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ABSTRACT Use of nitrate reductase (NR) activlty as  an  index of rates of nltrate Incorporation in manne  
phytoplankton has been complicated by inadequate assays, and the high degree  of regulation of the 
enzyme under different non-steady-state conditions The relationship between NR activity and rates of 
nitrate incorporation was examined uslng a modified NR assay (which Included bovine serum albumln) 
under diel pe r~od~c i ty  in i r rad~ance ,  following exhaustion of nitrate, and in the presence of ammonium 
Laboratory experiments using the diatom Thalassiosira pseudonana showed that on a 14 10 h hght 
dark cycle, NR activity had 2 d~stinct  peaks within 1 cycle, one in the m ~ d d l e  of the light period, and the 
other towards the end of the dark penod Each of these peaks has been noted In previous work, both in 
culture and in natural populations, but this is the first descnpt~on of both in 1 cycle Throughout the d ~ e l  
cycle, NR activ~ty closely matched rates of nitrate incorporation calculated from increases in part~culate 
nitrogen In the cultures As n~ t r a t e  was exhausted in the cultures, NR actlvity declined in step w ~ t h  
nitrate incorporation rates (estimated from nitrate depletion, increases in par t~cula te  nltrogen or the 
product of cell growth rate and cell nitrogen content) In cultures where n ~ t r a t e  was substituted by 
ammonium, no NR activity was detected, but when ammonium was exhausted,  background contami- 
nation of the medium with nitrate (approximately 1 PM) was suffic~ent to cause the appearance of NR 
activity and the uptake of nitrate Dally additions of 2 pM ammonium to cultures growing on nitrate had 
no effect on the r e l a t~onsh~p  between NR activity and nitrate incorporat~on rate The NR assay was used 
in a preliminary study of natural assemblages of phytoplankton in Monterey Bay, California, USA, dur- 
ing a post-upwelling diatom bloom Die1 periodicity in NR activity was observed that was virtually iden- 
tical to that found in laboratory cultures Ammonium inhibition on a time scale simllar to that seen in 
culture was also recorded These preliminary results a re  promlslng for the use of NR activity to estimate 
rates of nltrate incorporat~on In field popula t~on of phytoplankton 
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INTRODUCTION 

Activity of the enzyme nitrate reductase (NR) has 
been proposed as an index of nitrate incorporation 
(sensu Wheeler 1983, i.e. the combination of inorganic 
nitrogen into macromolecules) in marine phytoplank- 
ton (Eppley et al. 1969, Blasco et al. 1984). Such an  
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index would avoid the problems associated with tech- 
niques such as 15N incorporation, which require sam- 
ples to be contained for incubation periods (see Leftley 
et al. 1983, Collos et  al. 1993). However, many studies 
have found poor relationships between NR activity and 
different measurements of nitrate uptake, assimilation 
and incorporation (Packard et al. 1971, Collos & Slawyk 
1977, Dortch et al. 1979). The reasons for such discrep- 
ancies may include inadequate NR assay methods, the 
lack of a true relationship between NR activity and 
nitrate incorporation, or the complexity of interactions 
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between NR and environmental variables that result 
in an uninterpretable activity measurement. In recent 
work, we  have demonstrated that if NR assays are 
properly optimized, a quantitative relationship exists 
between NR activity and nitrate incorporation rates 
(functionally defined as nitrogen capable of being 
retained on glass fiber filters and detected by CHN 
analysis). This is true under steady-state light or nutri- 
ent limitation, for several species of phytoplankton, 
including the diatom Thalassiosira pseudonana (Ber- 
ges & Harrison 1995a, b). 

In the ocean, however, growth and nitrate incorpora- 
tion are not likely to be in steady state because of 
factors such as diel periodicity in irradiance, periodic 
exhaustion of nutrients, and the presence of alterna- 
tive nitrogen sources, such as ammonium (see Eppley 
1981). Under such conditions, NR activity may still 
provide a good index of nitrate incorporation because 
these same factors are involved in the regulation of 
NR activity. 

Diel periodicity in irradiance affects division cycles, 
photosynthesis, and cell composition (Chisholm 1981, 
Prezelin 1992), and also nutrient uptake in microalgae 
and in natural assemblages of phytoplankton (see 
Syrett 1981, Cochlan et al. 1991, Glibert & Garside 
1992). Diel periodicity has also been demonstrated in 
NR abundance and activity in higher plants (see Lillo 
1983, Campbell 1988, Deng et al. 1991), in microalgae 
in culture (e.g Eppley et al. 1971, Packard et al. 1971, 
Smith et al. 1992, Ramalho et al. 1995), and in natural 
assemblages of phytoplankton (e.g Packard & Blasco 
1974, Collos & Slawyk 1976, Martinez et al. 1987). 
However, there are relatively few comparisons be- 
tween NR activity and nitrate incorporation done over 
a diel cycle. 

In nature, phytoplankton assemblages usually reach 
plateaus in biomass caused by depletion of a nutrient, 
often nitrate. Under these conditions, it is unclear how 
NR activity responds. In cultures, rapid declines in NR 
activity have been shown to occur in step with de- 
creases in nitrate assimilation (e.g. Morris & Syrett 
1965, Hersey & Swift 1976), but other work has demon- 
strated gradual decreases in NR that occur more slowly 
than decreases in nitrate assimilation (e.g. Syrett & 
Peplinska 1988). There are even reports of transient 
increases in NR activity when nitrogen is depleted, or 
when algal cells grown on ammonium are transferred 
to N-free media (e.g. Kessler & Osterheld 1970, Slawyk 
& Rodier 1986, Watt et al. 1992). 

