction in phosphate buffer with Triton X- 100, EDTA, dithiothreitol, polyvinyl pyrrolidone, and 
bovine serum albumin. NR activity in homogenates was stable for up to 1 h, but filtered samples could be 
stored for 96 h in liquid nitrogen without significant loss of activity. Addition of FAD to crude extracts of 
T. pseudonana had no effect, whereas the effect on desalted extracts or crude extracts from other species, 
varied from decreases in NR activity to over 250% increases. Half-saturation constants (K,) varied between 
species; high levels of NADH or nitrate were found to be inhibitory in some cases. These results indicate a 
wide diversity of forms of NR in marine phytoplankton. Under continuous, light-limited growth, NR activity 
was quantitatively related to calculated rates of nitrate incorporation (pN) in T. pseudonana, Skeletonema 
costatum, and three other diatom species examined. The relationship differed for 10 other species; NR activity 
was equal to bN in some cases, but higher or lower in others. In dinoflagellates, in particular, NR activity 
was highly correlated with pN, but accounted for ~20% of hN in Amphidinium carterae. 

The importance of nitrogen metabolism in general, and 
nitrate metabolism in particular, in the marine environ- 
ment is based not only on the frequent identification of 
nitrogen as a nutrient limiting primary production, but 
also because of the important differences between the fate 
of production depending on whether newly available ni- 
trogen (e.g. nitrate) or regenerated forms (e.g. ammonium) 
are used (Dugdale and Goering 1967; Platt et al. 1992). 
Thus, measurements of rates of nitrate incorporation 
(sensu Wheeler 1983, i.e. the combination of inorganic 
nitrogen into large macromolecules such as proteins and 
nucleic acids) by marine phytoplankton are critical to 
understanding rates of primary production and biogeo- 
chemical cycling in many areas of the oceans. 

Current methods of estimating rates of nitrate incor- 
poration are based largely on incubation techniques with 
the stable isotope 15N as a tracer (Dugdale and Wilkerson 
1986). It is appreciated that there are problems with this 

I Present address: Building 318, Brookhaven National Lab- 
oratory, Upton, New York 11973. 

2 To whom correspondence should be addressed. 

Acknowledgments 
WC thank S. Huber for advice on and discussions of Sephadex 

treatment of enzyme extracts, and A. D. M. Glass and R. W. 
J3rownsey for valuable discussions and comments on earlier 
drafts. T. T. Packard, Q. Dortch, and S. I. Ahmed also provided 
suggestions. 

This research was supported by operating grants from the 
Natural Sciences and Engineering Research Council (P.J.H.), 
and by NSERC postgraduate and Killam predoctoral fellow- 
\hips (J.A.J3.). 

method: additions of labeled nitrogen may perturb nu- 
trient-limited systems (Dugdale and Wilkerson 1986), and 
there are often problems with the loss of 15N label. For 
example, Bronk and Glibert (1993) examined the release 
of dissolved organic N (DON) during incubations and 
concluded that releases were equivalent to 5-54% of ni- 
trogen uptake. Collos et al. (1992) found that laboratory 
cultures released up to 63% of the nitrate they took up 
in the first few hours of the light period as DON. Problems 
also arise from the necessity of collecting and incubating 
cells in containers, including metal toxicity, grazing en- 
hancement, altered light fields, and filtration artifacts (e.g. 
Leftley et al. 1983; Collos et al. 1993). Finally, the 15N 
technique is applied to phytoplankton communities; 
measuring nitrogen incorporation at the level of an in- 
dividual taxon is very difficult. 

One means to overcome these problems involves mca- 
surement of enzyme activities (see Bcrges and Harrison 
1993). The quantity of enzyme protein can be estimated 
by immunoassay (e.g. Smith et al. 1992), but this then 
requires conversion from an enzyme quantity to an cn- 
zyme activity. Direct activity measurements, on the other 
hand, require the assumptions that the enzyme is extract- 
ed without damage and that it is saturated with all sub- 
strates and cofactors. In either case, for an enzyme mea- 
surement to be a good index of a biological rate, the 
enzyme must be highly correlated with the rate process, 
and the in vitro assay used must provide a true reflection 
of the in vivo activity of the enzyme (Newsholmc and 
Crabtrec 1986). The latter assumption can be problematic 
because enzyme activity is modulated in vivo by pro- 
cesses such as phosphorylation and allostcric modifica- 
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tion, and thus may bear little relationship to in vivo ac- 
tivity. In practice, experimental correlation of enzyme 
activity to the independently measured rate is necessary 
but is surprisingly seldom performed. 

The enzyme nitrate reductase (nitrate : nitrite NADH 
oxioreductase, E.C. 1.6.6.1, NR) has been used for some 
time in oceanographic settings to predict nitrate incor- 
poration rates (e.g. Eppley et al. 1969; Blasco et al. 1984), 
but the results have been highly variable and generally 
difficult to relate to other field measurements. Both in the 
field and in the laboratory, it has been concluded that NR 
is unsatisfactory as an index of nitrate incorporation rates 
(see e.g. Eppley et al. 1969; Dortch et al. 1979; Blasco et 
al. 1984). Yet a major problem with previous work is 
that NR assays have been applied to field situations before 
there has been adequate laboratory investigation. Leftley 
et al. (1983) criticized marine ecologists for their over- 
enthusiasm in taking fledgling methods to the field where 
independent measurements of the processes are often im- 
possible. In general, previous laboratory studies of NR 
activity in marine phytoplankton have also been less than 
satisfactory because they have failed to address the as- 
sumptions for use of the NR activity assay, or they have 
concentrated on complex situations without considering 
first the steady state relationships. 

In this paper, we consider whether current extractions 
and assays of NR are adequate, and secondly, whether 
there is a consistent relationship between NR and nitrate 
incorporation rate under steady state light limitation. In 
future papers, we will address the relationship between 
NR activity and incorporation rates under nutrient lim- 
itation and the role of regulatory mechanisms under dif- 
ferent nonsteady state conditions. 

