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zawa (8) and Carnegie et al. (9). The ra- 
tio of DMA to DM'A changes much 
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thus provide a means for earlier or pre- 
clinical diagnosis of this disease. 

MARJORIE F. Lou 
Thomas R. Brown Memorial Research 
Laboratories, Alfred I. duPont Institute 
of The Nemours Foundation, 
Wilmington, Delaware 19899 

References and Notes 

1. K. E. Hurley and R. J. Williams, Arch. Bio- 
chem. 54, 384 (1955). 

2. M. L. Maskaleris, S. Gross, A. T. Milhorat, 
Clin. Chem. 15, 545 (1969). 

3. W. J. Bank, L. P. Rowland, J. Ipsen, Arch. 
Neurol. 24, 176 (1971). 

4. P. B. Hamilton, in Handbook of Biochemistry, 
H. A. Sober, Ed. (CRC Press, Cleveland, 1968), 
p. B-43. 

5. M. F. Lou and P. B. Hamilton, in Methods of 

observed a one-to-one ratio of DMA to 
DM'A tii normal adults, in agreement 
with the findings of Kakimoto and Aka- 
zawa (8) and Carnegie et al. (9). The ra- 
tio of DMA to DM'A changes much 
more in muscular dystrophies than in 
liver diseases (9). This change, which 
may relate directly to the etiology of this 
disease, could, perhaps, be used as a 
marker for muscular dystrophies and 
thus provide a means for earlier or pre- 
clinical diagnosis of this disease. 

MARJORIE F. Lou 
Thomas R. Brown Memorial Research 
Laboratories, Alfred I. duPont Institute 
of The Nemours Foundation, 
Wilmington, Delaware 19899 

References and Notes 

1. K. E. Hurley and R. J. Williams, Arch. Bio- 
chem. 54, 384 (1955). 

2. M. L. Maskaleris, S. Gross, A. T. Milhorat, 
Clin. Chem. 15, 545 (1969). 

3. W. J. Bank, L. P. Rowland, J. Ipsen, Arch. 
Neurol. 24, 176 (1971). 

4. P. B. Hamilton, in Handbook of Biochemistry, 
H. A. Sober, Ed. (CRC Press, Cleveland, 1968), 
p. B-43. 

5. M. F. Lou and P. B. Hamilton, in Methods of 

Several investigators have described 
the role that nitrogen plays in regulating 
the growth of natural populations and 
laboratory cultures of marine phyto- 
plankton. The rates by which phyto- 
plankton assimilate nitrogen and grow 
can reasonably be approximated by rec- 
tangular hyperbolic functions of either 
the aqueous (external) nitrogenous nutri- 
ent concentration (1-3) or the cellular ni- 
trogen content (cell quota) (4, 5), or 
both, depending upon growth condi- 

Several investigators have described 
the role that nitrogen plays in regulating 
the growth of natural populations and 
laboratory cultures of marine phyto- 
plankton. The rates by which phyto- 
plankton assimilate nitrogen and grow 
can reasonably be approximated by rec- 
tangular hyperbolic functions of either 
the aqueous (external) nitrogenous nutri- 
ent concentration (1-3) or the cellular ni- 
trogen content (cell quota) (4, 5), or 
both, depending upon growth condi- 

Fig. 1. Maximum rate of NH4+ 
uptake per unit of plant nitro- 
gen (V'max) at specific growth 
rates (Q) for Thalassiosira 
pseudonana (clone 3H) grown 
in a NH4+-iimited chemostat. 
The circles represent rates de- 
termined immediately and 20 
minutes after the nutrient sup- 
ply ceased. The triangles rep- 
resent rates determined 120 
minutes after the nutrient sup- 
ply ceased. Rates of NH4+ up- 
take adequate to meet the re- 
quirements of growth are de- 
picted by the dotted line. 
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tions. Similar results have been demon- 
strated for other nutrients under limiting 
conditions (6). Goldman (7) recently 
showed that under steady-state condi- 
tions in continuous cultures phytoplank- 
ton growth rates and nutrient uptake 
rates were coupled and could be de- 
scribed simultaneously by external and 
cellular nutrient concentrations. 

In natural marine environments, par- 
ticularly in impoverished oceanic wa- 
ters, steady-state conditions for bacterial 
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or phytoplankton nutrition are seldom, if 
ever, established (8), partly because the 
temporal and spatial patterns in the 
fluxes of required nutrients into and 
within the euphotic zone are highly epi- 
sodic. In several recent studies nitroge- 
nous nutrients in the near-surface waters 
of the North Atlantic and adjacent seas 
have been below the limit of detect- 
ability, even though considerable photo- 
synthetic activity was noted (9, 10). The 
absence of measurable concentrations of 
nitrogenous nutrients in the environment 
of physiologically active phytoplankton 
raises the perplexing but crucial question 
of how nitrogen is made available and 
utilized by marine phytoplankton in 
these oceanic waters. 