In natural environments, nitrate is not the only 
source of nitrogen available to phytoplankton; ammo- 
nium and organic nitrogen are generally present and 
are used (Antia et al. 1991). Since ammonium is more 
reduced than nitrate and, thus requires less energy 
for assimilation, it has been argued that ammonlum 

should be a preferred nitrogen source (Syrett 1981). In 
fact, ammonium has been shown to inhibit the uptake 
of nitrate in some studies (e.g Syrett 1981) but not in 
all cases (see Dortch 1990). There is strong evidence 
that ammonium suppresses NR activity in higher 
plants (Solomonson & Barber 1990) and algae (Serra et 
al. 1978, Dortch et al. 1979, Flynn et al. 1993), but there 
are also exceptions (Harrison 1976, Collos & Slawyk 
1980). If NR is to be used as an index of nitrate incor- 
poration, it must be determined whether the inhibition 
by ammonium of nitrate uptake and the inhibition of 
NR activity are coordinated. 

In the present study, NR activity and nitrogen incor- 
poration rates were compared in cultures of Thalassio- 
sira pseudonana that had been: (1) grown on light : dark 
cycles, (2) starved of nitrogen, or (3) grown on (or in 
the presence of) ammonium. The goal of these experi- 
ments was to determine whether these conditions 
affected the applicability of NR activity as an index of 
nitrate incorporation. 

Finally, if NR activity is related to nitrate incorpora- 
tion in unialgal cultures, there remains the issue of 
whether the relationship is applicable to natural phyto- 
plankton assemblages. The issue is made complex 
because nitrate incorporation is a relatively difficult 
measu.rement to make in many field situations. As a 
first step we chose to apply the NR assay to natural 
assemblages and to compare patterns of diel period- 
icity and ammonium inhibition with those found in 
cultures. We sought an environment with a phyto- 
plankton community dominated by diatoms, and 
having high biomass and growth rates for greater 
analytical sensitivity, and high nitrate but low ambient 
ammonium concentrations. Coastal upwelling zones, 
and the California (USA) current upwelling system in 
particular, met these criteria very well. 

MATERIALS AND METHODS 

General culture conditions and measurements. 
Cultures of Thalassiosira pseudonana (Hustedt) Hasle 
& Heimdal (3H clone, NEPCC 58) were obtained 
from the North East Pacific Culture Collection (Dept. 
Oceanography, Univ. British Columbia) and main- 
tained on artificial medium (ESAW, based on Harrison 
et al. 1980) at 17.5"C , as previously described (Berges 
& Harrison 1993). Semicontinuous batch cultures were 
maintained in logarithmic growth phase by dilution 
with fresh medium, except as noted below, and were 
stlrred and bubbled with air as previously described. 
Specific growth rates (p) were measured by in vivo 
fluorescence, or cell counts. Cell abundance and vol- 
umes were determined using a TA11 Coulter Counter 
with a 70 pm aperture and a population accessory. Cell 
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carbon and nitrogen were measured by collecting 
samples onto precombusted 13 mm Gelman A/E filters, 
and using a Carlo Erba CNS analyzer, with sulfanil- 
amide a s  a standard. 

San~ples  for NR activity were collected on 25 mm 
Whatman GF/F filters and measured using an im- 
provement of Eppley's assay (1978) (Berges & Harrison 
1995a). Samples were always analyzed immediately 
after collection. NR was extracted in 200 mM phos- 
phate buffer, pH 7.9 containing 5 mM EDTA, 0.1 0/0 
(v/v) Triton X-100, 0.03% (w/v) dithiothreitol, 0.3% 
(w/v) polyvinyl pyrrolidone, and 3 % (w/v) bovine 
serum albumin (BSA). Assays were conducted at  the 
growth temperature in 200 mM phosphate buffer, 
pH 7.9 containing 0.2 mM NADH. Reactions were initi- 
ated by the addition of 10 mM KN03 and monitored 
spectrophotometrically, following the oxidation of 
NADH at 340 nm in a temperature-controlled LKB 
Ultrospec I1 spectrophotometer, interfaced to a per- 
sonal computer (Berges & Virtanen 1993). Absorbance 
changes over time were converted to unit (U) of enzyme 
activity, where 1 U is the amount of enzyme needed to 
catalyze the conversion of 1 pm01 of substrate to prod- 
uct per minute, using a millimolar extinction coeffi- 
cient of 6.22. This method was verified against the rate 
of nitrite production as previously described (Berges & 
Harrison 1995a). 