Materials and methods 

General culture conditions-All species used were ob- 
tained from the Northeast Pacific Culture Collection 
(NEPCC), Department of Oceanography, University of 
British Columbia. Cultures were grown in semicontin- 
uous batch culture in artificial seawater medium (ESAW, 
as given by Berges and Harrison 1993) at 17.5 +0.5”C 
under continuous light, with nitrate (550 PM) as the sole 
nitrogen source (Berges and Harrison 1993). 

Enzyme optimization experiments- For initial exper- 
iments to optimize the NR assay, semicontinuous l-liter 
batch cultures of the diatom Thalassiosira pseudonana 
Hustedt (Hasle and Heimdal) (3H clone, NEPCC 58) were 
used. These cultures were harvested in midlogarithmic 
growth phase at cell densities of < 5.0 x lo5 cells ml-l. 

Initially, an NR assay similar to that of Eppley (1978) 
was used. Use of MgSOd, included in the Eppley (1978) 
assay, may be problematic because of the effect of Mg on 
the regulation of NR (see Huber et al. 1992); thus, it was 
not included in the present study. Preliminary results 
showed that MgSO addition had no effect on NR activity 
in T. pseudonana. All reagents were obtained from Sigma 
Chemical Co. and were of the purest grade available. The 

extraction medium (buffer A) consisted of 200 mM phos- 
_ phate buffer, pH 7.9, 1 mM dithiothreitol (DTT), and 
0.3% (wt/vol) polyvinyl pyrrolidone (PVP). Cells were 
harvested on 25-mm GF/F filters and homogenized in 
an ice-water slurry in 1 .O ml of extraction buffer using a 
glass-Teflon homogenizer. Homogenates were clarified by 
centrifugation at 750 x g at 4°C for 5 min. The super- 
natants were removed and used immediately for assays. 
Assays were conducted in l-cm disposable plastic cu- 
vettes in a total volume of 1.0 ml, containing final con- 
centrations of 200 mM phosphate buffer, pH 7.9,0.2 mM 
NADH, and 100-400 ~1 homogenate. Reactions were ini- 
tiated by adding KN03 to a final concentration of 10 mM. 

For spectrophotometric assays, the oxidation of NADH 
was followed at 340 nm with a temperature-controlled 
spectrophotometer (Berges and Virtanen 1993). Enzyme 
activities were always determined at the temperature at 
which the cells had been grown. The initial rate of ab- 
sorbance change was followed for 5 min before addition 
of KNOX; the rate after ISNO addition was corrected for 
this background to give the nitrate-specific rate of absor- 
bance change, which was converted to a rate of NADH 
oxidation using a millimolar extinction coefficient of 6.22. 
In the same samples, nitrite production was also deter- 
mined by a modification of the method of Eppley (1978). 
The reaction was stopped after 1 O-l 5 min, with 2.0 ml 
of 550 mM zinc acetate. The homogenate was clarified 
by centrifugation at maximum speed in a clinical centri- 
fuge. Excess NADH which could interfere with the sub- 
sequent assay of nitrite was oxidized by adding 20 ~1 of 
125 PM phenazine methosulphate (PMS, Scholl et al. 
1974). The nitrite produced was measured colorimetri- 
tally with sulfanilamide and N-( 1 -napthyl)-ethylenedi- 
amine 2 HCl solutions and absorbance was measured at 
543 nm (Eppley 1978). Activities were expressed in units 
(U) per cell, where one unit of enzyme activity catalyses 
the conversion of 1 pmol of substrate to product per 
minute. 

Although the relationship between nitrate reduction 
and NADH oxidation is stoichiometric in purified prep- 
arations of NR (Evans and Nason 1953), this may not be 
true in crude homogenates. To verify this, we compared 
activities calculated using NADH oxidation and nitrite 
production in different cultures grown to a range of cell 
densities. Throughout subsequent experiments, the 
equivalence of these methods was routinely verified, par- 
ticularly when investigating a new species or new culture 
conditions. 

Homogenization and extraction procedures were var- 
ied. In one experiment, six samples were collected from 
a single culture by filtration as previously described. An 
additional six samples were collected by centrifuging cell 
suspensions at 18,000 x g for 15 min at 4°C. The pellets 
were resuspended in 1 .O ml of extraction buffer. To ac- 
count for volume differences between treatments and im- 
prove homogenization, we added dry 25-mm GF/F filters 
to centrifuged cell suspensions. Three samples from each 
collection method were ground as previously described. 
The other three samples were sonicated for 60 s with a 
Branson model 20 sonic disrupter with a microprobe on 
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the 40% power setting. Homogenates were centrifuged 
and assayed as previously described. A second experi- 
ment tested whether extraction of NR from cells was 
complete. Six samples were collected from a single culture 
by filtration. Three samples were placed in normal NR 
extraction buffer (buffer A), and three were placed in buff- 
er A plus 0.1% Triton X- 100. All samples were ground 
and centrifuged as previously described. The resulting 
supernatants were removed and the pellets were rehom- 
ogenized in an additional 1 .O ml of extraction buffer, and 
NR was determined in each fraction. For subsequent ex- 
periments, homogenates were collected by filtration and 
homogenized by grinding with 0.1% Triton X- 100 added. 

The effects of different buffers on NR activity were 
compared. Four sets of three samples each were collected 
from a single culture and homogenized and assayed in 
either 200 mM phosphate, 50 mM 3-(N-Morpoli- 
no)propanesulfonic acid (MOPS), 50 mM Tris(hydroxy- 
methyl)aminomethane (TRIS), or 50 mM imidazole buf- 
fers, all adjusted to pH 7.9, but having the same additions 
as buffer A. Subsequent experiments were all conducted 
with 200 mM phosphate buffer, pH 7.9. 

The effects of different additions to the extraction buffer 
that have previously been shown to enhance NR activity 
(see also Newsholme and Crabtree 1986) were tested. 
Triplicate samples from a single culture were prepared in 
buffer alone (200 mM phosphate plus 0.1% Triton X- loo), 
buffer plus 5 mM EDTA (which binds contaminating 
metals that could decrease enzyme activity), buffer plus 
1 mM DTT (a reducing compound that protects cysteine 
residues on the enzyme from oxidation), buffer plus 0.3% 
(wt/vol) PVP (which binds phenolic compounds that could 
interfere with enzyme activity), or buffer plus EDTA, 
DTT, and PVP. For subsequent experiments the extrac- 
tion buffer consisted of 200 mM phosphate buffer, Triton 
X- 100, EDTA, DTT, and PVP (buffer B). 

