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Dilution of >N in Dunaliella tertiolecta by uptake
of an unidentified compound following nitrate
exhaustion
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Abstract — Nitrate (about 20 M) was added as '"NO, to a nitrate-limited continuous
culture of Dunaliella tertiolecta at steady-state. Nitrate uptake was then estimated from
the decrease in nitrate in the medium, the incorporation of '°N into cells, and the
increase in cellular nitrogen. Although the overall nitrogen budget over 5 h was
balanced, there were large differences in estimates (up to a factor of five) of nitrate
assimilation by the three methods on shorter time scale. After nitrate was exhausted
from the medium, cellular nitrogen continued to increase while the N content of the
particulate matter decreased over the next 1.5 h. This indicated that an unidentified,
unlabelled nitrogen form, which was neither nitrite, ammonium nor dissolved free
amino acids, was being taken up by the cells, at rates comparable to those of nitrate.
This phenomenon Teads to an underestimation of new biomass production when
assessed through "N incorporation into cells. (© Académie des sciences / Elsevier,
FParis.)
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Résumé — Cabsorntion nette de nitrate par une culture convinue de Dunaliella tertialecta est suivie
a partir de la diminution de nitrate dans le milieu ainsi que par I'incorporation dans les cellules
d’azote 15 ajouté sous forme de nitrate. Bien que le bilan d’azote soit équilibré sur la toralité de
Pexpérience (5 h), il apparait, & plus court terme, de grandes différences (jusqu’a un facteur de
dng) entre les estimadions de prise de nitrate par ies deux méthodes. A patuir du moment ou e
milieu est épuisé en nitrate, 'azote des cellules continue de croitre et son enrichissement en azote
15 diminue. Cette dilution isotopique indique qu'une forme d’azote non identifiée, qui n’est ni le
nitrite, ni Fammonium ni les acides aminés libres dissous, est assimilée par les cellules, i des taux
comparables 4 ceux du nitrate. Ce phénomene entraine une sous estimation de ta producrion
nouvelle (production primaire soutenue par le nitrate). (© Académie des sciences / Elsevier, Paris.)
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Version abrégée

Une controverse concerne actuellement les différentes
méthodes d’estimation de la production primaire de bio-
masse océanique basée sur le budget azoté du phytoplancton.
Cela révele la nécessité d’'une compréhension déraillée des
mécanismes de 'assimilation du nitrate par le phytoplancton
marin. Au cours de ce processus, plusieurs écapes entrent en
jeu, durant lesquelles de I'azote peut étre perdu par les cel-
lules. Afin d’améliorer Pinterprétation de telles mesures, nous
avons utilisé un systeme simple, une culture unialgale de fla-
gellé marin, olt le nombre de variables est réduit par rapport i
un réseau trophique naturel. L'expérience est réalisée 4 ["aide
d’une culture continue de Dunaliella tertiolecta dont la crois-
sance est limitée par le nitrate. Une fois la culture maintenue
a I'équilibre, on effectue une addition de nitrate (20 uM)
marqué i I'azote 15. On suit la diminution de nitrate dans le
milieu ainsi que I'incorporation de I"azote 15 dans les cellules.
En fin d’expérience, la somme des composés azotés mesurés
(nitrate, nitrite, ammonium, acides aminés libres dissous,
azote particulaire) est identique 2 celle de départ. Néanmoins,
cette somme passe par un minimum 4 ¢= 3,5 h qui corres-
pond & I'épuisement en nitrate du milieu. La comparaison
entre les deux méthodes d’estimation de la prise de nitrate et
laugmentation de I'azote cellulaire montre également un
déséquilibre a court terme et leur différence un minimum
marqué au méme moment. L'enrichissement en °N des cel-

lules atteint un maximum également 2 ce moment, puis dimi-
nue ensuite de maniére significative (2,72 a4 2,59 arome%
exceés) pendant Pheure suivante. Pendant le méme laps de
temps, la prise de nitrate estimée par voie chimique et iso-
topique est égale i zéro. Néanmoins, 'azote des cellules con-
tinue d’augmenter.

La comparaison des cinétiques d’absorption nette de
nitrate (calculée d’aprés la diminution dans le milieu) et
d’accumulation de N dans les cellules montre que le phéno-
méne étudié comprend trois phases distinctes. Une premiére
phase qui consiste en une exsorption du composé inconnu
(X} & partir d’'un pool préexistant non marqué, déclenchée
par 'apport de nitrate {latence initiale de 'accumulation de
N). Cette phase se termine & 1 h 30. Une phase de stabilité
s’ensuit pendanc ’heure et demi suivante (jusqu'az= 3 h). Le
parallélisme raisonnable des deux courbes (diminution de
nitrate et accumulation de N dans les cellules) indique que
I'absorption nette de X est négligeable tant que le nitrate est
présent dans le milieu. Enfin, une phase de réabsorption de X
qui suit I'épuisement du nitrate du milieu. S'il sagit d’un
phénomene de réabsorption d’un composé préalablement
excrété, il n’y a pas eu équilibre isotopique entre source et
produit a I'échelle de temps utilisée pour réaliser cette expé-
rience. Néanmoins, la dilution isotopique entraine une sous-
estimation de la prise de nitrate et de la production nouvelle
estimée par la méchode 4 I'azote 15.