Light:dark cycle experiments. Cultures were grown 
in 6 l glass flat-bottomed boiling flasks at 16°C in an  
environmental chamber. Irradiance on a 14:10 h 
light: dark cycle was provided by fluorescent lights 
(Vitalites), attenuated with neutral density screening. 
Irradiance was measured using a QSL 100 light meter 
(Biospherical Instruments, San Diego, CA). Four cul- 
tures were grown through a minimum of 8 genera- 
tions, 2 at  45 pm01 quanta m-' S-', 2 at  6 pm01 quanta 
m-' S-'. Initial culture medium nitrate concentration in 
these experiments was 225 FM. Cultures in logarith- 
mic growth phase were sampled every 3 h over a 24 h 
cycle. At each sampling, 25 m1 samples were filtered 
(25 mm GF/F) and frozen for nutrient analyses. Dis- 
solved nitrate, nitrite, ammonium, silicate, and phos- 
phate were analyzed within 1 mo with a Technicon 
AutoAnalyzer II@ using methodology described by 
Freiderich & Whitledge (1972). Samples were also 
taken and analyzed for fluorescence, cell numbers and 
volumes, carbon, nitrogen, and NR activity. Nitrate 
incorporation rates were calculated from the change in 
particulate nitrogen in the cultures over each 3 h sam- 
pling interval, and compared with NR activities. 

Nitrate depletion experiment. Three 1 1 cultures of 
Thalassiosira pseudonana were grown under continu- 
ous irradiance a t  115 pm01 quanta m-' S-'. Culture 
medium was as described previously, but nitrate con- 
centration was 110 pM. Cells were maintained in loga- 

rithmic growth phase for 8 generations prior to Day 0, 
and allowed to grow into stationary phase. pH was 
monitored to ensure that CO2 did not become limiting. 
Beginning on Day 3 ,  for 5 d ,  samples \yere taken daily 
for nutrients, cell numbers and volume, carbon and 
nitrogen. On Days 3, 4, and 6, NR activity was meas- 
ured. For Day 3,  near the end of logarithmic growth, 
nitrate incorporation rate was calculated from the 
product of cell nitrogen content and specific growth 
rate (p); for Days 4 to 7 it was estimated from the rate 
of depletion of nitrate from the medium, or the rate 
of increase in particulate nitrogen in the culture. 
Changes in cell composition over time were evaluated 
by performing linear regression analyses of composi- 
tion versus time and comparing the slopes of these 
regressions with zero, using t-tests (Wilkinson 1990). 

Effects of ammonium and ammonium pulsing. Six 
1 1 cultures of Thalassiosira pseudonana were grown 
under continuous irradiance at  115 pm01 quanta m-' 
S-'. Cultures were grown as  described previously, 
except that the nitrogen source was either 75 pM 
nitrate for 2 cultures (NO3 treatment), or 75 pM ammo- 
nium (added as ammonium chloride) for 2 cultures 
(NH, treatment). Two additional cultures were grown 
on nitrate-enriched medium (75 PM),  but each day a 
pulse of ammonium sufficient to bring the ambient 
concentration to 2 pM was added (P treatment). This 
treatment was chosen because a level of 1 to 2 pM 
ammonium is generally thought to affect nitrate 
uptake and NR activity (see Syrett 1981, Dortch 1990). 
Cells were maintained in logarithmic growth phase for 
8 generations, and then sampled for cell numbers, cell 
volumes, carbon, and nitrogen. NR activity was deter- 
mined at  each sampling. Nutrients were sampled a t  
16 h before the experiment and  immediately before NR 
samples were taken. From the changes in nitrate or 
ammonium concentrations, rates of nutrient uptake 
were calculated and expressed as specific daily rates 
(i.e. d", as for growth rate). Nitrogen incorporation 
rates were calculated from the change in particulate 
nitrogen in the cultures over each 3 h sampling inter- 
val. For composition, growth rate and NR data, NO3, 
NH, and P treatments were compared using l-way 
ANOVA designs, followed by Tukey multiple compar- 
ison tests, with a set at  0.,95 (Wilkinson 1990). 

Field measurements. Field data were collected 
aboard the RV 'Point Sur' during May 1993 (Cruise 
SU93-2) a t  Stn 4 1 (36" 47.77' N, 121" 54.75' W). Niskin 
water bottles (10 1) equipped with silicone rubber 
springs and  fittings were used to sample water from 
the 50% light penetration depth (3 m). Subsamples 
were placed into 4 acid-cleaned 20 l polyethylene con- 
tainers (LMG Reliance), 2 of which received no addi- 
tions (controls), while the other 2 received additions of 
ammonium chloride to bring ambient concentrations 
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up to 5 PM. Initial samples ( t  = 0 h) were taken directly 
from the Niskin sample bottles. Containers were 
placed in a seawater-cooled deck incubator and irradi- 
ance was adjusted to 50% of surface irradiance using 
neutral density screening. Samples for species deter- 
mination were taken before and after the experiment, 
preserved in 2% formalin, and qualitatively examined 
to determine the dominant taxa. Sampling was re- 
peated at approximately 4 h intervals for 32 h. At each 
time, samples for nutrient analyses (nitrate and ammo- 
nium), particulate nitrogen, and chl a were taken. 
Ammonium samples were analyzed manually within 
24 h using the method of Parsons et al. (1984) and mea- 
suring absorbance in a 10 cm cuvette in a Hewlett 
Packard model 8452A spectrophotometer. Samples for 
nitrate were frozen for later analysis using a Technicon 
AutoAnalyzer I1 (see Freiderich & Whitledge 1972). 
Single 460 m1 samples were taken from each container 
and NR assays performed within 1 h. Homogenizatlon 
of samples and NR assays were performed as above, 
but activity was monitored using timed, stopped assays 
for nitrite production (Eppley 1978), and incubating 
samples at  the in situ temperature (10 to 12"C] in deck 
incubators with flowing seawater A refrigerated cen- 
trifuge was not available, and thus homogenates were 
used directly. Reactions were stopped with 550 pM 
zinc acetate, then samples were centrifuged, and 
homogenate volumes corrected for the volume of filter 
fibres, which averaged 0.2 m1 for a filtered sample 
homogenized in 1 m1 of extraction buffer. Subsamples 
(0.5 ml) of the supernatant were removed, and 20 p1 of 
125 pM phenazine methosulphate (PMS) was added to 
oxidize the remaining NADH (Scholl et al. 1974) 
before assaying for nitrite. NR activity was scaled to 
particulate nitrogen. Particulate nitrogen was col- 
lected on 25 mm precombusted GF/F filters, and frozen 
for later analyses using a Europa Scientific RoboPrep 
Tracermass mass spectrometer. Simultaneous nitrate 
and ammonium uptake measurements were made 
using the stable isotope ''N. In this study we report 
only on the patterns of diel periodicity and ammonium 
inhibition; the relationship between NR activity and 
incorporation rates will be the subject of a future paper 
(Cochlan & Berges unpubl.). 