The stability of enzyme extracts was assessed with three 
treatments. Sets of triplicate samples from a single culture 
were homogenized with buffer B alone, buffer B plus 3% 
BSA, or buffer B plus a protease inhibitor mix recom- 
mended by Gegenheimer (1990), consisting of 1 mM 
phenylmethylsulfonyl fluoride (PMSF), 1 mM benza- 
mide, 1 mM benzamidine-HCl, 5 mM c-amino-n-caproic 
acid, 1 pg ml-l antipain, 1 pg ml-’ leupeptin, and 0.1 
mg ml- l pepstatin A. Extracts were assayed immediately, 
or after 20, 70, or 135 min. Subsequent extractions were 
performed in buffer B with 3% BSA. 

The effect of liquid nitrogen freezing on NR activity 
was assessed. Four sets of triplicate samples were col- 
lected on 25-mm GF/F filters. One set was homogenized 
and assayed immediately. The other samples were placed 
in 1.5-ml Eppendorf microcentrifuge tubes and placed in 
liquid nitrogen. One set was immediately withdrawn from 
the liquid nitrogen, homogenized, and assayed. The other 
sets of samples were withdrawn and assayed after 48 or 
96 h. 

To assess the effects of endogenous compounds (e.g. 
nitrate) in the homogenate, we desalted triplicate homo- 
genates of T. pseudonana with Sephadex G-25 prepared 
in columns in 30-ml disposable syringes. The resin was 

equilibrated with buffer, then homogenates were centri- 
fuged through the syringes at 4°C in a refrigerated cen- 
trifuge at 750 x g. NR assays were performed on ho- 
mogenates before and after passing them through the col- 
umn, with and without additions of flavin adenine di- 
nucleotide (FAD). 

Enzyme characterization in d#erent species-semi- 
continuous batch cultures of the diatom Skeletonema cos- 
tatum (Greville) Cleve (NEPCC 18) and the dinoflagellate 
Amphidinium carterae Hulburt (NEPCC 629) were grown 
as described for T. pseudonana. Cells were harvested, and 
NR extracted and assayed as previously described, except 
that in the case of A. carterae, GF/F filters were replaced 
with Whatman 934 AH filters to prevent clogging by this 
larger species. 

The effects of various compounds that have been re- 
ported to activate NR were evaluated in these three spe- 
cies. Triplicate samples from single cultures were pre- 
pared and assayed: without additions (i.e. buffer B plus 
BSA), with 0.1 mM FAD, or after a 5-min incubation 
with 0.2 mM potassium ferricyanide (FeCN). 

For all three species, assays were performed with con- 
stant NADH (0.2 mM) and KN03 concentrations ranging 
from 0 to 20 mM, and with constant KNO:, (10 mM) and 
NADH concentration ranging from 0 to 0.6 mM. K, 
values for nitrate and NADH were estimated by fitting 
the data to a Michaelis-Menten model using a nonlinear 
fitting routine (NONLIN, Wilkinson 1990). Mean K,,, val- 
ues and standard errors for each substrate were calculated 
from independent determinations on at least three sep- 
arate homogenates. 

Comparisons of NR activity with growth rate-For T. 
pseudonana, S. costatum, and A. carterae, light-limited 
growth rate experiments were conducted as described by 
Berges and Harrison (1993), except that n-radiances ranged 
up to 220 pmol quanta rnb2 s- l. Growth rates were mon- 
itored with in vivo fluorescence, and cultures were har- 
vested in log phase growth. For each culture, duplicate 
NR measurements were made and cell nitrogen quotas 
determined on duplicate 50-ml samples filtered onto pre- 
combusted 13-mm Gelman AE filters and measured with 
a Carlo Erba CNS analyzer (Berges and Harrison 1993). 
The nitrate reduction rate necessary to support observed 
growth (nitrate incorporation rate) was calculated from 
the product of cell growth rate (p) and nitrogen quota 
(&), assuming that nitrate was the only nitrogen source 
and that QN and internal nitrate pools were constant (after 
an acclimation period) over the course of the experiment. 
Calculated nitrate incorporation was converted to the same 
units as NR activity and the two variables were compared 
for each culture. 

A preliminary survey of NR activity was conducted for 
12 additional species: the diatoms Thalassiosira weissflo- 
gii (Gru.) Fryxell et Hasle (NEPCC 636), Ditylum brigh- 
twellii (t. West) Grunow in Van Huerck (NEPCC 8), and 
Phaeodactylum tricornutum Bohlin (NEPCC 3 1); the 
chlorophytes Dunaliella tertiolecta Butcher (NEPCC l), 
and Chlamydomonas sp. (NEPCC 73); the prasinophyte 
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Fig. 1. Validation of spectrophotometric assay for nitrate 
reductase. Comparison of activity calculated from NADH ox- 
idation rate (corrected for nonnitrate-specific activity), and that 
calculated based on production of nitrite. Regression equation 
is Y = -0.81 + 0.98X(r2 = 0.99). Error bars represent standard 
errors of the mean of duplicate determinations. 

Tetraselmis sp. (NEPCC 46); the cyanobacterium Syne- 
chococcus sp. (NEPCC 539); the dinoflagellates Proro- 
centrum minimum (Pavillard) Schiller (NEPCC 623);and 
Gymnodinium sanguineum Hirasaka (NEPCC 354); and 
the prymnesiophytes Pavlova Zutheri (Droop) Hibberd 
(NEPCC 2), Emiliania huxleyi (Lohm.) Hay et Mohler 
(NEPCC 6 59), and Isochrysis galbana Parke (NEPCC 63 3). 
Cultures were grown in continuous light in ESAW as 
previously described, but using 50-ml screwcap glass test 
tubes without stirring or aeration, but mixed by inversion 
twice daily. Growth rates were monitored by in vivo flu- 
orescence. Quadruplicate cultures were acclimated for a 
minimum of eight generations, then sampled for NR ac- 
tivity and carbon and nitrogen content as previously de- 
scribed. Nitrate incorporation rate was calculated as for 
the other species and compared with NR activity by means 
of linear regression analysis. 