1. Introduction

Wide discrepancies in estimates of new production by
different methods [1-3] have revealed a need for a
detailed understanding of the underlying mechanisms of
nitrate assimilation by phytoplankton. During this proc-
ess, there are several steps during which nitrogen can be
lost from the cells. For example, nitrite excretion may
occur in significant amounts relative to nitrate uptake [4—
61. Dissolved organic nitrogen has also been shown to be
produced [7, 8] in amounts which could seriously affect
estimates of nitrate flux through the phytoplankton com-
partment. In order to improve interpretations of such
measurements, we chose to study an unialgal culture, as a
simple system, where the number of influencing variables
is reduced relative to a complex food web. In this paper,
we examine several aspects of nitrate assimilation in a
nitrate-limited culture of a marine flagellate.

2. Methods

Dunaliella tertiolecta was grown in nitrate-limited con-
tinuous cultures [6, 9] under 417 pyE.m™2.s7 and a 8-h L-
20-h D cycle. Temperature was 18 °C, and dilution rate
0.5 day™'. The input medium was enriched seawater [10]
with a nitrate concentration set at 46 pM. The culture was
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not axenic. However, the biovolume associated with
small particles (about 1 ym) was about a thousand times
lower than that associated with Dunaliella. Thus, we do
not expect bacterial activity to have any significant effect
on our results. At time zero (around 10 h 15 min, about
2 h after the beginning of the light period), the feed pump
was stopped and sodium nitrate (9.5 % enrichment in
""N) was added to give a final concentration of about
20 pM. Samples were then taken every 30 min for the
next 5 h 30 min and the following analyses were carried
out. Nitrate and nitrite in the medium were measured
immediately by colorimetric methods [11], ammonium
was fixed immediately by addition of reagents [12], dis-
solved free amino acids by HPLC [13]. Dissolved inor-
ganic nitrogen (DIN) is defined as the sum of nitrate,
nitrite and ammonium, with a precision of 1 %. Cells are
collected on Whatman GF/C glass fibre filters under
reduced vacuum. Cellular nitrogen and incorporation of
"N are measured with a Roboprep/TracerMass instru-
mentation [14]. Precision is 1.4 % for PN and 1.5 % for
the isotopic ratio. Net nitrate uptake rates (Rho) were cal-
culated as follows [15]:

RhoNO; = PNf(Cp — Co)/(Cd ~ Co)(dt)

where PNf = final cellular nitrogen, Cp -~ Co="°N
enrichment of cells, Cd - Co = >N enrichment of nitrate
and dt = incubation duration
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Figure 1. Nitrogen use during NO;-triggered growth of D. tertiolecta
suspension.

The concentrations of N compounds in the medium and in the cells
were assayed following a pulse of 20 pM NO;. The changes in cell
total N (APN) were estimated from chemical assays of cell samples.
NO; is the NO; concentration in the medium and DFAA that of the
dissolved free amino acids. Net nitrate uptake was estimated from
disappearance of nitrate measured by chemical means (ANO,) and
>N accumulation in cells (A"*NO,).

3. Results

The changes in nitrate, cellular nitrogen (PN) and dis-
solved free amino acids (DFAA) are shown in figure 7. The
increase in PN, rather than the absolute values, is shown
in order to be directly comparable to the decrease in
nitrate concentration. Immediately following the addition
of labelled substrate, nitrate began to decrease in the
medium. In contrast, there was a 1-h lag in PN increase.
Nitrite ranged from 0.31 to 0.01 pM and showed a
decreasing trend in concentrations with time, without evi-
dence of nitrite excretion. Ammonium remained at low
levels throughout the experiment. The DFAA pool exhib-
ited a small pulse in the first 30 min following the addition
of nitrate, as well as another one once nitrate was
exhausted. The sum of nitrate, nitrite, ammonium, DFAA
and PN was 63.7 pM at time zero and 65.5 pM att =5 h,
indicating essentially no changes in system nitrogen over
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'SN dilution in algal cells after nitrate exhaustion

the duration of measurements. Over shorter time scales,
however, this sum exhibited significant variations
(figure 2), going through a minimum at T=3.5 h, which
corresponded to exhaustion of nitrate. Afterwards, this
sum increased back to the initial value.