RESULTS 

Light:dark cycle experiments 

Prior to the experimental period, growth rates based 
on increases in cell numbers were: 0.90 (k 0.02, stan- 
dard error of the mean) d - '  for high-light-grown cul- 
tures, and 0.13 (* 0.02) d-l for low-light-grown cultures 
(Fig. 1A). Over the 24 h experimental period, it was 
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Fig. 1 Thalassiosira pseudonana. Growth characteristics of 
log phase cultures grown on 14 : 10 h light: dark cycles. (A) 
Culture densities; (B) cell volume; (C) carbon; and (D) nitro- 
gen. Cultures were grown at high light (45 pm01 quanta m-2 
S-';  m ,  m) ,  or low light (6 pm01 quanta m-' S - ' ;  0 ,  U). Points in 
(A) represent single determinations; points in (B), (C) and (D) 
represent the mean of duplicate determinations from 2 sepa- 
rate cultures. Error bars represent i l SE of mean values. 
Solid bar indicates the dark penod Note that 1 high-llght cul- 
ture (e) was diluted with fresh medium at approx~mately 

10 h, and that the y-axis of (A) is logarithmic 

intended that culture density remain <6 X 10' cells 
ml-l so that cultures would remain in logarithmic 
growth phase. For one of the high-light grown cul- 
tures, cell density approached this limit, so at 10 h, the 
culture was diluted approximately by half. Despite this 
disturbance, growth rates and compositional trends in 
t h ~ s  culture were not different from those of its repli- 
cate. No pattern in cell division was found; cell num- 
bers increased evenly in light and in darkness at simi- 
lar rates. 

In terms of cell composition, there was little variation 
in low-light-grown cultures for any parameter meas- 
ured (Fig 1). For high-light-grown cultures, however, 
distinct diel patterns were seen in cell volume and 
cell carbon content (Fig. lB ,  C). Cell volume showed 
peaks in the middle of the light period, and at the 
beginning of the dark period (Fig. 1B). Cell carbon 
increased during the light period and decreased in the 
dark (Fig. 1C). Nitrogen followed neither of these 
patterns (Fig. ID). 

In terms of NR activity per cell, there was a diel peri- 
odicity in both low- and high-light cultures (Fig. 2). 
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Fig. 2. Thalassiosira pseudonana. Nitrate reductase activity in 
log phase cultures grown on 14 : l 0  h light :dark cycles. (A) NR 
activity cell-' at low (0) or high (a) irradiance. (B,  C) NR actlv- 
ity (a) or calculated nitrate incorporation rate (0) in 2 cultures 
grown at high irradiance. For NR activity, each point repre- 
sents the mean of 2 separate cultures, and error bars repre- 

sent + 1 SE of mean. Solid bar indicates the dark period 

There were 2 peaks in activity, 1 at the middle of the 
light period, and a second towards the end of the dark 
period. In high-light cultures, NR activities per m1 of 
culture matched rates of particulate nitrogen increase 
throughout the diel cycle extremely closely in one cul- 
ture (Fig. 2B). In the other culture, the match was good, 
except in the first 3 sampling periods when particulate 
nitrogen increases exceeded NR activity (Fig. 2C). 
Nitrate, phosphate and silicate were never depleted, 
and only low levels (< 0.5 PM) of nitrite or ammonium 
were recorded. As is evident in Fig. lA,  low-light cul- 
tures grew almost an order of magnitude more slowly 
than those in high light. Under these conditions, where 
growth and nitrate uptake was very low, the coefficient 
of variation in particulate nitrogen measurements was 
as high as 50%,  and was therefore inadequate for esti- 
mating nitrate incorporation. If NR activity and partic- 
ulate nitrogen for each low-light culture in each sam- 
pling period were used to estimate the particulate 
nitrogen concentration at the next sampling period, 

these predictions were always within the ranges of 
increases observed, given the high variability (data not 
shown). This suggests that NR activities in low-light 
cultures were within the observed range of nitrate 
incorporation rates 