In addition, the ability of each species (including T. 
pseudonana, S. costatum, and A. carterae) to use NADPH 
in place of NADH was tested by conducting NR assays 
with 0.2 mM NADPH in place of NADH. 

Results 

Enzyme optimization experiments-The spectropho- 
tometric assay agreed very well with the nitrite production 
assay (Fig. 1). Typically, the rate of decrease in absorbance 
before addition of nitrate was ~20% of the rate after 
nitrate addition. The absorbance decrease was linear for 
up to 40 min under the conditions described and in- 
creased linearly with the amount of homogenate added. 
The slope of the NADH oxidation vs. nitrate reduction 
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Fig. 2. Comparison of NR homogenization and extraction 
procedures in homogenates of Thalassiosira pseudonana. A. 
Relative NR activities in samples collected by filtration onto 
glass-fiber filters or centrifugation at 7,500 x g. In each case, 
replicate samples (n = 3) were homogenized by grinding or by 
probe sonication. B. Relative NR activity in the supernatant 
and pellet fractions of homogenates of cells collected by filtration 
and homogenized by grinding. Homogenizations were per- 
formed with or without 0.1% Triton X- 100. Centrifugations 
were done at 750 x g for 5 min. Error bars represent standard 
errors of the mean of triplicate assays. 

regression was 0.98 (not significantly different from 1.0, 
P < 0.001) and the coefficient of determination (r2) was 
0.99. This result was verified routinely throughout the 
course of experiments. 

Different extraction protocols and buffers resulted in 
wide variations in enzyme activity. NR activities in ho- 
mogenates collected by centrifugation and grinding were 
not significantly different (P > 0.5), but centrifuged sam- 
ples were more variable (Fig. 2A). Regardless of the col- 
lection method, sonication gave consistently lower activ- 
ities than grinding (Fig. 2A; P < 0.01 for filtration, P < 
0.00 1 for centrifugation). Upon centrifugation without 
Triton X- 100, significant NR activity (- 10% of super- 
natant) remained in the pellet (Fig. 2B). Addition of Tri- 
ton removed this activity, although it did not significantly 
increase activity in the supernatant (Fig. 2B; P > 0.08). 
NR activity in phosphate buffer was significantly higher 
than in TRIS or imidazole but no higher than in MOPS 
buffer (Table 1). Single additions of EDTA, DTT, or PVP 
significantly increased NR activity (Table 1) but the ad- 
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Fig. 3. NR activity (as a percentage of activity in freshly 
prepared homogenates) in homogenates of Thalassiosira pseu- 
donana at different times after freezing and storage in liquid 
nitrogen. Points represent the mean and standard error of three 
separate samples. 

dition of all three reagents, did not significantly increase 
activity further. Addition of BSA to the extraction buffer 
gave > 50% higher NR activity than homogenization 
without BSA or homogenization with protease inhibitors 
(Fig. 3, P c 0.04 in both cases). Whereas activity dropped 
significantly by 60 min in homogenates without BSA (P 
< 0.05 in both cases), no significant decrease in activity 
in the BSA extract was seen at the same time (P > 0.05). 
By 135 min, however NR activity in the BSA extract had 
declined significantly (P < 0.05). 

Table 1. A. Relative NR activity in homogenates of Thal- 
assiosira pseudonana prepared in 200 mM phosphate buffer, 50 
mM MOPS buffer, 50 mM TRIS buffer, or 50 mM imidazole 
buffer (n = 3 for each buffer). In all cases, pH was 7.9. B. Effects 
of different additions on NR activity in homogenates of T. pseu- 
donana. Activity in homogenates with only 200 mM phosphate 
buffer and 0.1% (vol/vol) Triton X- 100 (none) vs. 5 mM EDTA, 
0.3 g liter-’ dithiothreitol (DTT), 3.0 g liter-l polyvinyl pyr- 
rolidone (PVP), or DTT, EDTA, and PVP (n = 3 in each case). 
Treatments that share letters are not significantly different from 
one another at the 95% CL. 

Relative NR activity 

A. Buffer 
Phosphate 
MOPS 
Tris 
Imidazole 

B. Homogenization additions 
None 
EDTA 
DTT 
PVP 
DTT, EDTA, PVP 

lOOk9.8 
73.2k16.8 
58.8+4.4* 
17.1-1-5.2* 

100+7.8a 
133k13b 
141+5.4b 
129-t7.lb 
174-t30b 

* NR activities significantly different from those obtained in 
phosphate buffer at the 95% C.L. 

Table 2. Effects of enzyme desalting with and without ad- 
dition of 0.1 mM flavin adenine dinucleotide (FAD) on NR 
activity in homogenates of Thalassiosira pseudonana. NR ac- 
tivity was determined by NADH oxidation rate, either assayed 
directly (normal) or after desalting with a Sephadex G-25 col- 
umn. Values represent means and standard errors of three rep- 
licate assays. Treatments that share letters are not significantly 
different from one another at the 95% C.L. 

Treatment 

Normal 
Sephadex 
Normal 
Sephadex 

Assay addition NR activity (U ml- I) 

None 2.90&O. 13a 
None 1.13+0.13b 
FAD 2.73-tO.09a 
FAD 2.84+-O. 13a 

Filtered samples which were frozen in liquid nitrogen 
had identical NR activity to those that were not (P > 
0.5). No decrease in activity was seen in samples stored 
for 48 or 96 h (P > 0.5 in both cases). 

Sephadex-treated samples had lower NR activity (Ta- 
ble 2); results were identical when nitrite production vs. 
NADH oxidation was measured. Addition of FAD made 
no difference to homogenates that had not been Sephad- 
ex-treated, but activity of Sephadex-treated samples did 
not differ from that of normally treated samples with 
added FAD. 

Enzyme characterization in direrent species - Addi- 
tions of FAD had no effect on NR activity in T. pseu- 
donana (Table 3), but FeCN preincubations resulted in 
lower activities (Table 3). For S. costatum, FeCN treat- 
ment resulted in an almost complete loss of NR activity 
(Table 3). The addition of FAD had variable effects: in 
one trial NR activity did not increase; in others increases 
of 50% to >250% were found. In A. carterae, FAD ad- 
dition caused a decrease in activity (Table 3), to a variable 
degree. In contrast to the case in other species, FeCN had 
no effect on NR activity (Table 3, P > 0.3). 