From recent laboratory studies (11, 
12) it is evident that, under conditions of 
nitrogen starvation and during time inter- 
vals that are short relative to cell genera- 
tion periods, the nitrogen uptake rates of 
marine phytoplankton can exceed the ni- 
trogen uptake rates required for popu- 
lation growth. The major implication of 
these findings is that a phytoplankton 
cell need only be exposed to intermittent 
pulses of nitrogen in order to acquire its 
daily ration of this nutrient. Such situa- 
tions conceivably could exist when cells 
randomly and perhaps frequently pass 
into microenvironments in which nitrog- 
enous nutrient concentrations are ele- 
vated as a result of either metabolic 
waste excretion by animals or the degra- 
dation of organic matter by bacteria. 
This phenomenon has been addressed 
conceptually (13), but we believe that its 
significance in the open ocean has not 
been fully realized because the critical 
response period of the phytoplankton to 
nutrient pulses is on the order of minutes 
rather than tens to hundreds of minutes 
(12). This hypothesis would be consist- 
ent with our recent observations that, in 
oceanic waters where dissolved nitrog- 
enous nutrients were undetectable, rates 
of primary productivity were measur- 
able. 

We explored this question by assess- 
ing the short-term nitrogen uptake capa- 
bilities of two clones of the marine dia- 
tom Thalassiosira pseudonana in NH4+- 
limited continuous cultures. Clone 3H 
was originally isolated from Long Island 
Sound, and clone 13-1 was from the Sar- 
gasso Sea (14). Steady-state levels of 
biomass were first established at dif- 
ferent growth rates, and then short-term 
uptake experiments with added I5NH4+ 
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Nitrogenous Nutrition of Marine Phytoplankton 
in Nutrient-Depleted Waters 

Abstract. Variability in the small-scale temporal and spatial patterns in nitroge- 
nous nutrient supply, coupled with an enhanced uptake capability for nitrogenous 
nutrients induced by nitrogen limitation, make it possible for phytoplankton to main- 
tain nearly maximum rates of growth at media nutrient concentrations that cannot 
be quantified with existing analytical techniques. 
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Fig. 2. Maximum rate of NH4+ uptake per unit 
of plant nitrogen (V'max) as a function of the 
cellular nitrogen content (Q) of Thalassiosira 
pseudonana (clone 3H). Measurements of cel- 
lular nitrogen were made at steady-state con- 
ditions (5). 

steady-state measurements are presented 
elsewhere (5). 

We carried out the uptake experiments 
on 50-ml portions of culture exposed to 
8- or 16 ,g-atom of 15NH4+ per liter dur- 
ing 5-minute incubations at the same 
temperature (18?C) and light intensity 
(0.05 to 0.07 langley per minute) used for 
the continuous cultures (15). We termi- 
nated the uptake experiments by filtering 
the samples onto glass-fiber filters which 
were dried and processed for 15N enrich- 
ment by mass spectroscopic analysis 
(16). Dissolved NH4+ was measured in 
the culture media prior to each in- 
cubation experiment (5). 

For the coastal clone, clone 3H, the 
maximum specific uptake rate of NH4+ at 
a specific growth rate of about 0.5 cellu- 
lar doubling per day (17 percent of the 
maximum growth rate Pax) was approx- 
imately equivalent to the amount of 
NH4+ that would be needed for 15.5 cel- 
lular doublings per day (Fig. 1). Thus un- 
der conditions of severe nitrogen star- 
vation (17) this alga has the capacity to 
assimilate NH4+ at a rate that is 30 times 
its steady-state rate of cell replication. 
Clone 3H needs to be exposed to a satu- 
rating NH4+ concentration during only 
about 3.0 to 3.5 percent of a doubling pe- 
riod at this growth rate in order to com- 
pletely meet its demand for nitrogen dur- 

ing the doubling period (18). The en- 
hanced maximum NH4+ uptake capacity 
decreases with increasing growth rate, 
and at Pmax the two must be equal (Fig. 
1). We could not discern any measurable 
change in NH4+ uptake capacity when 
the cultures were deprived of nutrients 
for 20 minutes prior to the time when the 
uptake rates were measured. After a 
delay of 120 minutes, however, addition- 
al enhancement of the NH4+ uptake ca- 
pacity was noted at intermediate growth 
rates (Fig. 1). 