Nitrate depletion experiment 

Cultures growth rates started to decline from expo- 
nential between Days 2 and 3, although cell numbers 
continued to increase until Day 5 (Fig. 3A). pH over the 
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Fig. 3. Thalassiosira pseudonana. Patterns of growth, cell 
composition and nitrogen metabolism in cultures moving 
from logarithmic growth (indicated by the vertical line) to sta- 
tionary phase. (A) Culture density; (B) cell volume; (C) car- 
bon; (D) nitrogen; (E) amblent nitrate concentrations; and (F) 
NR activity (O), or rate of nitrate incorporation ( p N )  calculated 
from growth rate and nitrogen quota (0), increase in particu- 
late nitrogen (U), or depletion of nitrate from the medium (A) .  
Except for calculated rates, each point represents the mean of 
determinations from 3 replicate cultures Error bars represent 
i 1 SE, or if not seen, are less than the size of the symbol. Note 
that not all measurements were made at each sampling time 
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experimental period remained relatively constant at 
8.2 to 8.5 indicating that significant COz depletion did 
not occur. Nitrate was the first nutrient exhausted 
between Days 4 and 5 (Fig. 3E);  silicate was detectable 
until Day 6 and phosphate always greater that 5 PM. 
Low levels of nitrite and ammonium (ca 1 pM) were 
seen up to Day 5, but were not detectable by the end of 
the experiment. 

Cell volume did not change over the experiment 
(Fig. 3B; p > 0.05), while cell carbon content increased 
(Fig. 3C; p < 0.001), and nitrogen content decreased 
(Fig. 3D; p < 0.05). 

NR activity fell over the course of the experiment 
(Fig. 3F).  NR activity generally followed rates of 
nitrate incorporation calculated from nitrate depletion 
or increase in particulate nitrogen, but NR was still 
detectable on Day 6, at which point nitrate had been 
decreased below detection and there were no further 
increases in particulate nitrogen in the cultures. 

Effects of ammonium and ammonium pulsing 

In cultures grown on ammonium, cells were signifi- 
cantly greater In volume and carbon than either those 

Flg 4 Thalassiosira pseudonana. Cell composltlon In log 
phase cultures grown w t h  75 pM ammonium (NH,, solid 
bars),  75 pM n ~ t r a t e  (NO3, open bars), or 75 pM nitrate wlth 
dally pulses of 2 pM ammonium (P, hatched bars). ( A )  Cell 
volume, (B) carbon; (C)  nitrogen Each bar represents the 
mean of 2 separate cultures. Error bars represent * 1 SE of 
means.  Treatments not signdlcantly different from one an-  

other at p = 0 05 are  j o~ned  by llnes over the bars 

grown on nitrate or pulsed with ammonium (Fig. 4A, 
B) .  No significant differences in nitrogen were found 
amongst the treatments (Fig 4C). 

Ammonium-grown cultures grew significantly faster 
than nitrate-grown or ammonium-pulsed cultures 
(Fig. 5A). In terms of nutrient use and NR activities, the 
2 ammonium-grown cultures behaved differently, and 
so they are presented separately (Fig. 5 ) .  Ammonium 
was depleted below detection limits in one culture 
(NH,-l), but remained above 6 pM in the other (NH,- 
2). Nitrate levels in the ammonium-grown cultures 
were on the order of 1 pM, due to background contam- 
ination of the NaCl salt used in the artificial medium. 
Nitrate-grown cultures used only nitrate, and did so at 
rates consistent w ~ t h  their growth rates (Fig. 5B). Both 
ammonium-grown cultures used ammonium, but a sig- 
nificant use.of nitrate was seen in the culture in which 
ammonium was exhausted (NH,-2). NR activity and 
nitrogen incorporation rates (calculated from the prod- 
uct of growth rate and cell nitrogen content) were not 
different for nitrate-grown and ammonium-pulsed cul- 

Flg. 5. Thalassiosira pseudonana. Effects of 75 ~ I V  amrnonlum 
(NH,-1, NH,-2), 75 pM nitrate ( N o 3 ) ,  or 75 pM nltrate w ~ t h  
daily pulses of 2 pM ammonium (P) on growth of cultures 
(A) Speclf~c growth rate (based on cell numbers);  (B) specific 
nutnent  uptake rates for nltrate and amrnonlum, (C)  NR activ- 
~ t y  and  calculated nltrogen (nltrate + a m m o n ~ u m )  Incorpora- 
tion rate. Each bar represents the mean and * 1 SE of 2 
cultures, except amrnonlum cultures which are  shown sepa- 
rately slnce t h e ~ r  responses differed between repl~cates (see 

'Results') 
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tures (Fig. 5C; p > 0.5 in both cases). In the 
ammonium-grown culture, where ammonium 
was not exhausted, no NR activity was 
detected, however, in the other ammonium 
culture, NH, had significant NR activity 
(Fig. 5C). 

Field measurements 

Microscopic examination showed that the 
species in the Monterey Bay, California, study 
were predominantly diatoms, with approxi- 
mately 80% of cells being (in order of abun- 
dance) Thalassiosira spp., Chaetoceros spp., 
Pseudonitzschia spp., and Skeletonema costa- 
turn. 