For T. pseudonana, the K, for nitrate was 0.047 
(kO.006) mM (Fig.4A). For NADH, activity was inhib- 
ited at levels >0.2 mM (Fig. 4B). Calculating K, only for 
concentrations lower than this gave a K, of 0.0 17 (kO.003) 

Table 3. Comparison of the effects of addition of 0.1 mM 
flavin adenine dinucleotide (FAD) or 0.2 mM ferricyanide 
(FeCN) on NR activity in homogenates of Thalassiosira pseu- 
donana, Skeletonema costatum, and Amphidinium carterae. Ac- 
tivity is expressed relative to the activity in the homogenate 
without additions. Assays were performed on three separate 
homogenates. For S. costatum, the results of three separate ex- 
periments are presented. 

Species Normal FAD FeCN 

T. pseudonana lOOk3.49 95.9+ 11.0 68.7-t2.04* 
S. costatum lOOk7.78 96.5k9.97 1.78+9.10* 

162-tl8.5" 
280&14.2* 

A. carterae 100+6.90 42.8+37.0* 1 lot 1.90 

* NR activities significantly different from normal activities 
within each species at the 95% C.L. 
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Fig. 4. NR activity vs. substrate concentration for KNO, and NADH in homogenates of Thalassiosira pseudonana, Skeletonema 
costatum, and Amphidinium carterae. Curves are fit to rectangular hyperbolae in each case. Km values are given in the text. Note 
that in panels B and E, activities at higher concentrations have been excluded from the fits. 

mM. For S. costatum, the K,,, for KN03 was 0.146 
(kO.022) mM, and the K,,, for NADH was 0.048 (10.005) 
mM (Fig. 4C,D). Unlike the case for T. pseudonana, high 
NADH levels did not inhibit NR activity. For A. carterae, 
the Km for KNOX was 0.075 (20.012) mM (Fig. 4E). High 
levels of nitrate (> 1 mM) appeared to inhibit NR activity, 
but this response varied between extracts; results of two 
separate experiments, scaled to the same V,,, are shown. 
The Km for NADH was 0.150 (kO.045) mM (Fig 4F). 
High NADH levels did not inhibit NR activity in A. 
carterae. Species from the Chlorophyceae and Prasino- 
phyceae were able to use NADPH in place of NADH 
(Table 4). Some activity was found in the prymnesiophyte 
P. lutheri; however, in other cases activities were not 
significantly different from zero (P > 0.1 in all cases). 

Comparisons of NR activity with growth rate-For T. 
pseudonana there was a highly significant relationship 
(Fig. 5, r2 = 0.99, P < 0.001) in which the slope of 0.95 
(20.40) was not significantly different from 1 .O (P > 0.3). 
For S. costatum the relationship was not significant (P > 
0.5); however, if a single culture was dropped from the 
analysis (asterisk, Fig. 5B), the relationship became sig- 
nificant (r2 = 0.95, P < 0.02) and the slope of0.87 (kO.06) 
was not different from 1.0 (P > 0.05). For A. carterae 
there was a significant relationship (r2 = 0.71, P < 0.04), 
but the slope of the relationship, 0.19 (10.06) was sig- 
nificantly < 1 .O (P < 0.0 l), indicating that NR activity 
accounted for ~20% of the calculated nitrate reduction 

Table 4. NR activity in various species of phytoplankton 
using NADPH as a reductant. Activities are expressed as a mean 
percentage (*SE, n = 2) of activity found using NADH (nd- 
no activity found with NADH). 

Bacillariophyceae 
Thalassiosira pseudonana 
Skeletonema costatum 
Phaeodactylum tricornutum 
Thalassiosira weissjlogii 
Ditylum brightwellii 

Chlorophyceae 
Dunaliella tertiolecta 
Chlamydomonas sp. 

Cyanophyceae 
Synechococcus sp. 

Prymnesiophyceae 
Pavlova lutheri 
Isochrysis galbana 
Emiliania huxleyi 

Prasinophyceae 
Tetraselmis sp. 

Dinophyceae 
Amphidinium carterae 
Gymnodinium sanguineum 
Prorocentrum minimum 

Abbrev. 

Pt 
Tw 
Db 

Dt 
Csp 

Ssp 

Pl 
It?- 
Eh 

Tsp 

Gs 
Pm 

Activity 
(W 

5.10k2.86 
3.Olk2.99 
4.37k1.59 
2.31k3.99 
29.9k16.9 

93.9t-3.4 
79.Ot-23.3 

nd 

35.2k9.6 
0.5848.01 
1.0340.47 

39.0k14.6 

3.9945.61 
1.69? 1.29 
0.30-t-0.3 1 
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Fig. 5. NR activity vs. NO, incorporation rate calculated 
from growth rate and nitrogen quota for Thalassiosira pseu- 
donana, Skeletonema costatum, and Amphidinium cwterae. 
Points represent means and standard errors of two enzyme mea- 
surements from individual cultures. Dashed lines are least- 
squares regressions. Solid lines represent the 1 : 1 relationships. 
Regression parameters are given in the text. The data point 
accompanied by an asterisk is referred to in the text. 

rate. Comparing NR activity to the calculated nitrate re- 
duction rate for 12 species of marine phytoplankton gave 
a significant regression (P < 0.05), with a slope of 0.79 
which is significantly < 1 .O (P > 0.06, Fig. 6). This implies 
that for these species there is a tendency for NR to un- 
derestimate the calculated rate of nitrate incorporation. 
However, for individual species, there was wide varia- 
tion. Diatoms tended to fall close to the 1 : 1 relationship, 
but species such as D. tertiolecta and E. huxleyi showed 
much higher NR activity than could be accounted for by 
calculated rates. Alternatively, only very low NR activity 
was detected in the dinoflagellates tested, and no activity 
was found in the cyanobacterium Synechococcus sp. 