At the steady state, the growth rates of 
clone 3H were described as a function of 
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the nitrogen cell quota, Q (5); hence, a 
more general depiction of enhanced 
NH4+ uptake capability under conditions 
of nitrogen deprivation can be seen when 
the maximum NH4+ uptake rate is 
plotted against the steady-state Q (Fig. 2) 
(19). Significant enhancement of the 
NH4+ uptake capacity occurs at low Q 
values (the region of nitrogen limitation) 
and decreases to a minimum at the maxi- 
mum Q value. This upper limit in Q cor- 
responds to the maximum growth rate 
and represents a region of nonnutrient 
limitation (5). If the rate of population 
cellular doubling during the 120-minute 
period of nutrient deprivation prior to 
NH4+ addition was approximately that 
observed for the steady-state culture at 
the initiation of the experiment, the cor- 
responding change in Q would be suf- 
ficient to account for most of the eleva- 
tion in the uptake data determined after 
the 120-minute period (Fig. 1) (20). We 
have defined V'max to be a measure of po- 
tential population growth in terms of the 
nitrogen content of the population. The 
data in Figs. 1 and 2 can be combined to 
examine uptake capability per cell as a 
function of nutrition state, Pmax (13). This 
parameter also increases with increasing 
nutrient deprivation but not as dramati- 
cally as V'max. 

Clearly, the enhanced V'max repre- 
sents uptake that is uncoupled from 
growth as approximated by the rate of 
cellular doubling. For a given period of 
rapid short-term uptake, there must be a 
coincident and corresponding increase in 
the amount of nitrogen per cell, and for a 
steady-state continuous culture popu- 
lation the rate of nitrogenous nutrient up- 
take must equal the rate of cellular syn- 
thesis of organic nitrogen. The rapid in- 
crease in the nitrogen per cell arising 
from a manifestation of V'max in response 
to a pulse of nutrient results in sub- 
stantial internal pooling of nutrient. Re- 
search is needed in which Q is parti- 
tioned into nutrient storage and active 
metabolic pools. 

With the oceanic clone of T. pseudo- 
nana, clone 13-1, we observed the same 
enhanced maximum specific NH4+ up- 
take capacity with the increasing severi- 
ty of nitrogen limitation (Table 1). At 26 
percent of the maximum growth rate, the 
degree of enhancement in V'max was sim- 
ilar to that observed for clone 3H but, 
when the uptake experiment was de- 
layed for 20 minutes after nutrient de- 
livery ceased, further enhancement in 
V'max was noted. That only the oceanic 
clone in our experiments was capable of 
rapidly adjusting its nutrient uptake ca- 
pabilities in response to nutrient depriva- 
tion is consistent with the hypothesis 

Table 1. Ratios of V'max to ,A for Thalassiosira 
pseudonana (clone 13-1) determined at three 
growth rates (x)(immediately, 20 minutes af- 
ter, and 120 minutes after nutrient delivery 
ceased). The maximum growth rate was 1.01 
cellular doublings per day. 

Time 
after {L (doublings per day) 

nutrient 
delivery 0.26 0.60 0.82 
(minutes) 

0 15.4 4.0 1.1 
20 25.7 6.7 1.1 

120 33.9 8.2 1.4 

that oceanic species, residing in nutri- 
ent-impoverished environments, have 
evolved higher biochemical potential to 
exploit any quantity of nitrogenous nutri- 
ent that might be present (21). Such dif- 
ferences in uptake potential may be a 
major factor determining the geographic 
distribution patterns for clones of single 
cosmopolitan species such as T. pseudo- 
nana, as well as for separate species; 
however, more research is required to 
establish firmly the role of clonal varia- 
tions in the phytoplankton speciation. 

Historically, emphasis has been 
placed on comparing ambient concentra- 
tions of nutrients in natural waters with 
corresponding kinetic constants for nu- 
trient uptake determined in laboratory 
cultures. These comparisons have 
served as the basis for estimates of the 
degree and form of nutrient limitation to 
be expected in nature. For example, it 
has been suggested that nitrogen is the 
limiting nutrient in oceanic waters be- 
cause both ambient concentrations and 
phytoplankton kinetic constants for 
NO3- and NH4+ uptake have been found 
to be similar (22). 