Rates of increase of chl a and particulate N 
were very similar in control and ammonium- 
enriched containers over the 36 h of the 
experiment. Comn~unity growth rates (p) 

0 10 20 30 0 10 20 30 
time (h) 

Fig. 6 .  Changes in ambient concentrations of nitrate (*) and ammonium 
(0), and in NR activity over time for contained natural populations of 
phytoplankton from Monterey Bay, California. Cultures received either 
(A, B) no nitrogen additions or (C, D) 5 PM ammonium, added at t = 0 h. 
Each point represents the mean of 2 separate cultures. Error bars repre- 
sent + l  SE, or if absent are smaller than the symbols. Cultures were 

were estimated at 0.79 d- '  (control) and qrown under 50% natural irradiance. Solid bar indicates the dark pe- 

0.74 d-1 (ammonium-enriched), based on &d. Dotted curve in (B): the pattern in NR activity observed in ~abdra -  

increases in chl a or particulate N. Over the tory cultures of Thalassiosira pseudonana (see Fig. 2A), with the y-axis 
adjusted to a similar scale 

same time period, nitrate concentrations 
decreased in both sets of containers, but 
nitrate decreased more rapidly in control containers to 
7 PM, versus 11 pM in ammonium-spiked containers 
(Fig. 6A, C).  Ammonium increased slightly over time in 
control containers, from undetectable levels to 0.45 pM 
by 36 h (Fig. 6A). Ammonium declined steadily in con- 
tainers with ammonium added until 28 h when con- 
centrations were no different from control containers 
(Fig. 6C). 

NR activity showed a diel periodicity in both control 
and ammonium-spiked containers, but because ammo- 
nium also had an effect on NR activity, the trend was 
clearest in control containers (Fig. 6B, D). Activity was 
low at the beginning of the light period, rose to a peak 
and then declined by the beginning of the dark period. 
Towards the end of the dark period, NR activity in- 
creased, but fell once again by the first sampling of the 
next light period. This pattern closely matched that 
found for Thalassiosira pseudonana cultures (Fig. 2A; 
see dotted line in Fig. 6B). NR activity in ammonium- 
spiked containers was identical to that in control con- 
tainers until 12 h sampling time (Fig. 6D). Thereafter, 
NR activity was significantly lower in ammonium- 
spiked versus control containers, declining to unde- 
tectable levels by 20 h (Fig. 6D). This corresponded 
to the time when ammonium concentrations fell below 
2 FM (Fig. 6C). After this. NR activity in ammonium- 
spiked containers increased, and was not significantly 
different from activity in control containers in the last 
sampling. 

DISCUSSION 

Effects of diel periodicity in irradiance 

There was no detectable diel periodicity in cell 
division of Thalassiosira pseudonana under the condi- 
tions used in the present study. Nelson & Brand (1979) 
studied cell division patterns in 7 clones of T pseudo- 
nana, and found that periodicity of division was spe- 
cies and clone specific. In at least 4 clones of T pseudo- 
nana division rates were nearly constant throughout 
the light: dark cycle. 

Patterns of cell volume over diel cycles have been 
investigated previously. As Chisholm (1981) reports, 
patterns in diatoms are often complex. For Thalas- 
siosira weissflogii, there was a bimodal pattern with 
maximal volumes occurring at midmorning and just 
prior to the light-dark transitions. This was correlated 
with cell division cycles. A similar bimodal pattern 
with different timing was seen here, but there were no 
associated division cycles. There are few data for other 
cell composition parameters. 

In culture, and in control containers in the field, NR 
activity showed a double peak in the diel cycle, which 
did not simply correlate with changes in cell size or 
composition. Results from lab and field are similar. The 
comparison was facilitated because the 1ight:dark 
cycle was 14 h 1ight:lO h dark in both cases, but the 
precise timing of the pattern differed. This is probably 
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due to differences in the light regime; culture chamber 
lights are simply switched off and on, while in natural 
settings irradiance is a continuously varying function 
of the time of day. A pattern with midday and predawn 
peaks in activity has not previously been noted, 
although it can also be discerned in data from cultures 
of Isochrysis galbana (Flynn et al. 1993). Three pat- 
terns have been commonly documented. The first, 
where activity shows a peak in the light period and 
very low levels at night, has been demonstrated in 
higher plants (Deng et al. 1991), macroalgae (Gao et al. 
1992) and microalgae (Packard et al. 1971, Collos & 
Slawyk 1976, Smith et al. 1992, Ramalho et al. 1995). 
Martinez et  al. (1987) found a variation on this pattern 
in natural populations of marine phytoplankton; NR 
activity showed a double peak in the middle of the 
light period. The second pattern is a monotonic in- 
crease in the light and a decrease in the dark, as have 
been reported in barley leaves (Lillo 1983). Finally, 
increases in activity just before dawn and declines dur- 
ing the day have been found in chemostat cultures of 
Emiliania huxleyi (Eppley et  al. 1971), and in natural 
marine phytoplankton assemblages (Packard & Blasco 
1974). There may be at least 2 reasons for these differ- 
ences. Lillo (1983) found that the particular assay used 
(e.g.  in situ vs in vitro) could give very different pat- 
terns and there is great diversity among assays used. 
Secondly, the sampling frequency of many studies may 
be insufficient to identify both the peaks. For example, 
Eppley et al. (1971) sampled irregularly every 5 to 6 h, 
and Smith et al. (1992) sampled every 4 to 8 h. Thus in 
some studies one of the peaks in activity may be 
missed. The reasons for such a pattern remain unclear. 
Our results are consistent with a synthesis of NR just 
before dawn; while there may also be a light activation 
of NR, the process operates on a much shorter time 
scale than was observed in the present study (Huber et 
al. 1992). The other midday peak in NR activity may be 
correlated with peak photosynthesis, because of the 
tight coupling between carbon fixation and nitrogen 
incorporation (see Foyer et al. 1994). 