Discussion 

Enzyme assay optimization-The spectrophotometric 
assay for NR is simple, rapid, and appears to provide 
activity estimates identical to those obtained by measur- 
ing nitrite production. Evans and Nason (1953) and Amy 
and Garrett (1974) used the two monitoring methods 
interchangeably. The spectrophotometric method offers 
the additional advantage that time dependence and lin- 
earity of the assay can bc confirmed for a single assay. 

I I 

0 20 40 60 80 100 

calculated NO,- incorporation rate (pm01 min-’ ml-l) x 1012 

Fig. 6. NR activity vs. NO,- incorporation rate (calculated 
from cell growth rate and cell nitrogen quota) for 12 species of 
marine phytoplankton. Solid line represents the least-squares 
regression. Dashed line represents the 1 : 1 relationship. Points 
represent mean NR activities with standard error for two NR 
assays from duplicate cultures: O-chlorophytes: O-diatoms: 
q - prasinophytes; W-prymnesiophytes; V&yanobacteria; Vi 
dinoflagellates. Species are indicated by abbreviations given in 
Table 4. Regression equation is Y = --8.34 + 0.786x (r* = 
0.7 1). 

For T. pseudonana, collection of cells by filtration ap- 
peared to be as effective and potentially more reproduc- 
ible than centrifugation. Filtration is more feasible when 
dealing with large-volume samples. Homogenization by 
sonication gave lower NR activity than grinding. This is 
similar to findings by Hochman (1982). It may be that 
for larger enzymes with cofactors, sonication is unsuitable 
(see also Mouget et al. 1993). Hochman (1982) found that 
NR activity in a freshwater dinoflagellate was improved 
by grinding in a glass-glass vs. a glass-Teflon homoge- 
nizer, but Hochman did not use filtered samples. The 
inclusion of a filter with the cells probably improved the 
grinding technique; certainly Eppley et al. (1969) and Ser- 
ra et al. (1978) remarked on its favorable effects, noting 
full release of activity within 30 s. The issue of whether 
the resulting homogenate should be centrifuged must be 
considered. The risk is that NR might not be fully released 
from cells that are sedimented or might be adsorbed to 
particulate material such as filter fragments. However, 
use of Triton X- 100 appears to release NR completely 
from the pellet. As well, having excess protein in the 
homogenate (as BSA) may mean that nonspecific binding 
will remove BSA and minimize the loss of the less con- 
centrated NR protein. The removal of membrane frac- 
tions may also minimize side reactions that might oxidize 
NADH. 

Phosphate or MOPS buffer gives the highest NR activ- 
ity, but as previously noted TRIS is unsuitable (Serra et 
al. 1978), and NR activity in imidazole is even lower. In 
terms of the extraction buffer, additions of EDTA, DTT, 
and PVP seem justified, based on their enhancement of 
activity. Everest et al. (1984) found that 2-4 mM EDTA 
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gave the highest activity in several marine phytoplankton 
species. PVP and DTT have been found to enhance NR 
activity in a variety of organisms, although there are con- 
flicting and species-specific results. For example, Eppley 
et al. (1969) found that cysteine was sufficient for flagellate 
NR protection, but that diatom species required DTT. 
On the other hand, in macroalgae Thomas and Harrison 
(1988) noted that PVP was required to obtain activity in 
Fucus species, but that it actually inhibited activity in 
Enteromorpha species. Where possible, and certainly in 
laboratory studies, assays should be optimized in indi- 
vidual species. Although combined additions of EDTA, 
PVP, and DTT increased activity no more than single 
additions, activity was no lower, and therefore all addi- 
tions were routinely made in subsequent assays. 

BSA increased NR activity in T. pseudonana assays 
and improved the stability of activity after homogeni- 
zation. It is possible that this is due to protection from 
proteases that degrade NR either specifically or nonspe- 
cifically. The fact that protease inhibitors had no effect 
in the present study does not necessarily refute this idea 
because the effectiveness of the tested protease inhibitors 
varies with the species, and proteases resistant to the 
particular inhibitors used in this study may have been 
present. For example, lcupeptin is effective against NR- 
specific proteases found in Lemna (Ingemarsson 1987), 
while PMSF is not. The effectiveness of BSA has also 
been noted by Ingemarsson ( 1987), but in these cases 
casein was also effective; this was not true in the present 
study (data not shown). BSA may act by providing a 
protein in higher concentration that the proteases can 
degrade in preference to NR, but there may be other 
effects. 

Alternatively, BSA may stabilize NR by binding in- 
hibitory compounds (Schrader et al. 1974) or by increas- 
ing the concentration of protein in the homogenate. Ac- 
tivity of certain enzymes is decreased in dilute homoge- 
nate, where total protein concentration is likely much 
lower than that found in vivo (Newsholme and Crabtree 
1986). As well, BSA may decrease nonspecific adsorption 
of NR protein. Even in the presence of BSA, NR was still 
not stable; after 120 min, activity had dropped by almost 
20%. Hersey and Swift (1976) also noted that dinofla- 
gellate NR activity declined by half in 2-3 h. Everest et 
al. (1984) reported that NR from marine phytoplankton 
was stable for up to 24 h at O”C, and Harrison (1976) 
found that NR from Gonyaulax polyedra had a half-life 
of 24-30 h, but in these cases the assay incubations were 
as long as 1 h. Loss of enzyme activity may have been 
substantial during this time; subsequent loss of activity 
may have happened more slowly, giving results which 
were interpreted as indicating enzyme stability. In T. 
pseudonana, NR was stable for up to 60 min and assays 
could typically be performed within 15 min of the ex- 
traction; thus, activity assays were probably more accu- 
rate than in previous studies. 

With the improved assay, NR activity was stable when 
cells were frozen in liquid nitrogen. Ahmed et al. (1976) 
found that ETS activity and GDH activity in whole cells 
of marine phytoplankton could be preserved without loss 
for up to 1 yr in liquid nitrogen, but Clayton (1986) re- 

ported losses of activity in S. costatum NR of up to 40% 
immediately after freezing in liquid nitrogen. Such losses 
were not found in this study, suggesting that in field sit- 
uations samples could be frozen in liquid nitrogen for 
later analyses. 