Disappearance of nitrate from the medium and the
incorporation of nitrate in cells, estimated by the >N
tracer method, were in good agreement (figure 7). Com-
parisons of those two estimates with changes in cellular
nitrogen also indicated good agreement over a time scale
of 5 h (17.6 and 17.8 pM, respectively). However, on
shorter time scales, there was a clear imbalance, which is
apparent in figure 1 where PN increases showed a lag
phase of about 1 h. During the next half hour, the ratio
between estimates of net nitrate uptake (disappearance of
nitrate in the medium and incorporation of nitrate in cells
estimated by the >N method) and increases in cell nitro-
gen was about five. At t =3 h (figure 1), the trend was
reversed, with more accumulation of N in the cells than
could be accounted for by the decrease in nitrate in the
medium or the incorporation of '’N. The >N enrichment
of cells reached a maximum when nitrate was exhausted
{at 3.5 h). Then, it decreased significantly (by about 5 %,
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Figure 2. Changes in system N (sum of cellular nitrogen (PN), dissol-
ved inorganic nitrogen (DIN) and dissolved free amino acids (DFAA))
with time following the nitrate pulse.
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from 2.72 to 2.59 atom% excess) during the next 1.5 h
when the measurements werc terminated. Over the same
time period, nitrate uptake estimated from both substrate
disappearance and '’N incorporation was equal to zero,
but cell nitrogen kept on increasing (figure 1), by about
4 pM over the next 1.5 h.

4. Discussion

The patterns outlined in figure 1 have already been
observed in several data sets [16]. While the overall long-
term N budget is balanced, there are wide imbalances
over shorter time scales, and these do not appear to be
due to analytical errors or lack of precision in measure-
ments. The first part of the incubation (until T = 3 h) could
be interpreted as due to release of nitrogen compounds
such as dissolved organic nitrogen (DON). This is similar
to what Flynn and Davidson [17] called loss of ‘system N’
(i.e. the sum of DIN + PN + DFAA) which amounted to
about 20 % in their control culture of Isochrysis galbana.
The magnitude of this loss is consistent with known rates
of DON release during nitrate uptake 7, 18]. In our study
and that of [16], the only indication about the nature of
the DON released is that DFAA can be ruled out. The lev-
els of DFAA are similar to those measured in a previous
study {19], indicating that Dunaliella tertiolecta released
or used very little DFAA.

The patterns outlined in our ‘system N’ (figure 2) are
also remarkably similar to those shown in a culture of
Skeletonema costatum following a nitrate pulse [20]. In
this study, while the system N (NO, + NH, + PN} at time
zero is equal to that 4 days later, it exhibits a 35 % drop in
the meantime, and goes through a minimum correspond-
ing to nitrate exhaustion. Thereafter, the PN increases by
about 20 pM over the next 24 h (a 40 % increase over the
minimum value). Although part of this increase could be
explained by uptake of previously excreted nitrite, which
was not measured [20], most of it has to be attributed to
another N compound because S. costatum does not
excrete such high levels of nitrite [5, 21, 22].

The second part of our incubation (3.5-5 h in figure 1)
exhibited exactly the same pattern as discussed above:
increase of PN in absence of DIN, as well as constant
DFAA levels. In addition, the striking contrast between the

simultaneous increase in PN and decrease in "’N enrich-
ment of the particulate malter once nitrate is exhausted
indicates that °N is diluted inside the cells by an uni-
dentified N compound which is taken up actively. More-
over, this compound does not seem to be DFAA, nitrite or
ammonium. Regular checks on these compounds can rule
out this possibility. The lack of nitrite excretion, at least
during the light phase, confirms previous studies on this
species [23]. Note that the dilution of the "N (by about
5 %) in the cells following DIN exhaustion is consistent
with the PN increase over the same time interval (about
7 Y%).

Except for urea, very little quantitative work has been
carried out on uptake of DON other than DFAA, but it is
known that a large number of organic N compounds can
be used by microalgae |24, 25]. However, in contrast to
these reviews which point out low DON uptake rates, it
appears from the PN increase after nitrate exhaustion
(figure 1) that the uptake rate of the unidentified com-
pound is high, and as high as that of nitrate in the first part
of the incubation. Our results are consistent with more
recent studies |26, 27] showing that DON uptake can be
as high as DIN uptake.

5. Conclusion

The comparison of net nitrate uptake and N accumu-
lation in cells allows us to define three different phases.
First (from t =0 to 1 h 30 mins), a release of the uniden-
tified compound (X) from a pre-existing unlabelled pool,
which is triggered by the nitrate pulse (initial lag phase in
PN accumulation). A second phase of stability (until
t = 3 h) indicates that the net uptake of X is negligible as
long as nitrate is present in the medium. Finally, X is rea-
hsorbed following nitrate exhaustion from the medium.

The internal consistency of the data on isotopic dilution
and PN increase following nitrate exhaustion allows us to
conclude that the compound taken up is not labelled with
N, If this compound has been previously excreted, then
isotopic equilibrium between source and product was not
reached within the time scale of our experiment. It
remains, however, that the dilution of the internal >N
leads to underestimate nitrate uptake and new production
as estimated by the "’N isotopic tracer method.
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