The accuracy of such nutrient data 
should now be questioned. Through re- 
finements in analytical techniques used 
at sea, more accurate measurements of 
nitrogenous nutrients have recently be- 
come possible. We now have evidence 
that NO3-, NO2-, NH4+, and urea con- 
centrations in the upper mixed layer of at 
least the North Atlantic are frequently 
less than 0.03 ,g-atom/liter, the lower 
limit of detectability (9, 10). Corroborat- 
ing, albeit indirect, evidence demon- 
strates a similar absence of nitrogen in 
the North Pacific (23). We believe a ma- 
jor reason for the higher values reported 
earlier is that the sampling and preserva- 
tion techniques commonly used aboard 
ship (in cases where nutrient analyses 
are delayed until samples reach shore- 
based laboratories) were inadequate to 
avoid sample contamination (9, 23). For 
example, when shipboard analyses or bi- 
ological uptake responses have sug- 
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gested an absence of measurable nitrog- 
enous nutrient, shore-based analyses of 
stored portions from the same samples 
were found to contain measurable con- 
centrations (9, 23). Data from a recent 
study (24) on a freshwater green alga, 
Selanastrum capricornutum, grown un- 
der nitrogen limitation were related to 
earlier data for oceanic nutrient concen- 
trations; the conclusion was drawn that 
nitrogen should not be considered as a 
primary limiting nutrient in oceanic wa- 
ters. Based on our comments above, we 
suspect that the nutrient values used in 
this comparison contained artifacts (23). 

In light of our inability to measure ni- 
trogenous nutrients in oceanic surface 
waters and our experimental evidence 
for the rapid short-term nitrogen uptake 
characteristics of marine phytoplankton, 
we offer a hypothesis on how primary 
producers obtain their nutrition in ocean- 
ic waters that appear to be devoid of ni- 
trogenous nutrient. Bacterial degrada- 
tion of particulate and dissolved organic 
nitrogen plus animal excretion products, 
mainly NH4+ and urea, are significant 
sources of nitrogenous nutrients sup- 
porting phytoplankton growth in estua- 
rine, coastal, and oceanic waters (3, 16, 
25). A single phytoplankton cell with a 
history of nitrogen deprivation that has 
the same capacity for enhanced nitrogen 
uptake displayed by the two clones of T. 
pseudonana in this study could rapidly 
and efficiently utilize nitrogenous ex- 
creta before they are physically dis- 
persed to the surrounding media. Thus 
the microenvironment surrounding a 
phytoplankton cell probably determines 
the magnitude of the cell's supply of ni- 
trogen. Such minute patches, perhaps 
only nanoliters, with elevated nitrogen 
content cannot be observed with pres- 
ent-day techniques. The impact of a 
single zooplankter in supplying nitrogen 
on this spatial scale is considerable. For 
example, calculations indicate that her- 
bivorous oceanic copepod such as Oi- 
thona or Clausocalanus can excrete 
enough NH4+ in 5 seconds to increase 
the ambient concentration of this nutri- 
ent by about 5 1tg-atom/liter in a volume 
of water approximating the displacement 
volume of the animal (26). 

If our results with T. pseudonana typi- 
fy the nitrogen uptake capabilities of oth- 
er marine phytoplankton, then conceiv- 
ably nitrogen that is either excreted by 
zooplankton or remineralized by bac- 
teria is continually being utilized by adja- 
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tion for larger water volumes at less than 
the limits of analytical detection. Exten- 
sion of these ideas and observations to 

cent phytoplankton cells at rates that can 
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tion for larger water volumes at less than 
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achieve a more complete understanding 
of the small-scale temporal and spatial 
coupling between the nutrient supply 
and utilization components of near-sur- 
face oceanic nitrogen cycling will require 
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Cech and Ignarro (1) have reported the 
enzymatic synthesis of cytidine 3',5'- 
monophosphate (cyclic CMP) from [a- 
32P]CTP (cytidine triphosphate) in mouse 
liver homogenates and other tissues. The 
method used by the authors to isolate cy- 
clic CMP, however, appears to be unre- 
liable. 

Using the assay of cytidylate cyclase 
in mouse liver as reported by Cech and 
Ignarro (1), we were able to obtain simi- 
lar values for the formation of apparent 
cyclic CMP (100 to 120 pmole per milli- 
gram of protein per minute) during 1 to 5 
minutes of incubation. But the product 
did not behave as cyclic CMP in various 
chromatographic systems. On rechro- 
matography on alumina column, more 
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than 99 percent of the apparent 32P-la- 
beled cyclic CMP was retained by the 
column, while more than 85 percent of 
authentic [5-3H]cyclic CMP was eluted 
from the column. This clearly indicated 
that more than 99 percent of the 32p ra- 
dioactivity obtained in the assay of Cech 
and Ignarro (1) was not associated with 
cyclic CMP. Moreover, when the alu- 
mina eluate was rechromatographed on a 
Dowex 50-H+ (0.5 by 4 cm) column (2) 
about 75 to 80 percent of the apparent 
32P-labeled cyclic CMP was recovered of 
which more than 50 percent was eluted 
in the first 2 ml, and the rest was eluted 
in the 3- to 10-ml fractions. By contrast 
more than 85 percent of the recovered 
authentic 3H-labeled cyclic CMP present 
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