Enzyme characterization in deferent phytoplankton 
species--R appears to exist in diverse forms in marine 
phytoplankton, based on the use of NADH vs. NADPH. 
NR isozymes that are specific with respect to the electron 
donor are known; NADH-NR (E.C. 1.6.6.1) is the most 
common form in photosynthetic organisms, while 
NAD(P)H-NR (E.C. 1.6.6.2) is found in higher plants and 
green algae (Wray and Fido 1990). In this study, the only 
species able to use NADPH were the green algae (chlo- 
rophytes and prasinophytes), although there was some 
evidence that at least one prymnesiophyte might also be 
able to use NADPH. The cyanobacterium could use nei- 
ther; cyanobacteria have another form of NR that re- 
quires ferredoxin instead of pyridine nucleotides (Guer- 
rero et al. 198 1). A review by Syrett (198 1) showed that 
green algae alone used NADPH; however, Hochman 
(1982) noted that NADPH-NR activity represented 16.5% 
of NADH activity in the freshwater dinoflagellate Peri- 
dinium cinctum, and Serra et al. (1978) found some 
NADPH-NR activity (- 16% of NADH) in the diatom 
S. costatum. More recently, however, Gao et al. (1993) 
found only NADH-specific activity in S. costatum. One 
possible explanation for these discrepancies might in- 
volve a membrane-bound NADH : NADPH transhydro- 
genase. If such an enzyme were present in cell homoge- 
nates, added NADPH could be converted to NADH and 
used by NADH-specific NR. Because this is most likely 
to happen in crude homogenates that are not centrifuged, 
the results of these studies must be considered carefully 
and weighed against results obtained with the purified 
enzyme. 

There also appear to be species-specific differences in 
kinetic parameters. NADH > 0.2 mM inhibited NR from 
T. pseudonana, but S. costatum and A. carterae were 
unaffected even at 0.4 mM. NADH inhibition of NR has 
been noted by Serra et al. (1978) in S. costatum at con- 
centrations > 0.6 mM; Hochman (1982) found no NADH 
inhibition of NR in a freshwater dinoflagellate. A. carterae 
NR appeared to be inhibited by high nitrate. K, values 
for NADH and nitrate obtained in our study are well 
within the range of those previously found (Table 5). 
According to Packard (1979), K,, values for nitrate are 
typically between 0.05 and 0.15 mM in marine microal- 
gae; all values in our study fall in this range. 

The effects of purported activators of NR are also an 
indication of diversity in the enzyme in marine phyto- 
plankton. No difference in NR activity with FAD addi- 
tion was found for T. pseudonana, but in S. costatum, 
activity increased. This increase was highly variable: from 
250% of the control to none at all in optimization ex- 
periments, but NR activities determined without addi- 
tion of FAD in growth experiments correlated well with 
calculated nitrate incorporation (see below), raising the 
possibility that FAD may artificially enhance NR activity 
in this species. Such variability in the effect of FAD ad- 
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Table 5. Kinetic constants for nitrate reductase from various eucaryotes. 

Organism NO,- NADH Reference 

Higher plants 
Spinacea oleracea 

Microalgae 
Chlorella vulgaris 
Thalassiosira pseudona 
T. pseudonana 
T. pseudonana 
T. pseudonana 
Skeletonema costatum 
S. costatum 
S. costatum 
S. costatum 
Ditylum brightwellii 
Amphidinium carterae 
Peridinium cinctum 

na 

0.013 0.007 Wray and Fido 1990 

0.084 
0.047 kO.006 

0.062 
0.063-0.083 

0.040 
0.146kO.022 

- 
0.24 
0.295 
0.110 

0.075f0.012 
0.19 

- 
0.017+0.003 

0.015 
- 

0.008 
0.048+0.005 

0.017 
0.020 
0.004 
0.020 

0.150~0.045 
0.28 

Guerrero et al. 198 1 
Present study 
Amy and Garrett 1974 
Packard 1979 
Smarelli and Campbell 1980 
Present study 
Clayton 1986 
Serra et al. 1978 
Gao et al. 1993 
Eppley et al. 1969 
Present study 
Hochman 1982 

ditions has been noted previously in marine phytoplank- 
ton species. Eppley et al. (1969) found no effects of FAD, 
but others have found variable results in different species 
(Everest et al. 1984; Dortch et al. unpubl. data). Insight 
into these differences is provided by experiments in which 
T. pseudonana NR was desalted with a Sephadex column. 
There was a loss of activity on desalting which could be 
completely restored by adding FAD. This effect has been 
previously reported (Evans and Nason 1953) and appears 
to involve dissociation of the FAD cofactor from the 
enzyme protein. A requirement for FAD may be a func- 
tion of the species, but also of the homogenization pro- 
cedure used. Preliminary experiments have also dem- 
onstrated that FAD enhancement is specific to the time 
of sampling when cells are grown on light-dark cycles 
(unpubl. data). In A. carterae, FAD addition gave lower 
NR activity. Thus, FAD addition may be inadvisable 
unless its effects are examined for particular species. 

cells). In practice, we have defined nitrogen as being in- 
corporated if it is retained on a GF/F filter and detected 
by Chromatographic analysis. In reality this will include 
some degree of assimilation and perhaps uptake into in- 
ternal pools, but under steady state conditions, the rates 
calculated should be equivalent to true incorporation. 
Such a correlation between NR activity and incorporation 
has never been consistently achieved before; for example, 
in studies with diatoms, Smith et al. (1992) found only 
- 50% of incorporation was accounted for and Eppley et 
al. (1969) obtained <25%. Morris and Syrett (1965) found 
that NR activity in Chlorella vulgaris accounted for 100% 
of incorporation and reasoned that they were not extract- 
ing all of the NR; excess activity was expected. Harrison 
(1976) accounted for < 50% of incorporation in NR ac- 
tivity in a marine dinoflagellate. 

No species tested demonstrated increased NR activity 
with FeCN additions, and the diatoms showed decreased 
activity. Thus, this form of NR activation may be con- 
fined to green algae; it could not be demonstrated in S. 
costatum (Serra et al. 1978) or in the freshwater dinofla- 
gellate P. cinctum (Hochman 1982). Immunochemical 
data further support the idea of diverse forms of NR. 
Antibodies to purified NR from S. costatum did not cross- 
react with species such as A. carterae, E. huxleyi, 1. gal- 
bana, D. tertiolecta, or Synechococcus sp. and showed 
different degrees of reactivity with extracts from T. pseu- 
donana and P. tricornutum (Gao et al. 1993). 