In cultures grown on a die1 cycle, NR generally cor- 
related very well with calculated rates of increase of 
particulate nitrogen. Apparently, NR activity was 
exceeded by calculated rates in one culture (Fig. 2C); 
the reasons for this are unknown. The correlation 
between NR and calculated rates agrees with pub- 
lished data, but previously only 12 to 25% of nitrate 
incorporation could be accounted for in NR activity 
(see Eppley et al. 1971, Collos & Slawyk 1976). These 
differences probably result from our improvements in 
the NR assay (Berges & Harrison 1995a). On the 3 h 
time scale measured, NR activity was an adequate pre- 
dictor of nitrate incorporation rates in the present 
study. 

Effects of nitrate depletion 

Increase in C:N ratio has been used as an indicator of 
nitrogen starvation (e.g. Dortch et al. 1984). In the pre- 
sent study, the increase in this ratio appeared to be dri- 
ven by increases in cell carbon content and decreases 
in nitrogen content, indicating that cells were still 
actively photosynthesizing even though they could 
incorporate no more nitrogen (see Syrett 1981). 

NR activity was again poorly correlated with changes 
in cell size or biomass, falling rapidly as stationary 
phase was approached. This decline was comparable to 
declines in the rates of nitrate incorporation and nutri- 
ent depletion. Three patterns of NR activity in response 
to nitrogen starvation have been noted in the literature. 
In some cases, NR activity increases after nutrient ex- 
haustion. This has been found in Chlorella spp. (Kessler 
& Osterheld 1970), Chlamydomonas reinhardtil (Watt 
et al. 1992), and in a survey of 6 species of marine 
phytoplankton (Hipkin et al. 1983); this increase even 
occurred in cultures that had previously been grown on 
ammonium and had shown no previous NR activity. It is 
unclear why this should occur, but suggestions range 
from a simple derepression of NR synthesis once am- 
monium is removed, to the presence of oxidative path- 
ways within the cell that provide nitrate in the absence 
of a nitrogen supply (Watt et al. 1992). It is worth not- 
ing, however, that Oaks et al. (1990) showed that trace 
nitrate contamination of soil was responsible for a 'no 
nitrate' induction of NR in higher plants. This is clearly 
a problem in artificial seawater media as well; in the 
present study up to 1 pM nitrate was introduced from 
trace contamination of reagent grade salts, particularly 
sodium chloride. A second pattern observed is a con- 
stant decline in NR activity after nitrogen depletion 
(Morris & Syrett 1965, Eppley et al. 1969). The decrease 
in NR activity is thought to be the result of enzyme 
degradation (Syrett 1981), and Hersey & Swift (1976) 
hypothesized that NR might be less stable in the ab- 
sence of nitrate and so be susceptible to degradation. 
NR activity in cultures depleting nitrate has usually not 
been well correlated with decreases in nitrate incorpo- 
ration rates, and even where the correlation has been 
good, the relationship has not been quantitative; in the 
case of Morris & Syrett (1965), NR activity was only 
sufficient to account for 10 to 12% of the actual incorpo- 
ration. In the present study, declines in incorporation 
and NR activity closely match. These apparently differ- 
ent reponses may also be due to the different time 
scales over which NR activity has been measured. 

Effects of ammonium and ammonium pulsing 

Ammonium-grown cells had larger cell volumes and 
carbon contents. Since ammonium-grown cultures also 
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grew more quickly, these increases in cell volume and 
carbon may be a reflection of increased growth rate, as 
previously observed (Thompson et al. 1991, Berges & 

Harrison 1993), however, nitrogen content did not dif- 
fer between ammonium- and nitrate-grown cultures. 

NR activities were very close to nitrate utilization 
rates and calculated rates of ~ncorporatlon in both 
nitrate and ammonium pulsed cultures. It is possible 
that the ammonium pulses were too low to have any 
effect, since there appears to be a threshold for inhibl- 
tion effects (Syrett 1981, Dortch 1990). At the growth 
rates observed, all the ammonium would have been 
taken up within 2 to 3 h after the addition. In one 
ammonium culture (NH,-l), where ammonium did not 
become depleted, no NR activity was observed. This 
was also seen in the field, where ammonium enrich- 
ment decreased NR activity to zero. However, activity 
returned when ammonium levels declined to 2 PM, 
a level generally considered to be  inhibitory to NR 
activity and to nitrate uptake (Syrett 1981). As Dortch 
(1990) points out, such generalizations may not hold in 
field assemblages. Evidence of ammonium inhibition 
of NR in natural communities is mostly limited to 
observational, rather than experimental, data. For 
example, Packard & Blasco (1974) present data show- 
ing that a decline in NR activity correlated with a 
decline in nitrate uptake with increasing ammonium 
concentrations above 0.2 pM in samples from coastal 
Greece. However such correlations cannot prove a 
causal relationship. Furthermore, true ammonium in- 
hibition of nitrate uptake (i.e. an  indirect interaction in 
which decreases in nitrate uptake vary with ammo- 
nium concentration) cannot be distinguished from a 
simple preference for ammonium (i.e. a direct inter- 
action in which decreases in nitrate uptake are inde- 
pendent of ammonium concentration) under these 
conditions (Dortch 1990). 