These correlations provide support for NR being rate 
limiting. Many studies suggest that NR is the rate-limiting 
process in nitrate incorporation (e.g. see Wray and Fido 
1990), but nitrate uptake is also a candidate. However, 
even among those who maintain that uptake is rate lim- 
iting, there is recognition that NR is a key point of control 
of the process (see De la Rosa et al. 1989). It might not 
have been anticipated that NR activity would correlate 
well with nitrate incorporation when growth rates are 
limited by light and thus presumably by energy or the 
ability to fix carbon. There is, however, ample evidence 
of the high degree of cellular coordination between carbon 
and nitrogen metabolism (e.g. Turpin et al. 1988). If not 
controlling nitrate incorporation, NR activity at least ac- 
climates to reflect prevailing rates. 

Comparisons of NR activity with growth rate- With the Major variations in NR assay methods make it difficult 
improved assay, measured NR activity could be equated to compare NR activities in the present study with those 
with calculated NR incorporation rates in T. pseudonana. of previous work. For example, some workers have used 
It should be pointed out that, in practical terms, incor- assay temperatures higher than those at which the organ- 
poration was not measured. Incorporation into macro- isms were grown. Packard et al. (197 1) demonstrated a 
molecules is not easily distinguished from assimilation potential danger in doing this: for S. costatum grown 
(combination into small molecules such as amino acids) between 16 and 19°C enzyme activity measured at 25°C 
or uptake (simple transport of inorganic nitrogen into was only 25% of the activity measured at 15°C. Growth 
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rates of cells are rarely provided. Furthermore, assays that 
use permeablization of cells vs. enzyme extraction have 
also been used (e.g. Hochman et al. 1986). Such in situ 
assays (sometimes erroneously referred to as in vivo as- 
says, see Corzo and Niell 1992) can be problematic be- 
cause they require assumptions about rates of influx and 
efflux of reactants and products and loss of nitrite through 
uptake or further reduction (see Lillo 1983; Brinkhuis et 
al. 1989), all of which are difficult to verify experimen- 
tally. In general, we believe in vitro assays provide better 
control and reproducibility. 

Where comparisons are possible, it appears that NR 
activities in our study equal or exceed previous data. For 
T. pseudonana, NR activities of up to 150 X lo-l2 U 
cell-’ were found, which exceed those found by Amy and 
Garrett (1974) and Smarrelli and Campbell (1980) in the 
same species. NR activities in S. costatum were generally 
< 120 x 1 O- I2 U cell- l, which are equal to or greater 
than those reported (e.g. Serra et al. 1978; Gao et al. 1993) 
despite the fact that in each of these studies growth rates 
(and presumably rates of nitrate reduction) exceeded those 
in our study. In the case of NR activities in A. carterae, 
Hersey and Swift (1976) showed activities considerably 
higher than those reported here: up to 6,000 x lo-r2 U 
cell-’ vs. 250 x lo-l2 U cell-‘. It is difficult to resolve 
this difference, but it may bc related to the fact that cells 
in the Hersey and Swift ( 1976) study were grown on a 
light-dark cycle. It is also noteworthy that in our study 
NR activity was detected in P. Zutheri, a species in which 
Everest et al. (1986) failed to find activity. 

Remaining problems with NR assays-It is clear that 
for certain species, NR assays remain problematic. It must 
be emphasized that the multispecies comparisons were 
meant only as a broad test of the applicability of the NR 
assay developed forT. pseudonana; the assay was not op- 
timized for any of the survey species. NR activity was 
quite close to calculated nitrate incorporation rates in the 
diatom species tested, but there was insufficient NR ac- 
tivity to account for observed rates of nitrate incorpo- 
ration in Tetraselmis sp.; in the dinoflagellates, the activ- 
ity was near zero. NR has previously been difficult to 
extract from certain dinoflagellates. Hersey and Swift 
(1976) detected no activity in Pyrocystis noctiluca or Dis- 
sodinium lunula, and Gymnodinium sanguineum was also 
a problematic species (Cochlan et al. unpubl.). However, 
this appears to be species-specific within the dinoflagel- 
lates, since Harrison (1976) and Hochman (1982) found 
NR activity in two different species. For cyanobacteria, 
as demonstrated in this study, NADH and NADPH can- 
not be used as electron donors for NR. According to the 
literature, these species require reduced ferredoxin (Guer- 
rero et al. 198 1). Provision of this compound, however, 
would also support NiR activity and might decrease the 
NR activity measured using nitrite production because 
the NiR enzyme could then use ferredoxin and reduce 
nitrite to ammonium (Wray and Fido 1990). 

For most of the prymnesiophytes and one of the chlo- 
rophytes, NR activity overestimated incorporation rates. 
It may be that in these species, NR has multiple roles in 

the cell. Jones and Morel (1988) found a cell-membrane- 
. associated NR in the diatom T. weissflogii, and hypoth- 

esized a role for NR in controlling plasmalemma redox. 
Azuara and Aparicio (1983) showed that rates of nitrite 
excretion were high under high light and low CO2 con- 
ditions in Chlamydomonas reinhardtii and suggested that 
.nitrate might be acting as an electron acceptor under these 
conditions to adjust levels of reducing power in the cells. 
Castignetti and Smarrelli (1986) have suggested that NR 
may be involved in reducing siderophores which are re- 
sponsible for acquiring metals (e.g. iron) for cell nutrition. 

This study has demonstrated the critical importance of 
examining NR activity assays for different species in the 
laboratory before attempting application to diverse phy- 
toplankton assemblages in field situations. There is great 
diversity in the enzyme among different taxa, reflected in 
the levels of substrates required to achieve maximal ac- 
tivity and in the effects of different activating compounds. 
The assay presented here appears to work well in all di- 
atom species examined, but may be unsuitable for groups 
such as the dinoflagellates. For the first time, a clear, 
quantitative relationship between NR activity and steady 
state nitrate incorporation has been demonstrated. 
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