How the inhibitions of nitrate uptake and NR activity 
are mediated remains unclear, but it 1s generally 
thought that they are mediated by a product of ammo- 
nium assimilation (e.g. glutamine) (Syrett 1981, Flynn 
1991). On the other hand, Zehr et al. (1989), using a 
very sensitive technique involving the rad~oisotope 
I3N, reported that cultures of Thalassiosira pseudo- 
nana and Dunaliella tertiolecta grown on ammonium 
were still able to take up and reduce nitrate. This sug- 
gests that these species possess a constitutive (i.e. non- 
ammonium-repressible) form of NR. In the replicate 
ammonium-grown culture (NH,-2), ammonium was 
exhausted and significant NR activity was found. Lars- 
son et al. (1985) found similar results in Scenedesmus 
obtusiusculus: after ammonium exhaustion NR activity 
rapidly appeared. In this case, there was also excess 
nitrate in the medium. Alternatively, Morris & Syrett 
(1965) found that in Chlol.ella vulgaris, an  increase in 

NR activity followed ammonium exhaustion even 
when there was no nitrate present. Solomonson & Bar- 
ber (1990) concluded, based on several species, that 
nitrate may not be  necessary to induce synthesis of NR, 
but that removal of ammonium repression is sufficient. 

It appears that the inhibition of nitrate incorporation 
by ammonium (whether at the level of uptake or 
reduction) is reflected in a decrease in NR activity, 
although inhibition of nitrate uptake can occur more 
rapidly than inhibition of NR activity. Changes in NR 
activity a re  likely mediated by changes in enzyme 
protein at  longer time scales, but perhaps by a n  in- 
activation mechanism at scales of minutes (e.g. Huber 
et al. 1992). Although such short-term enzyme inacti- 
vation might not be  well represented in assays of 
maximal NR activity, because most measurements in 
the field are concerned with average incorporation 
over longer periods of time, measurement of maximal 
NR activity may actually provide a more representa- 
tive and robust measurement than would assays that 
attempt to account for the activation state of the 
enzyme. 

In summary, from laboratory work, despite temporal 
changes in nitrate incorporation rates caused by peri- 
odicity in irradiance and nitrate depletion, NR activity 
closely followed changes in nitrate incorporation, at  
least on a scale of hours to days. This suggests that NR 
activity could be useful in natural environments with 
similar scales of variabfity. Although ammonium does 
inhibit NR activity, the inhibition appears to be  in step 
with changes in nitrate uptake. Pulses of ammonium 
do not appear to influence the relationship either. 
Based on the results of these experiments, it appears 
that in the majority of cases, NR activities can ade- 
quately predict rates of nitrate incorporation. Our field 
experiments have successfully applied the modified 
NR assay to natural assemblages of phytoplankton, 
and supported the results observed using unialgal 
cultures. Patterns in diel periodicity of NR activity in 
laboratory cultures and natural populations were very 
similar; better resolution will result from more inten- 
sive time series. Ammonium 'inhibition' of NR activity 
in natural populations was apparently less con~plete 
and  occurred over a much longer time scale than is 
generally appreciated. 

In our experience, NR activity measurements were 
rapidly and easily performed ship-board; typically, 
sample collection, filtration and homogenization could 
be  accomplished within 30 min, and  data were avail- 
able within 2 h.  Alternatively, preliminary results indi- 
cate that NR activity is stable for at least several days 
when filtered samples are  kept frozen in liquid nitro- 
gen (Berges & Harrison 1995a), opening the possiblity 
of sample storage for later analyses. Such rapid sample 
processing is a substantial improvement over I5N tech- 
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niques, where sample processing can often take weeks 
or longer. 15N techniques offer the advantage of being 
able to average results by varying incubation times, 
but the average is always a function of the processes 
going on inside the incubation bottles, which are them- 
selves poorly understood (e.g.  Collos et al. 1993). N R  

activlty on the other hand provides an instantaneous 
measurement of the conditions the organism has expe- 
rienced over a period of time determined by the rate of 
acclimation of enzyme levels. Such integration is more 
relevant than variability in chemical measurements, 
because it is a reflection of variation that is truly mean- 
ingful to the organism. As well, because 15N tech- 
niques can be applied to other nitrogen forms includ- 
ing ammonium and dissolved organic nitrogen (e.g. 
Bronk & Glibert 1993), NR measurements will not 
replace them, but rather supplement them. In a future 
paper we report in detail the relationship between N R  

activity and nitrate and ammonium utilization in field 
assemblages of phytoplankton (Cochlan 81 Berges 
unpubl.). 
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